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Preface

This book provides a detailed discussion of the synergy between biology and
engineering and the promise this convergence holds for advancing our under-
standing and practice of medicine. It is this complementary relationship between
new discoveries in biology and the precise, quantitative, and predictable nature of
engineering that underlies the significant advances described in each of chapters.
When I was a young researcher, this type of multidisciplinary research was
unprecedented. During the past decade I have been gratified to see it emerge and
be validated as a powerful approach for addressing challenges in translational
medicine.

The goal of this book is to highlight how invaluable engineering has become by
describing an extensive range of fields. This book is organized into five parts,
covering engineering of biological systems in the first two sections, followed by
nanotechnology approaches and advances in instrumentation and concluding with
the emerging field of theranostics. Although not written in the form of a college
textbook, this book is well-suited for graduate students and researchers alike as the
chapters contain both didactic materials and research findings.

It is impossible to describe all the areas where engineering has had an impact on
medicine. The biology of living systems is extremely complex involving inter-
actions over many spatial and temporal scales. For example, assessment of the
structural and mechanical relationship of dynamic cell–cell interactions has been
informed by quantitative metrics and engineering principles. Such interactions are
vital to cellular processes and underpin the mechanism of disease such as cancer as
evidenced by cell proliferation, cell adhesion, and extravasation of tumor cells in
metastasis. These and other biological processes are discussed in this book from
the perspective of engineering and the synergic impact with biology toward
advances in medicine. The aim of each chapter is not to provide a complete survey,
but to provide a commentary on the advances currently being made, to give the
reader a sense of the opportunities and challenges in each field while providing
extensive references to permit the interested reader to learn more about a particular
subject or advance.

There are common challenges running through the book related to sensitivity,
specificity, and efficacy that underlie the need for systematic and quantitative
solutions. There are also disease-specific challenges that are highlighted, involving
diagnosis, monitoring, and treatment. The targeted delivery of therapy has
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emerged as one crucial area for engineering to have an impact. This book devotes
several chapters on the various delivery systems and includes discussions of the
increasing adoption of targeted versus systemic approaches. Topics include
delivery system designs, cell entry, drug clearance, biodistribution, cellular
absorption, etc.

As well as treating disease, engineering also holds the promise of renewing
function. Regenerative medicine and tissue engineering are discussed through the
book, highlighting another broad area where engineering approaches are leading to
significant advances. For example, stem cell therapies are discussed based on
research with quantitative metrics of the stem cell niche, innovatively engineered
scaffolds, and the biology of pluripotent cells. The convergence of these disci-
plines has resulted in advances in the regeneration of nerves, blood vessels, and
tissue repair.

This book is the culmination of a community of dedicated scientists whose
contributions to this book are invaluable. Weibo Cai has worked tirelessly over the
past year to coordinate, edit, and provide a framework for each of the chapters.
I am indebted to him for his efforts in promoting engineering as an indispensable
component of translational medicine.

NIBIB, USA Belinda Seto
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Chapter 1
Engineering in Translational Medicine:
An Introduction

Weibo Cai

1.1 Man Text

Translational medicine has attracted tremendous attention over the last decade.
Personalized medicine is the future for twenty-first century healthcare, where
translational research is the indispensable bridge between basic science discoveries
and clinical patient management. In the broadest sense, translational research is a
continuum that spans the majority of preclinical and clinical research. In a more
strict sense, translational research is referring to research that can be immediately
translated into clinical investigation, as well as those that can be translated into the
clinic within a decade. In many cases, the biggest hurdle for clinical translation is
not the lack of adequate technology development for clinical applications; instead
it is the regulatory requirement that causes a ‘‘valley of death’’ for translational
research. Given the recent crisis in global economy and significant budget cut in
virtually all agencies that fund research over the last decade, which may not
change dramatically in the near future, translational research is facing unprece-
dented challenges since it is quite costly to translate new discoveries (e.g., agents
and devices) into clinical investigation [1, 2].

Nonetheless, scientists and researchers remain highly enthusiastic and devoted
to translational research. To provide a forum to disseminate research findings in
cutting-edge translational research, many major publishers have launched peer-
reviewed journals that are focused on translational research/medicine. The words
‘‘research’’ and ‘‘medicine’’ are often used interchangeably, and there is no clear-
cut boundary regarding where ‘‘research’’ stops and ‘‘medicine’’ begins, although
the latter is certainly more clinically oriented than the former. Some representative
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journals that are focused on this topic include Science Translational Medicine
(Science), American Journal of Translational Research (e-Century Publishing
Corporation), Translational Research (Elsevier Science Inc.), and Journal of
Translational Medicine (Biomed Central Ltd.).

The field of engineering has witnessed spectacular advancement over the last
several decades, which has affected the everyday life of billions of people
worldwide in all areas ranging from energy to medicine. However, currently, a
comprehensive reference book that focuses on ‘‘Engineering’’ and ‘‘Translational
Medicine’’ does not exist. To fill this gap and meet the urgent need, I have worked
with an international ensemble of leading experts in the field to organize this book
entitled ‘‘Engineering in Translational Medicine’’, which covers most major topics
of the field in the 34 subsequent chapters of this book. I am deeply grateful to the
total of *80 contributors of this book for their tremendous effort in writing these
exceptional chapters on a diverse array of topics that are related to ‘‘Engineering in
Translational Medicine’’, which we all firmly believe will be an invaluable
resource for scientists/students/clinicians both new to this topic and currently
working in this area for many years to come.

Encompassing a broad spectrum of state-of-the-art engineering research in
translational medicine, the book is categorized into 5 parts: ‘‘Cell and Tissue
Engineering’’ which includes 6 chapters, ‘‘Genetic and Protein Engineering’’
which has 10 chapters, ‘‘Nanoengineering’’ which also contains 10 chapters,
‘‘Biomedical Instrumentation’’ which is composed of 4 chapters, and ‘‘Thera-
nostics and Other Novel Approaches’’ with 4 chapters (Fig. 1.1).

Part I of this book, which includes Chaps. 2–7, is focused on cell and tissue
engineering. Regenerative medicine holds tremendous potential in the treatment of
a wide variety of human diseases; for many of those, it may be the only solution [3].
In Chap. 2, Dr. Ray and co-workers discussed about these ‘‘therapeutic wonders’’
(i.e., stem cells) and reviewed the ongoing investigations on stem cell biology, as
well as their clinical applicability which can bring revolutions to future clinical
care. Engineering of stem cells, non-invasive imaging of stem cells, as well as
clinical applications of stems cells in a number of human diseases were all covered
in this chapter. In Chap. 3, Dr. Cooper and co-workers focused on the treatment of
cancer with engineered T cells. Since tumor microenvironment is often immune
suppressive, which protects cancer cells from recognition and elimination by
effector cells, engineered T cells can be used for effective cancer cell killing. This
chapter provided a comprehensive summary of adoptive cell therapy with geneti-
cally modified T cells to redirect specificity to tumor cell antigens using a number
of approaches, to improve T-cell effector function, as well as to control these T cells
with suicide genes to ensure safety.

Much recent research effort has been devoted to the development of various
scaffold systems that can carry cells, using a broad array of biomaterials. In Chap. 4,
Dr. Wang and his co-worker gave a thorough review on engineering biomaterials
for the delivery of anchorage-dependent and non-anchorage-dependent therapeutic
cells. Some cells (e.g., muscle cells and neurons) are dependent on anchorage to the
extracellular matrix. Therefore, they require extensive cell adhesion to a substrate
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to survive and elicit biological function upon transplantation. On the other hand,
non-anchorage-dependent cells (e.g., chondrocytes and hepatocytes) do not have
such requirement, which often exhibit a rounded morphology in their native
environment. Clearly, different cell delivery structures are needed for these cells to
achieve maximal therapeutic effect, which were illustrated in detail in this chapter.

The next three chapters in Part I of this book are focused on tissue repair.
Peripheral nerve injuries can lead to variable levels of functional loss, depending
on the extent of injury. In Chap. 5, Dr. Orbay and I had a detailed survey into the
components of tissue-engineered nerve grafts, as well as reviewed the relevant
clinical studies. A tissue-engineered nerve is typically composed of a biodegrad-
able scaffold, a neurogenic cell line, and growth factors. Therefore, how to
improve the cell–scaffold and scaffold–tissue interactions is a key challenge for
peripheral nerve repair. Perhaps even more important than nerve repair, the
establishment of blood vessel networks is a matter of life and death for tissues and
organisms. In Chap. 6, Dr. Murphy and co-workers discussed about the structure of
blood vessels and key signaling molecules, which play significant role in vascu-
logenesis, angiogenesis, and maturation of nascent blood vessels. A description of

Fig. 1.1 An outline of this book, which is organized into 5 parts
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promising approaches specific to tissue-engineered blood vessels, various tissue
engineering approaches to identify the appropriate sources of endothelial cells, a
brief introduction to some clinical results, as well as the regulatory challenges
were all included in this chapter. Cartilage tissue is prone to significant dysfunc-
tion after damage, which also lacks the innate ability to effectively repair itself.
Chapter 7, written by Dr. Zhang and his co-worker, was focused on engineering
gene-activated matrices for the repair of articular cartilage defect. Although
growth factors were shown to promote cartilage repair, the structure of cartilage
tissue can hinder direct addition of growth factors into the traditional system, due
to the difficulty in controlling the amount of growth factors added and the short
biological half-lives. Therefore, gene-activated matrix systems have been devel-
oped for the repair of articular cartilage damage, which can secret large quantity of
growth factors continuously and serve as a promising therapeutic approach for
repairing cartilage damage.

The ten following chapters in Part II of this book cover a broad array of areas
related to genetic and protein engineering. Many luciferases have been isolated
and investigated for broad biomedical applications, ranging from cell-based
studies to in vivo applications in small animal models [4, 5]. In Chap. 8, Dr. Walls
and Dr. Loening provided an excellent and comprehensive review of engineered
luciferases. They discussed in detail about how protein engineering can be used to
improve their stability, light output, emission wavelength, chemical sensitivity,
and substrate specificity among others for better in vitro/in vivo performances and
broader biomedical applications. After significant improvement and optimization
of the naturally occurring luciferases (e.g., firefly luciferase and Renilla luciferase,
as discussed in Chap. 8) and other enzymes (e.g., herpes simplex virus type-1
thymidine kinase), they can be employed for a wide variety of biomedical
applications, two of which are detailed in the two following chapters.

In Chap. 9, Dr. Massoud and Dr. Paulmurugan focused on the use of engineered
split reporter systems for in vivo molecular imaging of protein–protein interac-
tions, which can pave the way for functional proteomics in living animals and
provide a tool for whole-body evaluation of new pharmaceuticals that can
modulate protein–protein interactions. The main strategies currently available for
imaging protein–protein interactions in living subjects using molecularly engi-
neered and rationally designed split reporter gene, as well as the broad (potential)
uses of these strategies, were illustrated in exquisite detail. A few of the major
strategies adopted for split reporter gene-based imaging include intein-mediated
reconstitution and protein fragment complementation (which can be achieved via a
variety of different mechanisms), which can enable the interrogation of many
protein–protein interactions through in vitro assays and/or non-invasive imaging.
Besides split reporter gene techniques, bioluminescence resonance energy transfer
(BRET)-based sensors are rapidly expanding, which can also be adopted for
investigation of protein–protein interactions, protein dimerization, signal trans-
duction, etc. [6, 7]. In Chap. 10, Dr. De and co-workers presented an in-depth
overview on the engineering requirements of BRET components such as donor,
acceptor, substrate chemistry, and instrumentation. Both genetically engineered
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and synthetic BRET systems were described, which have witnessed significant
advancement over the last decade and can be used in a variety of systems including
both in vitro assays and in vivo applications.

Besides luciferases and other enzymes, a variety of other engineered proteins
can be used for biomedical applications, which are the topics of the subsequent 4
chapters. Antibodies are a major constituent of the human immune system and
have become an indispensable class of therapeutics in cancer and many other
diseases [8, 9]. In Chap. 11, Dr. Fischer summarized the topic of antibody engi-
neering in translational medicine, which offered an overview of current strategies to
tailor antibodies for biomedical applications. After a brief introduction, this chapter
covers many related topics which include approaches to reduce immunogenicity of
therapeutic antibodies, optimize pharmacokinetics, and enhance therapeutic effi-
cacy (e.g., with Fc engineering to improve effector function, generation of anti-
body–drug conjugates, and radioimmunoconjugates). In addition, engineered
antibody fragments and bispecific antibodies were also discussed, which can be
advantageous than intact antibodies for many applications due to the much shorter
circulation half-life and other desirable properties (e.g., the capability to bind to two
different antigens simultaneously). Together with the conventional antibodies,
many of which have been approved for clinical use over the last two decades, these
novel engineered antibody-based imaging agents and therapeutics will have a major
impact on future diagnosis and treatment of many diseases, including but not
limited to cancer.

Affibodies are an emerging class of small (7 kDa) protein scaffold-based
affinity ligands, which have attracted much attention recently and are the focus of
Chap. 12, written by Dr. Cheng and co-workers. Because of the small size (58
amino acid residues), affibodies can be readily produced via both peptide synthesis
and recombinant expression in Escherichia coli. General structures and engi-
neering strategies used to optimize affibody molecules for imaging and therapy
applications are described in this chapter. As evidenced by the constantly
emerging literature reports on this class of exciting proteins, affibodies have been
extensively investigated for imaging applications with different techniques (e.g.,
upon labeling with various radionuclides for positron emission tomography or
single-photon emission computed tomography, fluorescent dyes or quantum dots
for optical imaging, and magnetic nanoparticles for magnetic resonance imaging),
and most of the current research effort is focused on cancer research. In addition,
affibodies have been explored for therapeutic applications as well (e.g., upon
labeling with 177Lu or 90Y, or used as targeting ligands to redirect cytotoxic T
lymphocytes and natural killer cells). With recent clinical studies indicating safety
and efficacy of affibody-based imaging agents, affibodies hold promising potential
in future clinical patient management.

In Chap. 13, Dr. Hackel provided a comprehensive summary of various protein
scaffolds that can be used for molecular imaging and therapy applications. Since
effective targeting of imaging/therapeutic agents requires specific binding with
high-affinity, facile and robust conjugation of effectors (e.g., drugs, genes, radio-
isotopes, and therapeutic proteins) without compromising the binding/biological
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activity, and efficient in vivo delivery, protein scaffolds can serve as promising
platforms for these applications. Aside from affibodies that were covered in Chap.
12, other validated scaffolds include the fibronectin domain, knottin, designed
ankyrin repeat protein, anticalin, etc. With clinical trials in therapy or imaging
already ongoing with many of these scaffolds, the future is bright for newly
developed agents that are based on these protein scaffolds.

In Chap. 14, Dr. Cochran and Miss Liu focused on the topic of engineering
multivalent and multispecific protein therapeutics. Since many proteins utilize the
principles of multivalency and multispecificity to ensure optimal biological
function in nature [10], their mechanisms of action have inspired the development
of next-generation protein therapeutics with improved efficacy and safety profiles.
The main advantages conferred by multivalency and multispecificity include
increased target-binding affinity through avidity effects and selectivity for a
diseased versus normal state, which can lead to better therapeutic control over an
intended biological response and in the meantime offer reduced side effects. Both
the basic biophysical principles underlying multivalency/multispecificity and how
they influence protein design parameters were illustrated in detail in this chapter,
which also included several examples regarding how these principles can be
utilized to develop next-generation protein therapeutics.

After seven chapters covering many aspects of protein engineering, as descri-
bed above, the next three chapters focus on DNA/RNA. Aptamers are single-
stranded DNA or RNA oligonucleotides that can be selected for specific binding to
a wide range of targets, primarily through the systematic evolution of ligands by
exponential enrichment (SELEX) technology [11]. Chapter 15 is the first of two
chapters focusing on engineering aptamers for biomedical applications, written by
Dr. Li and Dr. Cao. Because of their many desirable properties such as small size,
ease of synthesis, and versatile chemistry, aptamers have attracted considerable
attention in many disciplines of biomedicine. After a brief introduction and
description of the different strategies for selecting optimal aptamers for biomedical
applications, this chapter provided a detailed overview of engineering aptamers for
use in biosensors. A number of approaches were covered, which include
engineering aptamers to improve the bioavailability, to generate detectable signals
(e.g., through incorporation of functional nucleic acids or molecular reporters)
and to achieve signal amplification for high-sensitivity/selectivity biosensing. In
Chap. 16, Dr. Cerchia and co-workers provided a comprehensive summary on the
development of multifunctional aptamer-based bioconjugates for targeted delivery
of therapeutics and imaging agents to diseased cells and tissues. Many approaches
have been utilized to conjugate aptamers with a broad array of agents, which
include siRNA/miRNA, drugs, synthetic polymers, nanoparticles (e.g., synthetic
nanoparticles, liposomes, gold nanoparticles, quantum dots, magnetic nanoparti-
cles, and silica-coated nanoparticles), and radioisotopes (e.g., 99mTc for single-
photon emission computed tomography imaging). Lastly, various strategies used
to enhance the resistance of aptamers to nuclease degradation were also described
in this chapter.
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One intriguing approach for the treatment of cancer is to use vaccines. Dozens
of DNA vaccines have entered clinical trials for a variety of malignancies, with
demonstrated efficacy in eliciting immune responses and potential clinical
responses [12, 13]. Recently, a DNA vaccine was approved for the treatment of
canine melanoma, which represents a landmark achievement in this area [14]. In
Chap. 17, Dr. McNeel and Dr. Olson presented an excellent overview of engi-
neering DNA vaccines for cancer therapy. Generally speaking, a DNA vaccine for
cancer is a bacterial DNA plasmid that encodes the cDNA of a tumor antigen,
which can elicit humoral and/or cellular immunity against tumor cells expressing
the encoded antigen when injected into recipients. A distinct advantage of DNA
vaccines over other methods of antigen delivery is that DNA vaccines can be
easily constructed, purified, and delivered to recipients. In this chapter, the engi-
neering efforts to enhance the immune and anti-cancer efficacy of DNA vaccines
were illustrated in extensive detail, focusing on specific modifications that can be
made to the DNA backbone to enhance the expression, processing, and presen-
tation of the encoded antigen, in addition to improve the inherent immunogenicity
of the vaccine itself.

The next ten chapters, part III of this book, are related to the exciting topic of
nanoengineering. Nanotechnology, an interdisciplinary research field involving
physics, chemistry, engineering, biology, and medicine among others, holds tre-
mendous potential for early detection, accurate diagnosis, and personalized
treatment of diseases [15–17]. With the sizes several orders of magnitude smaller
than human cells, nanoscale agents/devices can offer unprecedented interactions
with biomolecules both on the surface of and inside cells, which can revolutionize
disease diagnosis and treatment. In light of this, there has been numerous nano-
technology centers established worldwide over the last two decades [18–20]. One
major area of applications for nanotechnology is biomedicine, and it is expected
that nanotechnology will mature into a clinically useful field in the near future,
which has already made significant impact in many aspects to date.

In Chap. 18, Dr. Seto and Dr. Conroy gave an excellent overview of the
multifunctional nanoscale delivery systems for nucleic acids. Although nanoscale
systems are attractive platforms for in vivo delivery of nucleic acids, their potential
for improving human health has yet to be fully realized in the clinic. Engineering
efforts is critical for modifying and optimizing synthetic and viral delivery systems
to include drugs, imaging agents, and targeting moieties, which can simulta-
neously minimize toxicity and increase delivery efficiency/specificity. This chapter
focuses on the recent advances in RNA/DNA delivery with an emphasis on the
progress toward human therapies, the challenges that have been encountered, and
the engineering approaches that have been employed. The delivery systems used
(e.g., viral, non-viral, and directed delivery) and the therapeutic components
incorporated (e.g., DNA, RNA, and nucleic acid analogs) were all described in
exquisite detail. Lastly, three major challenges were identified, namely the
development of optimal systems for preclinical testing, integration of clinically
useful imaging approaches, and rapid translation of directed delivery technologies,
which should all be adequately addressed before broad future clinical applications.
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In Chap. 19, Dr. Chang and co-workers centered on engineering nanomaterials
for biosensing and therapeutic applications, which provided a timely overview on
the synthetic methodology, surface engineering, physiological itinerary, and ther-
anostic applications for various inorganic and organic nanostructures. After an
introduction and a brief review of the applications and preparative methods of
inorganic nanomaterials, the effects of surface modification with polymers and
morphology on the physiological itinerary and toxicity of these nanomaterials were
discussed, which can offer critical insights for future design of targeted imaging/
therapeutic agents. Subsequently, in this chapter, several examples of promising
nanotechnologies and theranostic applications were given, such as biosensors,
magnetic hyperthermia, and photodynamic therapy for diagnosis and treatment of
cancer. To take full advantage of these innovative ideas and demonstrated proof of
principles of nanomaterials for biomedical applications, it is crucial to emphasize
and expand efforts on translational research and development in the near future.

The following five chapters in part III of this book are related to several classes
of nanomaterials that have been extensively investigated over the last decade,
all of which hold tremendous potential for clinical applications: fluorescent
nanoparticles (Chap. 20), magnetic nanoparticles (Chap. 21), upconversion
nanoparticles (Chap. 22), mesoporous silica nanoparticles (Chap. 23), and carbon
nanomaterials (Chap. 24). Fluorescent nanoparticles have been extensively studied
in preclinical research for cancer imaging and/or theranostic applications [21, 22].
In Chap. 20, Dr. Chen and Dr. Silvestre offered in-depth discussions about the
design of fluorescent nanoparticles, which has to take into consideration not only
the parameters that are related to enhanced fluorescence (e.g., absorption coeffi-
cient, quantum yield, stability, and excitation/emission wavelengths), but also
characteristics that can lead to optimal blood circulation half-life, tumor speci-
ficity, efficient delivery, biocompatibility, and low toxicity. Three major classes of
fluorescent nanoparticles were discussed: quantum dots and fluorescent dye-loaded
inorganic and organic nanoparticles (e.g., those that are based on calcium phos-
phate, silica, lipid, or polymer). The characteristics, advantages, limitations, and
the engineering strategies employed to enhance their in vivo use were discussed
for each class of nanoparticles with ample preclinical examples. Significant
emphasis was also devoted to clinical translation, which has remained a major
challenge for most nanoparticles, and a few examples as well as the hurdles that
exist were illustrated and discussed.

Magnetic nanoparticles are also popular candidates for many biomedical
applications because of their low toxicity, biocompatibility, and unique magnetic
properties [23]. In Chap. 21, Dr. Xu and co-workers gave a general overview of
their applications in diverse areas such as separation of biological samples, in vitro
diagnostics, in vivo imaging, drug/gene delivery, treatment of iron deficiency,
cancer therapy with hyperthermia, anti-bacterial agents, tissue engineering, and
regenerative medicine. Although magnetic nanoparticles hold great promise for
numerous biomedical applications, as listed above, many challenges still exist and
should be addressed before newly developed magnetic nanoparticle-based agents
can be translated into clinical investigation.
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Upconversion nanoparticles are a relatively new class of materials with
intriguing properties for biomedical applications, such as sharp emission lines,
long signal lifetime, large anti-Stokes shift, superb photostability, and no blinking/
bleaching [24]. In addition, doping of these intriguing nanoparticles with rationally
selected ions (e.g., Gd3+, Er3+/Yb3+, Tm3+/Yb3+, or combination of these ions) can
lead to many exciting new features. In Chap. 22, Dr. Shi and co-workers sum-
marized the recent advances in engineering upconversion nanoparticles for bio-
logical imaging and therapy, focusing on size/morphology, optimization of
properties for in vivo multimodality imaging (e.g., to achieve near-infrared
emission or confer sensitivity for magnetic resonance imaging), as well as the
integration of therapeutic entities for cancer therapy.

Another class of promising nanoparticles is mesoporous silica nanoparticles,
which possess many attractive properties such as excellent biocompatibility, large
surface area, high pore volume, and uniform/tunable pore size [25, 26]. In Chap. 23,
Dr. Chen, Dr. Hong, and I reviewed the progress to date and potential future
directions of engineering these nanoparticles for biological imaging and/or therapy
in vivo. After a brief introduction, efforts in engineering the morphology and
surface of these nanoparticles were summarized, followed by a systematic review
of in vivo imaging with functionalized mesoporous silica nanoparticles, which
include the use of optical techniques, positron emission tomography, magnetic
resonance imaging, as well as various combinations of multiple techniques.
Subsequently, the use of (hollow) mesoporous silica nanoparticles for cancer
therapy was discussed, which include loading of these nanoparticles with
chemotherapeutic drugs, genes, or photodynamic therapy agents. Furthermore,
mesoporous silica nanoparticles have also been investigated for image-guided
ultrasound therapy and combination therapy applications, which were also covered
in this chapter.

The 2010 Nobel Prize in Physics was awarded to Andre Geim and Konstantin
Novoselov ‘‘for groundbreaking experiments regarding the two-dimensional
material graphene,’’ which is a class of carbon nanomaterials that have attracted
tremendous attention over the last decade [27–29]. In Chap. 24, Dr. Nayak and I
focused on the recent studies pertaining to engineering and development of carbon
nanomaterials and their composite for applications as synthetic scaffolds in tissue
engineering and regenerative medicine. Because of the unique intrinsic physical
and chemical properties, carbon nanotubes and graphene have been engineered via
different methods to develop suitable two-dimensional and three-dimensional
scaffolds, which were reported to sustain growth, proliferation, and adhesion of
many types of stem cells [29]. Whereas some of these scaffolds were found to
accelerate the osteogenic, neurogenic, and adipogenic differentiation of certain
stem cells in the presence of specific medium, many other reports supported
spontaneous differentiation of stem cells into specific adult tissues even in normal
medium. Several underlying mechanisms such as nanotopography, preconcentra-
tion of growth factors, and electrostatic/chemical interactions have been proposed
for such behavior of stem cells growing on different carbon nanomaterial-based
scaffolds. Since most of the literature reports to date are based on in vitro studies,
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more in vivo studies with relevant toxicity and biocompatibility data need to be in
place for their future applications as implantable biomaterials for tissue engi-
neering and regenerative medicine.

Some of the major goals of optimizing drug/gene delivery systems include
increasing cell specificity, incorporating organelle targeting, and improving overall
delivery efficiency [30]. Peptides/proteins can potentially meet the requirement for
reaching these goals because of several desirable properties, such as the ability to
condense DNA into compact particles for transport, to disrupt endosomal mem-
brane, to escape proteasomal degradation, to traffic various therapeutic molecules to
targeted intracellular compartments, and to minimize cytotoxicity/immunogenicity.
In Chap. 25, Dr. Numata and co-workers gave a comprehensive overview of
engineering peptide-based carriers for drug and gene delivery. Since silk is well
known for its biodegradability and biocompatibility, silk proteins derived from
spiders and insects can be utilized for various biomedical applications such as drug/
gene delivery, which is the focus of this chapter. The ability of silk to self-assemble,
in combination with many other inherent features, makes it a unique and versatile
delivery platform for small molecules, large proteins, as well as DNA/RNA. Not
limited to drug/gene delivery, it may also be useful for tissue engineering, imaging,
and regenerative medicine applications.

To achieve effective therapy and minimize toxic effects to the normal tissue, the
drug/gene delivery systems need to target the disease sites (e.g., tumor) effectively.
An alternative approach to enhance the therapeutic efficacy while minimizing side
effects is to use activatable agents, which can be designed to release biologically
active agents (e.g., drugs and genes) in response to internal or external stimuli
upon systemic administration. In Chap. 26, Dr. Law and his co-worker presented a
comprehensive summary of activatable agents and provided specific examples to
illustrate their mechanisms and potential applications for imaging and therapy of
various diseases (e.g., cancer, diabetes, and pulmonary embolism). Complemen-
tary to nanotechnology, such activatable agents with various built-in sophisticated
mechanisms have been engineered, which can dramatically facilitate broad future
use of nanotechnology for clinical applications. The activation approaches
described in this chapter include pH (e.g., with the use of acid-sensitive linkers or
microgels, disassembly of micelles under certain pH range, and decomposition/
desorption of inorganic materials), enzyme (e.g., proteases, esterases, myeloper-
oxidase, and many other enzymes), heat, light, and magnetic field. Although most
of these agents are still in the preclinical development stage, for many of which
only in vitro data are available, continued research effort in this exciting area will
ultimately lead to more sophisticated activatable systems that are biocompatible
and possess favorable pharmacokinetic properties as prospective candidates for
future clinical trials.

Molecular beacons are useful in a number of biomedical applications, since they
can provide fluorescence readout upon biomolecular recognition [31, 32]. With the
use of photosensitizers, photodynamic molecular beacons hold potential as new
tools for not only disease diagnosis but also therapy. In Chap. 27, Dr. Lovell and his
co-worker discussed about the opportunities for new photodynamic molecular
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beacon designs. After an introduction to the classic molecular beacons and pho-
todynamic molecular beacons, they offered important insights into the design
considerations for next-generation molecular beacons, including the optimization
of fluorophores and quenchers, rational design of loops and stems, as well as several
other aspects. Enormous opportunities lie ahead in converting some of the already
existing molecular beacons into new photodynamic molecular beacons, where
seamless conversion of an imaging probe to a therapeutic agent can be achieved by
replacing the fluorophores with light-activatable photosensitizers.

The design/optimization of new agents should proceed in parallel with the
development of new instrumentation that can offer sensitive detection of various
imaging agents described above, as well as providing high-resolution real-time
images in preclinical animal models and cancer patients. Part IV of this book,
composed of the next four chapters, is focused on biomedical instrumentation
which has witnessed tremendous recent advances in terms of engineering. Three of
the chapters (Chaps. 28–30) are related to the development of new imaging
systems for various contrast agents, whereas the last chapter (Chap. 31) is focused
on preclinical radiotherapy systems.

With the use of contrast agents that contain positron emitters, positron emission
tomography (PET) is widely used in the clinic for disease diagnosis and treatment
monitoring, particularly in oncology [33, 34]. In Chap. 28, Dr. Levin and
Dr. Vandenbroucke provide the readers with an overview of novel techniques in
the engineering of next-generation PET detectors. After a brief introduction to
PET and current state-of-the-art commercially available clinical systems, the
characteristics of current and novel scintillating materials used for detection were
discussed in detail. Subsequently, improvements in spatial resolution through
depth-of-interaction measurements and novel optical photon extraction methods
were illustrated, followed by a discussion on various photodetectors which include
photomultiplier tubes (widely used in current clinical PET scanners) and silicon-
based solid-state photodetectors (e.g., avalanche photodiodes and silicon photo-
multipliers), as well as semiconductor detectors that do not require the use of
photodetectors. Since accurate time-of-flight information can significantly improve
image signal-to-noise ratio, how to improve time resolution and the consequences
for time-of-flight imaging was also covered in this chapter. With the recent
commercial availability of clinical PET/MR scanners, the compatibility of various
detector materials with magnetic resonance imaging was also reviewed. Lastly,
improvements in image reconstruction techniques were briefly discussed. The
authors believe that many of these techniques currently being developed will make
their way into the clinic, which will significantly improve patient management.

Photoacoustic imaging, which converts short light pulses into ultrasound waves
for detection, can generate three-dimensional maps of tissues with high spatial
resolution and good signal penetration depth [35]. As a relatively new technique,
photoacoustic imaging can overcome many limitations of conventional optical
imaging. In Chap. 29, Dr. de la Zerda gave a thorough review on the development
of imaging systems and molecular contrast agents for photoacoustic imaging. After
an introduction and brief review of the physical basis for photoacoustic imaging,
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different photoacoustic scanner implementations were discussed (e.g., photoa-
coustic tomography and photoacoustic microscopy), along with their biomedical
applications. Since the basic mechanism that gives rise to a photoacoustic signal is
light absorption, many endogenous molecules can be used for photoacoustic
imaging, such as hemoglobin and melanin. To fully realize the potential of
photoacoustic imaging, exogenous contrast agents (both molecularly targeted and
non-targeted) have also been developed, which were comprehensively covered in
detail in this chapter.

Aside from scanners that can be used for non-invasive imaging in humans or
preclinical animal models, miniature imaging instruments are also needed for
endoscopy applications. Many such instruments have been developed, which
exhibit millimeter dimensions for in vivo imaging with performance approaching
that of conventional microscopy [36]. In Chap. 30, Dr. Wang and Dr. Qiu pre-
sented representative miniature imaging technologies that are currently under
active development, including scanning fiber endoscopy, optical coherence
tomography endomicroscopy, photoacoustic endomicroscopy, confocal endomi-
croscopy, dual-axes confocal endomicroscopy, and multi-photon endomicroscopy.
Significant advances have been made in endomicroscopy technology such as
optical designs/fibers, light sources, and miniature scanners, which can allow for
improved resolution, greater signal penetration in tissue, as well as multi-spectral
imaging. With the significant reduction in size, these systems can enable mini-
mally invasive visualization of pathology in hollow organs to guide biopsy,
identify surgical margins, and localize diseases. Major engineering challenges in
this field include the need for large displacements, high scan speed, linear motion,
and mechanical stability in a miniature instrument. To ultimately achieve fast
two- and three-dimensional beam scanning, novel methods for cross-sectional
imaging with deep tissue penetration, wide-area surveillance, and high-resolution
microscopy were also illustrated in this chapter.

Chapter 31, written by Dr. Graves and Dr. Bazalova, was focused on engi-
neering small animal conformal radiotherapy systems which are important tools
for translational research in radiation oncology. Since it is critical that the effects
of radiotherapy on preclinical animal models are studied under the same condi-
tions as how clinical radiotherapy is delivered, the engineering aspects of small
animal radiotherapy systems were thoroughly discussed in this chapter, which
include the sources of radiation, beam collimation, and imaging techniques.
Quality assurance (e.g., mechanics, dose output, beam targeting, and imaging) of
small animal conformal radiotherapy systems was also illustrated, which is an
extremely important aspect in radiotherapy. Many preclinical radiotherapy
systems have been developed at various institutions, which were also reviewed and
compared. Lastly, various applications of such small animal conformal radio-
therapy systems were briefly described. The authors are convinced that the models
derived from small animal studies will facilitate the development of future per-
sonalized medicine, which can help physicians to decide on the best treatment
protocol for individual cancer patients.
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Part V of this book, which includes the remaining four chapters, is related to
theranostics and other novel approaches. The area of theranostics has been an
extremely vibrant field over the last decade, which can integrate diagnosis and
therapy [37, 38]. Since the field has evolved so rapidly, the journal Theranostics
was launched in 2011, which has already gained widespread recognition with
an impressive 2012 impact factor of 7.806. In Chap. 32, Dr. Lapotko and
Dr. Lukianova-Hleb gave a comprehensive review regarding cancer theranostics
with plasmonic nanobubbles. After an introduction and description of the limita-
tions of various other approaches, the physical properties of plasmonic nanobub-
bles were described (e.g., generation, detection, tunability, and spectral
properties). Next, generation and detection of plasmonic nanobubbles in cells and
tissues were reviewed in exquisite detail. In addition, theranostic applications of
plasmonic nanobubbles were also discussed with concrete and specific examples,
both in vitro and in vivo. Lastly, the translational potential/challenges of these
plasmonic nanobubbles were mentioned, which are mainly associated with the
limited penetration of light and gold nanoparticles into heterogeneous tumors, as
well as possible phototoxicity. As a new paradigm of nanomedicine, plasmonic
nanobubble-based theranostics was expected to achieve cell-level efficacy and
safety, as well as high speed through the novel intracellular diagnostic and ther-
apeutic mechanisms for potential future clinical applications.

Microfluidics, the study and use of fluid flow at small volumes (e.g., microliter
or less), has been an exciting area of research over the last decade [39, 40]. In
Chap. 33, Dr. Lang and co-workers focused on cell-based microfluidic assays in
translational medicine, which hold great potential in many engineering and
medical arenas such as point-of-care diagnostic tests. Two major areas where
microfluidic cell-based assays have been used for clinical applications are
chemotaxis (i.e., gradient-dependent cell migration) and the isolation/analysis of
rare cells (e.g., circulating tumor cells), which were both reviewed in this chapter.

Chapter 34 is focused on engineering of photo-manipulatable hydrogels for
translational medicine, which was written by Dr. Zhang and her co-worker. Since
spatial and temporal resoluted control of their property and function can be realized
through light irradiation, photo-manipulatable biomaterials are of high significance
in translational medicine. Hydrogels, an important class of biomaterials that are
based on natural or synthetic polymers [41, 42], have been engineered to have
photo-reactive chemical moieties for post-gelation photo-manipulation. In this
chapter, the chemistry involved in the engineering of photo-manipulatable hydro-
gels was summarized, followed by representative examples of photo-manipulatable
hydrogels (e.g., those that are photo-polymerizable, photo-degradable, or photo-
patternable, as well as smart supramolecular hydrogels with sensitive photo-
response). In addition, the applications of these photo-manipulatable biomaterials
in regenerative medicine and tissue engineering were illustrated using recent
examples. With the continued discovery of new bio-orthogonal reactions, it is
certainly possible to engineer photo-manipulatable and multi-functional biomate-
rials for translational medicine in the near future.
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In the last chapter of this book, written by Dr. Cai and his co-worker, a new
class of peptidomimetics termed ‘‘AApeptides’’ was comprehensively reviewed.
Peptidomimetics, designed to mimic the structure and function of bioactive
peptides, have found numerous applications in the biomedical arena, and novel
classes of peptidomimetics have continued to emerge [43, 44]. Dr. Cai’s research
group recently developed AApeptides, which have unnatural backbones and hence
are much more resistant to protease degradation than the naturally occurring
peptides. Furthermore, they have limitless potential for derivatization with
straightforward synthesis. In this chapter, the chemical development of AApep-
tides was illustrated with ample examples of AApeptides as potential therapeutics
such as anti-microbial agents and anti-cancer agents.

Together, there are about 80 contributors to this book. Since they are all
international leaders in the topic of each chapter, I am convinced that this book
will be a comprehensive and authoritative reference book in the area of engi-
neering and/in translational medicine. Several more chapters on other important
topics were planned in the initial book proposal. However, due to various
unforeseen circumstances, many authors were not able to write the book chapters
that they initially committed to contribute. Since such situations were only dis-
covered with very short notices, there was not sufficient time to find other experts
in the field to write on these topics. A list of topics that would have been covered
in this book include the following: engineering induced pluripotent stem cells for
biomedical applications, carbohydrate-engineered cells for regenerative medicine,
engineering tissues with spatial and temporal control of microenvironmental cues,
engineering HaloTag for biomedical applications, engineering FRET sensors for
biomedical applications, engineering nanoneedle systems for transdermal vaccine
delivery, engineering combinatorial drug delivery systems, engineering fluores-
cence optical devices for non-invasive and intraoperative molecular imaging in
patients, engineering small animal optical imaging systems, engineering tumor
ablation systems, and a few others. Given the extremely competitive funding
situation across the globe with grant funding rate at all-time low, I completely
understand their time constraint and priorities. If there will be a second edition of
this book in the future, I hope I will be able to include these exciting topics and
other newly emerged areas.

I am deeply indebted to the scientists who have contributed to this book and
will be forever grateful for their enthusiasm, support, tremendous effort, and
scientific insight. Thank you very much for reading this introductory book chapter,
and now, I present you the rest of the book which I am sure you will be as intrigued
by each chapter as I was during the editing process.
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Cell and Tissue Engineering



Chapter 2
Stem Cells: The Holy Grail
of Regenerative Medicine

Ram K. Singh, Snehal M. Gaikwad, Subhoshree Chatterjee
and Pritha Ray

2.1 Introduction

Stem cells occupy a special position in cellular hierarchy during differentiation and
development of any organism. These undifferentiated cells have the potential to
form any other cell type with specialized function and are characterized by their
ability to self-renew and to differentiate. Both these cellular properties are prime
requisites for the success of current regenerative medicine.

Depending upon the potential to differentiate into a particular lineage, stem
cells could be grouped into five types (Fig. 2.1).

1. Totipotent: A single cell capable of dividing and forming various differentiated
cells including extraembryonic tissues is known as totipotent or omnipotent
cell, e.g., a zygote.

2. Pluripotent: The pluripotent stem cells have the ability to differentiate into all
cell types of the three germ layers, i.e., ectoderm, mesoderm, and endoderm.
Inability to form extraembryonic tissues such as placenta is the only limitation
that makes them inferior to totipotent stem cells, e.g., embryonic stem (ES) cells.

3. Multipotent: Stem cells that demonstrate a restricted pattern of differentiation
toward few lineages are termed as multipotent cells such as hematopoietic stem
cell (HSC), which can develop into various types of blood cells but not into
brain or liver cells.
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4. Oligopotent: Oligopotent stem cells are able to differentiate into few cell types
of specific lineages such as lymphoid stem cells that can be differentiated only
into basophil, neutrophil, eosinophil, monocyte, and thrombocytes.

5. Unipotent: Unipotent stem cells can only differentiate into one particular cell
type such as hepatoblasts forming hepatocytes.

Besides normal developmental functions in multicellular organisms, these
mother cells are believed to be the holy grail of medical therapy with high promise
for regenerative medicine.

2.2 Engineering of Stem Cells

Stem cells with their unique differentiation potential may act as therapeutic tool to
cure diseases which are beyond treatment with routine drug therapy including
genetic disorders. Since stem cells are able to generate functionally active healthy
cells/tissues, ailments such as neurodegenerative diseases, cardiovascular diseases,
liver failure, diabetes, and renal failure where unhealthy cells that are at fault may
achieve significant alleviation by stem cell therapy (Fig. 2.2). Current medical
practices have not adapted these new therapy regimes routinely as most of them are
under clinical trials and not approved yet. The main challenges involve modulation
of stem cells toward lineage-specific differentiation in vitro and in vivo, monitor the
differentiation, and finally assess the success rate in clinic. Preliminary results
appear to be quite promising, which are discussed in the following sections.

2.2.1 Human Embryonic Stem Cells

The unique potential of human ESCs (hESCs) to differentiate into three main germ
layers and subsequent to any cell type of human body brought them into forefront
of biomedical research with a caveat of forming teratoma in vivo during differ-
entiation. However, recent progress in cell fate control, directed differentiation,

Fig. 2.1 Classification of stem cells: Depending upon the differentiation potential into different
lineages, stem cells are categorized as totipotent, pluripotent, multipotent, oligopotent, and
unipotent
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and tissue engineering crossed the boundaries of laboratory and extended to the
arena of regenerative medicine. hESC lines are conventionally derived from the
inner cell mass (ICM) of preimplantation-stage blastocysts, morula-stage embryos,
or late-stage blastocysts and express pluripotency markers (transcription factors—
Oct4, Sox2, Nanog; surface antigens—SSEA-4, SSEA-3; proteoglycans—TRA-1-
60, TRA-1-81) [1]. To maintain the undifferentiated state, these cells are co-
cultured with a support or feeder layer derived from mouse embryonic fibroblast
(MEF) that provides all the essential growth factors [1]. The reported success rate
for hESC derivation is highly variable, possibly due to variation in embryo quality
and culture conditions. Major progress had happened in derivation, propagation,
cryopreservation, and efficient passaging of hESCs. Since clinical application of
hESCs critically depends on well-characterized growth and differentiation of stem
cells, much effort was put in developing conditioned media that will enable feeder-
free growth of ESC cells and eliminate animal products [2, 3]. The original culture
system for the maintenance of hESC using MEF feeder cell layer support pos-
sesses risk of zoonosis transmitted by animal pathogens, potential activation of
animal retroviruses, and possibility of immune rejection due to the presence of
nonhuman sialic acid. Several approaches such as use of extracellular matrix
(ECM) derived from MEF than living feeder cells, hESC-derived fibroblasts,

Fig. 2.2 Schematic representation of differentiation process of embryonic stem cell (ESC), adult
stem cell (ASC), and induced pluripotent stem cells (iPSCs): While ESCs can generate three
germ layers via directed differentiation, it may give rise to teratomas through uncontrolled
differentiation in vivo. The ASCs have restricted potential to generate myogenic, osteogenic,
adipogenic, and neurogenic lineages under specified conditions. In contrary to ESC and ASC that
only differentiate toward specific lineage, iPSCs follow a dedifferentiation (from somatic cell)
and then differentiation to germ-layer-specific cellular lineages
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defined culture medium containing components solely derived from purified
human material, MEF-conditioned Matrigel layer to establish and maintain clin-
ical-grade hESCs cell lines are in progress [4]. However, these xeno-free and
feeder-independent culture systems are costly and laborious and may lead to
abnormal karyotype during long-term culture. Recently, Akopian et al. in con-
junction with the Internal Stem Cell Initiative Consortium (ISCIC) compared
several commercially available ESC culture media with Knockout Serum Repla-
cer, FGF-2, and MEF cell layers for propagation of several hESC cell lines
established in five different laboratories and showed that only mTeSR1 and
STEMPRO were able to support most cell lines up to 10 passages [2].

The next major challenge for translational application of hESC is to direct their
differentiation toward a specific cell lineage. The pioneer study by Itskovtz-eldor
et al. [5] showed that hESC cells were capable of forming ‘‘embryoid bodies’’ (EB)
comprised of three embryonic germ layers. In this study, hESCs were grown in
suspension to induce their differentiation into EBs. Formation of in vitro EB
required special cocktail of supplements and growth factors such as glutamine,
beta-mercaptoethanol, nonessential amino acids, leukemia inhibitory factor (LIF),
and basic fibroblast growth factor (bFGF). Under these conditions, majority of the
cells remained in an undifferentiated state. For the formation of EBs, ES cells were
transferred using either collagenase or trypsin/EDTA to plastic petri plates to allow
aggregation and prevent adherence. About one million ES cells were plated in each
of the 50-mm petri plates, and the hEBs were grown in the same culture medium
without LIF and bFGF. The differentiation status of the human ES cells and EBs
was determined by the expression pattern of several lineage-specific markers such
as gamma-globin (hematopoietic cells), alpha-cardiac actin (myocardial cells),
neurofilament (neuronal cells), and alpha-fetoprotein (endodermal cells).

Recently, Chen et al. performed a stepwise differentiation of ESCs to insulin-
secreting functional beta-cells where ESCs first formed a definitive endoderm in
the presence of indolactam-V and FGF, then Pdx1-expressing pancreatic pro-
genitors, followed by the formation of endocrine progenitors and eventually
insulin-producing beta-cells (Fig. 2.3) [6, 7].

Fig. 2.3 In vitro differentiation of ESCs into insulin-producing beta-cells: Indolactam-V guides
the differentiation of ESC into insulin-producing beta-cells via definitive endoderm, pancreatic
progenitor, endocrine progenitor, and beta-cells
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Thus, strategic development of tissue-specific adult cells with fully functional
potential from undifferentiated ES cells is possible and holds great promise for
translational application.

Transplantation of hESC-derived cells into human patients:
The first clinical trial using hESC-derived retinal pigment epithelium (RPE) to

establish the safety and tolerability in patients suffering from Stargardt’s macular
dystrophy and dry age-related macular degeneration was reported by Schwartz
et al. [8]. They transplanted a low number of (5 9 104) RPE cells into subretinal
space of patient’s eye suffering from different forms of macular degeneration.
Preoperative and postoperative ophthalmic examinations such as visual acuity,
fluorescein angiography, optical coherence tomography, and visual field testing
were performed for its validation (clinicaltrials.gov #NCT01345006 and
#NCT01344993). This pilot study generated enthusiasm and hope for cell therapy
trials in humans with ESCs, which was sidelined due to the adverse effect of
generation of teratoma and ethical regulation. Since isolation of ESCs requires
creation, treatment, and destruction of human embryos, hESC research always
faces criticism and tight ethical regulation. The effort then moved toward using of
adult stem cells, which in spite of limited differential potential has turned out to be
a great source for cell therapy application.

2.2.2 Adult Stem Cells

Each adult organ in human body harbors a small population of stem cells that have
the ability to maintain tissue homeostasis. These ‘‘adult stem cells’’ remain in
quiescent or nondividing state until activated by any injury or disease, and they
have limited ability to differentiate into organ/tissue-specific lineages. The com-
mon ones are HSCs, mesenchymal stem cells (MSCs), neuronal stem cells,
umbilical stem cells, cardiac stem cells, retinal stem cells, and limbal stem cells
that reside in their respective tissues. Unlike ES cells, adult stem cells do not
require a feeder layer or supporting cells for their growth and thus easier to be
engineered using different media, growth factors, and small molecules. They also
do not pose a risk for developing teratoma and thus preferable in regenerative
medicine and stem cell therapy. However, immune rejections of adult stem cells
pose serious challenge in certain cases.

2.2.2.1 Hematopoietic Stem Cells

Pioneering studies in engineering of HSCs started in early 1990s at National
Institute of Health for the treatment of patients suffering from adenosine deami-
nase (ADA) deficiency. These patients were treated with genetically modified
CD34+ hematopoietic progenitors using retroviral vectors carrying different
transgenes. Out of four successfully treated patients suffering from SCID, three
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continued doing well up to 3.6 years after gene therapy, whereas one patient
suffered serious adverse effect. During a routine checkup after 30 months of gene
therapy, lymphocytosis consisting of a monoclonal population of Vc9/Vd1, c/d T
cells of mature phenotype was detected. One pro-viral integration site was found
on chromosome 11 within the LMO-2 locus. This insertion leads to an aberrant
expression of the LMO-2 transcript in the monoclonal T-cell population (char-
acteristics of acute lymphoblastic leukemia) [9].

These adverse events have resulted in discontinuation of the use of such long
terminal repeat (LTR)-driven gamma-retroviral vectors for the genetic manipu-
lations of HSCs, but at the same time, it provided a major thrust for developing
novel approaches. New and modified types of retroviral vector such as a ‘‘self-
inactivating’’ (SIN) vector [10], lentiviral vectors [11], and lineage-restricted
vectors [12] are now entering the clinic. These vectors might reduce the risk of
transactivation of proto oncogenes after semi random integrations.

Thrombocytopenia, a deficiency in blood platelets, is a major consequence of
several hematological malignancies and chemotherapy [13]. In vitro platelet
production from hematopoietic stem and progenitor cells (HSPCs)-derived
megakaryocytes (Mks) could augment the supply and elude problems associated
with bacterial and viral contamination, as well as immune rejection. Panuganti
et al. [14] using HSPCs developed a three-stage strategy for ex vivo expansion of
high-ploidy megakaryocytic cells for large-scale platelet production (Fig. 2.4).
The CD34+ HSPCs culture was started in a cytokine cocktail at 5 % O2 (pH 7.2).
At day 5, cells were shifted to 20 % O2 (pH 7.4) and maintained in 1 of the 17
cytokine cocktails (identified using a 24 factorial design of experiment method to
evaluate the effects of interleukin (IL)-3, IL-6, IL-9, and high- or low-dose stem
cell factor (SCF) in conjunction with thrombopoietin (Tpo) and IL-11) for
expansion of mature Mks from progenitors. The combination of Tpo, high-dose
SCF, IL-3, IL-9, and IL-11 produced maximum Mk expansion. These Mks when
cultured in IMDM ? 20 % BIT 9,500 gave rise to platelets with functional
activity similar to that of fresh platelets from normal donors, as validated by basal
tubulin distribution and the expression of surface markers.

Later Eric Lagasse showed in vivo differentiation of purified HSCs into
hepatocytes in a mouse model of a lethal hereditary liver disease. As few as 50
adult HSCs injected intravenously had the capacity to reconstitute hematopoiesis
and produce hepatocytes [15].

2.2.2.2 Mesenchymal Stem Cells

MSCs comprised of the major portion of adult stem cells were first identified by
Friedenstein from adult bone marrow [16]. These MSCs were shown to differen-
tiate into osteoblasts, chondrocytes, adipocytes, and hematopoietic supporting
stroma when a single colony-forming unit-fibroblast (CFU-F) was transplanted
in vivo [17].
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MSCs can easily be cultured on petri dishes, and their lineages are determined
by specific cell markers or enzyme assays. Researchers have shown that MSC can
differentiate toward adipocytes or osteocytes in vitro when cultured in adipogenic
or osteogenic induction media. During adipogenic induction, the differentiated
adipocyte cells stain oil red O-positive indicating a lipid-laden adipocyte pheno-
type. Similarly, differentiated osteocytes show calcification when stained with
alizarin red for calcium deposits [18]. However, determination of the lineage
identity in vivo is quite challenging and active research is going on to identify
lineage/differentiation-specific biomarkers. A tabulated form of lineage-specific
differentiation of MSCs is shown in Fig. 2.5. MSCs can be isolated during routine
surgical procedures such as tooth extraction, baby delivery (from placenta and
cord blood), or through some special isolation techniques from adipose tissues or
bone marrow. These cells can be directed toward lineage-specific differentiation
even toward bone using synthetic or natural scaffolds to attain the proper three-
dimensional structures. A wide variety of natural and synthetic materials are being
tested as scaffolds for bone regeneration. Natural proteins such as collagen [19–
21], fibrin [22], silk [23–25], and polysaccharides such as hyaluronic acid and
chitosan [26–29] are optimal choices as bone scaffolds. These materials have the
advantages of biocompatibility and biodegradability with limited toxicity and may
be molded to maintain mechanical flexibility of human bones [22]. Recently,
Hassani et al. showed the potential of human endometrial stem cells (EnSCs) to
form urinary bladder epithelial cells (urothelium) on nanofibrous silk–collagen
scaffolds for construction of the urinary bladder wall [30].

A major thrust area for stem cell therapy is acute myocardial infarction where
disruptions of blood supply to the heart muscle cells lead to myocardial infarction
or death of cardiomyocytes. Attempts to use stem cells to reduce infarct size and
enhance cardiac function in animal models and patients have been exponentially
increased in the last decade [31]. Bone marrow and fat tissues serve as the major
source of MSCs for cardiovascular disease [32]. Differentiation of mouse BM-
MSC into myogenic lineage in vitro has been reported using culture medium
supplemented with 5-azacytadine at a concentration of 3 lmol/L for 24 h [33].
The purified hMSCs from adult bone marrow engrafted in the myocardium
appeared to differentiate into cardiomyocytes. The persistence of the engrafted
hMSCs and their in situ differentiation in the small animal models paved the way
to use these adult stem cells for human cellular cardiomyoplasty [34].

The enormous potential of various adult stem cells in curing diverse diseases
encouraged researchers to explore their potential systematically either in vitro or

Fig. 2.4 Production of platelet forming MK cells from HSCs: Schematic representation of step-
by-step differentiation of HSCs into MK progenitor, mature MK, polyploid MK, and proplatelet
forming MK under a series of cytokine cocktails with increasing pH and pO2
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in vivo condition. Some of these examples on MSC-based applications are men-
tioned in Table 2.1.

2.2.3 Induced Pluripotent Stem Cell

While stem cell therapy is emerging as a promising alternative for diseases and
genetic disorders where drugs or gene therapy fail, it is limited by availability and
stringent culture conditions. Exploiting epigenetic influence on phenotypic out-
come, researchers have developed powerful genetic platforms for reversal of
differentiated adult cells back to an embryonic state. Such reprogrammed cells are
known as ‘‘induced pluripotent stem cells (iPSCs),’’ and the reprogramming
strategies include ‘‘therapeutic cloning’’ and ‘‘nuclear reprogramming.’’ Both
these strategies act through ectopic introduction of a small number of pluripo-
tency-associated transcription factors into differentiated tissue-specific cells. iPSCs
have the ability to differentiate into any of the three germ layers, ectoderm,
mesoderm, and endoderm and the respective lineage-specific fully differentiated
and functional cells/tissues.

Fig. 2.5 Schematic representation showing differentiation of MSCs to various lineages: MSCs
are like gold mines for the regenerative medicine since they could be directed toward any of the
cell types through commitment, lineage progression, differentiation, and maturation. A single
MSC can differentiate into bone, cartilage, muscle, bone marrow, tendon/ligament, adipose
tissue, and connective tissue using appropriate developmental cues
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The concept of iPSCs demonstrated long back by Sir John Gurdon when he
successfully cloned a frog using intact nuclei from intestinal epithelium cells of
[42]. Later, he showed that even nuclei from terminally differentiated adult cells
(e.g., blood cells, skeletal muscle, and kidney cells) could generate Xenopus larvae
with nuclear transfer [42]. Decades later, in 2006, Takahashi et al. demonstrated
the ability of adult mouse fibroblasts to reprogram themselves into pluripotent
stem cells by introduction of four key transcription factors (Oct3/4, Sox2, c-Myc,
and Klf4) [43]. In November 2007, two independent studies were published
simultaneously on successful transformation of differentiated human cells into
pluripotent stem cells. While Takahashi et al. used retroviral delivery Oct3/4,
Sox2, Klf4, and c-Myc combinations to induce pluripotency in human fibroblasts,
Yu et al. delivered Oct4, Nanog, Sox2, and LIN28 by lentiviral transduction in
hESC-derived mesenchymal cells to induce pluripotency [44, 45]. These
groundbreaking experiments by Sir Gurdon and Yamanaka and his group were
acknowledged by Nobel Prize award in 2010.

The most exciting and oversimplified part of iPSC generation is that a com-
bination of only four transcription factors is able to reverse the differentiation
process. To identify this main core of pluripotent factors, Yamanaka et al. (2006)
evaluated twenty-four candidate genes and Thomson et al. (2007) screened sixteen
transcription factors in an assay system in which the induction of the pluripotent
state could be detected through the development of resistance to neomycin gene.

Table 2.1 In vitro differentiation of adult stem cells to their respective lineages using small
molecules, appropriate scaffold stiffness, cocktail of drugs and culture media

Cell type Culture condition Lineage Reference

hESC Ascorbic acid Cardiac myocytes [35]
BM-MSCs Ascorbic acid, BMP2, dexamethasone, TGF-

beta, and insulin
Osteogenic [36]

DMEM/10 % FBS ? 0.5 lM dexamethasone,
0.5 mM isobutyl-l-methylxanthine, and
10 lg/ml insulin

Adipogenic [37]

DMEM/10 % FBS, 100 nM dexamethasone,
10 mM b-glycerophosphate, and 50 lM
ascorbic acid

Chondrogenic [37]

Laminin-1 without serum and differentiation
growth factors, valproic acid, insulin, and
butylated hydroxyanisole

Neurogenic [36, 38]

Cardiac MSC 5 % FBS in 5 mM all-trans retinoic acid,
5 mM phenyl butyrate, and 200 mM
diethylenetriamine/nitric oxide

Myogenic [36, 39]

Transferrin, IL3, IL6, and VEGF
MSC 1. Osteogenic differentiation on stiffness

(45–49 kPa)
Osteogenic [40]

2. Myogenic differentiation (13–17 kPa) Myogenic
Limbal

stem cell
Human amniotic membrane ? human corneal

epithelial cell medium ? autologous serum
Limbal epithelium [41]

2 Stem Cells: The Holy Grail of Regenerative Medicine 27



Both the groups identified Oct4, Sox2, and Nanog as the major pluripotency
determinants. Though promising, the current iPSC reprogramming method expe-
riences certain drawbacks such as

1. Requires host cell to be genetically engineered to express a drug resistance gene
driven by a marker of pluripotency.

2. Requires viral-mediated integration of transgenes into the genome.
3. Reactivation of c-Myc in differentiated progeny of the induced ES-like cells is

common and may result in tumor formation [46].

Thus, alternative approaches such as use of purified transcription factors,
replacement of c-Myc, and strategy to avoid drug resistance selection method are
being explored [47].

Their et al. [48] reported generation of TAT-modified cell permeate versions of
recombinant Oct4 and Sox2 proteins (Oct4 TAT and Sox2 TAT), and later, Zhou
et al. generated protein-piPSCs from murine embryonic fibroblasts. The deleteri-
ous effects of c-Myc could be circumvented by using n-myc, and host cell need not
be drug resistant if using serum-free condition for iPSCs generation [49]. Recently,
miRNA particularly the miR302/367 cluster was used to generate iPSCs from
mouse and human somatic cells without adding the exogenous transcription fac-
tors. This miRNA-based reprogramming was found to be more efficient (twofold)
than the standard Oct4/Sox2/Klf4/Myc-mediated reprogramming and ultimately
overcome the deleterious effect of c-Myc reactivation [50].

Using the above-mentioned methods, one can now generate individual-specific
iPS cell lines to derive patient-specific progenitor cells and eliminate immune
rejection crisis. Moreover, iPSC-based technology will facilitate the production of
cell line panels that closely reflect the genetic diversity of a population enabling
the discovery, development, and validation of therapies tailored for each indi-
vidual. Till today, iPSCs has been generated from ten different species mouse,
human, rhesus monkey, rat, dog, rabbit, horse, and bird [43, 44, 51–58] and into
various lineages as listed in Table 2.2.

However, it still would be a long way for iPSCs to reach the clinic, which
requires stringent and systematic validation of lineage-specific differentiation.

2.3 Monitoring of Stem Cells

Success of regenerative medicine and stem cell therapy depends on efficient
in vivo differentiation of stem cells into specific lineages. Monitoring of engi-
neered stem cells in cell cultures and in vivo before and after transplantation is a
prerequisite for any stem cell application. It is also necessary to perform such
studies directly in living subjects in a longitudinal, reliable, and accurate manner.
Various microscopic techniques are extensively used for detail visualization of
growth, differentiation, and functional validation of stem cells and iPSCs in cul-
tures. Some of these techniques are also utilized for monitoring of the stem cells in
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living subjects with high resolution. In parallel, macroscopic or noninvasive
in vivo imaging modalities turn out to be indispensible for longitudinal monitoring
of translational applications. Commonly used noninvasive imaging modalities for
stem cell therapy are radioisotopic imaging (PET or positron emission tomography
and SPECT or single-photon emission computed tomography), CT, ultrasound,
magnetic resonance imaging (MRI), and optical imaging (bioluminescence and
fluorescence). The next two sections will elaborate microscopic and macroscopic
imaging of stem cells, an essential requirement for clinical application (Fig. 2.6).

2.3.1 Microscopic Techniques

For centuries, microscopy is an indispensable tool for visualizing dynamics of
biomolecules in live cells. Optical microscopic techniques including conventional
light (phase contrast) microscopy, fluorescence microscopy, confocal and multi-
photon microscopy, intravital microscopy (IVM) have emerged as powerful tools
for noninvasive monitoring and characterization of engineered stem cells and
tissues [67].

2.3.1.1 Phase Contrast Microscopy

The age-old phase contrast microscopy is routinely required to monitor the culture
conditions and kinetics of HSCs during their expansion for therapeutic use.
Recently, these microscopes were improved with automated time-lapse system to

Table 2.2 In vitro differentiations of species-specific iPSCs toward various lineages in their
respective culture condition

iPSCs Culture condition Lineage Species Reference

Murine Valproic acid, zonisamide, and
estradiol

Neural Rat model of
ALS

[59]

ES medium without LIF for the
first 4 days and day 5 onwards
in differentiating medium
supplemented with RPE-
conditioned medium

RPE Mouse [60]

Human Serum-free embryoid-body-like
aggregates

Dopaminergic neurons Mouse [61]

Keratinocyte growth factor and
fibroblast growth factor

Hepatocyte-like cell Human [62, 63]

Embryoid bodies Erythropoietin Human [64]
EGF and bFGF Oligodendrocyte

progenitors
Rat model [65]

Porcine Activin A, bFGF, BMP-4, and
oncostatin

Hepatic Porcine [66]

2 Stem Cells: The Holy Grail of Regenerative Medicine 29



capture the mitotic divisions of stem cells such as multipotent C3H10T1/2 mes-
enchymal and C2C12 myoblastic stem cells in real time [68, 69].

2.3.1.2 Fluorescence Microscopy

The complexity of the biological samples can be unraveled by labeling specimen
with a fluorophore to achieve single-cell resolution when monitored with fluo-
rescent microscopes. Stem cell labeling for fluorescence microscopy includes
DNA binding dyes (such as Hoechst dye, BrdU, DAPI), nanoparticles and quan-
tum dots, the later ones are also suitable for in vivo imaging. These labeling
methods can only be used for short-term cell tracking due to loss of fluorophores
through cell division. For long-term monitoring, tracking, engraftment and dif-
ferentiation of stem cells, genetic manipulation with fluorescent proteins of dif-
ferent excitation and emission spectra (GFP and RFP and their mutants) is an ideal
approach. These proteins can also be coupled to another protein to act as molecular
reporters in living cells [70].

Tumbar et al. [71] developed a new strategy to identify multipotent epithelial
stem cells (ESC) in their native environment by fluorescent labeling. These qui-
escent cells residing in the bulge of hair follicles can differentiate into various cell
types upon stimulation. Transgenic mice expressing a H2B-GFP fusion protein
under tetracycline-regulated keratinocyte-specific K5 promoter showed specific
GFP expression only in rapidly dividing skin epithelium. Administration of
doxycycline led to the loss of GFP expression in the keratinocytes but not in the

Fig. 2.6 Imaging modalities for in vitro and in vivo monitoring of stem cells: Naive or engineered
stem cells in in vitro culture or transplanted in living subjects can be visualized noninvasively
either by microscopic or by macroscopic imaging techniques. Microscopic modalities include
phase contrast microscopy, intravital microscopy, confocal and two-photon microscopy, whereas
macroscopic modalities include radionuclide-based (positron emission tomography or PET and
single-photon emission computed tomography or SPECT) and nonradionuclide-based (MRI,
ultrasonography imaging, bioluminescence, and fluorescence) imaging
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SCs due to their slow cycling and quiescent nature. The fluorescence microscopy
of the sections from the keratinocytes clearly demonstrated the label-retaining
capability of SC niche. This method was later used by many research groups to
isolate and purify the label-retaining cells (LRCs) or SCs for further character-
ization [70, 71].

Fluorescent probes with emission wavelengths in the near-infrared (NIR)
spectra (*700–800 nm) enhance the feasibility of tracking cells in vitro and in
small animal models due to high depth penetration and lower absorption and
scattering [72]. Several dyes including NIR fluorochrome DiD, a lipophilic dye
that binds to the cell membrane, have proven effective for both in vitro labeling of
MSCs and in vivo cell tracking with optical imaging [73, 74].

As described in Sect. 2.2.3, direct reprogramming of somatic cells into iPSCs
can be achieved by overexpression of four reprogramming factors (RFs). A
dynamic fluorescence microscopy study of iPSCs expressing Nanog-GFP suggests
that the number of cell divisions is a key parameter of driving epigenetic repro-
gramming to pluripotency [75]. Similarly, fluorescence microscopy combined with
long-term time-lapse imaging and single-cell tracking revealed the ‘‘birth’’ of
pluripotent cells and early iPSC clusters from murine embryonic fibroblasts
transduced with multicistronic lentiviral vectors carrying RFs (Klf4, Sox2, Oct4,
Myc) tagged with different fluorescence proteins (GFP, RFP, YFP) [76].

2.3.1.3 Confocal Microscopy and Multiphoton Microscopy

A major drawback of fluorescence microscopy is that irrespective of the vertical
focusing of the specimen, illumination causes the entire specimen to fluoresce and
is unable to produce tomographic images. Confocal microscopy, multiphoton
microscopy, and intravital microscopy are competent of generating tomographic
imaging essential for localizing fluorescent targets in three-dimensional space
[77–79].

In a recent study, transgenic ES cells co-expressing myristoylated RFP (labels
plasma membrane) and histone H2B-GFP (labels active chromatin) fusions were
introduced into a nontransgenic embryo and then dissected out of the maternal
uterus at mid-gestation period and cultured ex utero on the stage of a confocal
microscope. These labeled ES cells produced information on dynamic changes in
morphology and chromatin distribution that occurred during mitotic progression
[80]. The powerful confocal/two-photon hybrid microscopy can also track the
clonal history of HSPCs expressing various fluorescence proteins noninvasively in
intact tissues, including bone marrow with long-term monitoring after transplan-
tation [81].
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2.3.1.4 Intravital Microscopy

Intravital microscope (IVM) can be referred as ‘‘microscope for living subjects,’’
which enables single-cell imaging in thin sections of live tissues [82]. In a
remarkable study, Rompolas et al. [83] monitored the regeneration of hair follicles
temporarily in a transgenic mouse expressing H2B-GFP driven by keratin 14
promoter. They demonstrated that stem cells are quiescent during initial stages of
hair regeneration and their progeny is actively dividing within follicular organi-
zation [83].

In another elegant study, Takayama et al. [84, 85] imaged the functioning of
human iPSC-derived platelets during thrombus formation by intravital microscopy
in live mice. The study demonstrated that transient expression of c-Myc was
critical for efficient platelet generation from human iPSCs, which were capable of
mediating hemostasis and thrombosis in a laser-induced vessel wall injury.

2.3.2 Macroscopic Imaging Modalities

Though microscopic imaging techniques can generate critical information, they
are restricted at cellular level and do not depict the kinetics, distribution, and
location of in vivo differentiation of stem cells in a living subject. Even IVM
requires an artificially created ‘‘window chamber’’ or ‘‘tissue flap’’ at the body
surface and is not applicable for deep tissue imaging. Recent developments in
macroscopic or in vivo imaging modalities enable the ‘‘visualization, character-
ization, and measurement of biological processes at the molecular and cellular
levels in humans and other living systems.’’ Along with other applications, these
modalities are now widely used for imaging stem cell delivery, migration and
localization, cell viability, and therapeutic effects in various diseases [86–88].

The Six commonly used modalities for imaging stem cell therapy are ultra-
sound, CT, SPECT, PET, MRI, and optical. For many instances, multimodality
approaches that can collectively assess different parameters specific for each
modality are gaining popularity. For imaging the stem cells in vivo, it is required
to label the cells with an appropriate probe. The two important methods for
labeling cells are as follows:

(a) Direct labeling such as with magnetic resonance contrast agents, radionuc-
lides, fluorophores, and nanoparticles.

(b) Indirect labeling with reporter genes.

Direct labeling of cells poses limitation to long-term monitoring since the signal
gets diminished by dilution or loss of labeling agents via cell division or differ-
entiation. This limitation can be overcome with ‘‘indirect-labeling strategy’’ where
cells are exogenously labeled with reporter genes (bioluminescence, fluorescence,
PET, SPECT, or MR reporters) and then implanted for imaging. Indirect labeling
requires genetic manipulation of the cells that are often not possible to follow in
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clinics [86–90]. However, both the strategies have own advantages and disad-
vantages and should be implemented by experimental need.

2.3.2.1 Radionuclide Imaging

Majority of the radionuclide imaging techniques follow direct-labeling strategies
and are extensively used in human studies. Both radionuclide imaging techniques,
i.e., PET and SPECT, have picomolar sensitivity and high tissue penetration with
least attenuation and are tomographic in nature.

Positron Emission Tomography (PET)

In PET, two 180� apart high-energy (511 keV) gamma rays produced by the
annihilation of a positron (from the radioactive atom) with a neighboring tissue
electron are captured by detectors and produce a three-dimensional image of
functional processes in living subjects. The commonly used positron-emitting
isotopes are 11C, 13N, 15O, 124I, 64Cu, and 18F. The widely used PET tracers in
clinic are 2-deoxy-2-18F fluoro-D-glucose (18F-FDG, which images glucose
metabolism) and 3-deoxy-3-18F fluorothymidine (18F-FLT, which images cell
proliferation). Several studies have elaborated the use of PET imaging approach
for the stem cells therapy in various human disorders [91–100] (Table 2.3). Some
studies have also used small animal models for studying the role of human stem
cells in homing, engraftment, and survival through PET imaging [101–105].

Herpes simplex virus type 1 thymidine kinase (HSV-tk) is the most widely used
reporter gene for PET imaging for preclinical as well as clinical studies [90].
18Fluorine-labeled FIAU (20-fluoro-20-deoxy-b-D-arabinofuranosyl-5-iodouracil)
and FHBG (9-(4-fluoro-3-hydroxy-methyl-butyl) guanine) are the two common
reporter probes used for HSV1-tk. This reporter gene–reporter probe approach has
been used to monitor viability of stem cells after transplantation in myocardium,

Table 2.3 Stem cell therapy studies using PET imaging approach in human

Stem cells Radionuclides Applications Reference

HSCs 18F-FDG Homing and tissue distribution of
intracoronary injected peripheral
HSCs

[106]

MSCs 18F-FDG Functional efficacy of MSC therapy in
patients with multiple system atrophy

[107]

Cord blood stem cells
(CBSC)

18F-FDG CBSC transplant in patients for local
engraftment and reconstitution of
haematopoiesis

[108]

CD33 ? bone
marrow stem cells

13N-ammonia and
18F-FDG

Improvement in the myocardial perfusion
in patients AMI

[109]

HSCs 18F-FDG HSC therapy for osteosarcoma [110]
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tracking, and survival of autologous MSCs in pig myocardium and tumor stroma
[111, 112].

Recently, human sodium iodide symporter (hNIS) gene has emerged as an
important PET reporter gene that could be used for SPECT imaging as well.
Uptake of 124Iodine was seen in areas deficit of myocardial perfusion in rat
myocardium injected with MSCs expressing hNIS gene by PET imaging [113].
NIS-mediated 124I PET imaging was also used to monitor the delivery and survival
of endothelial progenitor cells (EPCs) after transplantation into the rat heart [114].
Some other promising PET reporter genes for stem cell therapy are dopamine 2-
like receptor (D2R), human somatostatin receptor subtype 2 (hSSTr2), human
norepinephrine transporter (hNET), neurotensin receptors, and cytosine deaminase
[115].

Stem cell therapy is often benefited from multimodality imaging approaches. In
an elegant study, Cao et al. [116] monitored the survival, proliferation, and
migration of ESCs expressing a triple fusion (TF) reporter comprised of a fluo-
rescence (mrfp), a bioluminescence (fluc), and a PET reporter (ttk) gene after
transplantation into rat myocardium for 40 days (Fig. 2.7). Some studies have used
bifusion reporters such as tk-GFP to monitor neuronal stem cell, therapy in
treatment of malignant glioma [117].

Single-Photon Emission Computed Tomography (SPECT)

In contrast to PET imaging, SPECT imaging is a log-order less sensitive technique
due to the presence of collimators (to restrict detection of nonspecific random
gamma rays) between the detectors. The widely used SPECT radionuclides are
99mTc, 111In, and 123I. SPECT imaging probes are extensively applied to image
in vivo trafficking and biodistribution of MSCs in myocardial injuries in large
animal models [118–120]. Some human clinical studies have also used 111In-oxine
to track bone marrow stem cells or pro-angiogenic progenitor cells in acute and
chronic myocardial injuries. Goussetis et al. [121] performed SPECT imaging with
99mTc hexamethylpropyleneamine-oxime-labeled autologous CD133-CD34+ bone
marrow progenitor cells transplanted in patients with ischemic cardiomyopathy.
Higher uptake of radioactivity was observed in the infracted area of the heart,
suggesting preferential migration and retention of stem cells in the chronic
ischemic myocardium.

Both HSV1-tk and hNIS genes can serve as SPECT reporter genes in combi-
nation with probes labeled with SPECT isotopes (123I/125I-labeled probes FIAU or
99mTc) [113, 122]. Table 2.4 summarizes various studies involved in stem cell
visualization by SPECT in human. Studies related to small animal models can be
found in other articles [123–125].
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2.3.2.2 Optical Imaging

Optical imaging has emerged as an established tool to assess efficacy and treatment
outcomes for cell-based therapeutics in preclinical models. Two optical imaging
methods, bioluminescence, and fluorescence are extensively used in stem cell
research.

Fluorescence Imaging (FLI)

Fluorescence imaging is the only modality that directly translates the finding/
observation from live cell to live animals. However, due to inherent autofluores-
cence and signal attenuation issues, whole-body FLI has not been extensively used
for stem cell therapy. Tzukerman et al. [133] applied fluorescence imaging to
demonstrate the growth and invasiveness of cancer cells in the niche of teratomas

Fig. 2.7 Multimodality imaging for long-term monitoring of mouse embryonic stem cells
expressing a triple fusion reporter (ES-TF): a Representative images of animal injected with ES-
TF in infracted rat heart showed significant increase in bioluminescence (top) and PET (bottom)
signals from day 4, week 1, week 2, week 3, and week 4. b Quantification of imaging signals
showed a drastic increase in luciferase and thymidine kinase activities from week 2 to week 4.
c Quantification of cell signals showed a robust in vivo correlation between bioluminescence and
PET imaging (r2 = 0.92). (Reprinted from Cao et al. [116] with permission)
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derived from hESCs. Tao et al. [134] reported that e-GFP is a better probe than
DS-Red protein for long-term monitoring of HSCs.

Other than reporter gene strategy, FLI can be performed with exogenous contrast
agents such as quantum dots, nanoparticles, and fluorescent dyes that emit light in the
visible, red, and near-infrared region. Inorganic fluorescent semiconductor nano-
crystals (quantum dots, QDs) are rapidly replacing organic fluorophores like indo-
cyanine green with NIR emission due to their ability for multiplex imaging [135]. Lin
et al. [136] for the first time demonstrated the in vivo multiplex imaging of mouse ES
cells labeled with six quantum dots (QDs). The six emission spectra from all the six
QDs were recorded with a single excitation light source. These QDs are emerging as a
promising tool for tracking stem cells within deep tissues noninvasively in vivo.
Human ESC-derived cardiomyocytes (hESCs-CM) were also labeled with indocy-
anine green for noninvasive tracking by fluorescent imaging [137].

Bioluminescence Imaging (BLI)

Among all the functional imaging modalities, BLI acts only through reporter
gene–reporter probe strategy and has been extensively used for monitoring stem
cell therapy. Though restricted to small animals, bioluminescence imaging

Table 2.4 Stem cell therapy studies using SPECT imaging approach in human

Stem cell types Radionuclides Applications Reference

MSCs 111In-tropolone Delivery, tracking, and
differentiation of stem
cells

[126]

BM-MSCs 111In-oxide Monitoring blood flow and
bone metabolism after
cell transplantation

[127]

CD34+ stem cells 99mTc hexamethylpropyleneamine
oxime

5-year follow-up of CD34+

stem cell in
nonischemic
cardiomyopathy
patients

[128]

MSCs 99mTc-pertechnetate Demonstrate the feasibility
of MSCs as virus
carriers to ovarian
tumors in phase I
clinical trails

[129]

BM-MSCs 99mTc-sestamibi Improvement in cardiac
function after BMMSCs
transplantation in
patients with acute
myocardial infarction

[130]

Autologous
CD34+ cells

99mTc-exametazime Homing of transplanted
cells to injured
myocardium

[131]

BM-HSCs 99mTc Repair efficacy for ischemic
heart

[132]
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generates essential clues on differentiation, behavior, and viability of stem cells
after transplanted in small animals, assisting to predict the behavior of stem cell
therapy in humans. A glimpse of the large number of BLI-based studies is sum-
marized in Table 2.5, and a few important studies are discussed.

Tsuji et al. [138], using iPSC-derived neurospheres in a mouse model of spinal
cord injury, demonstrated that iPSCs can ‘‘safely’’ promote locomotor function
recovery in injured mouse models with BLI. They observed that these cells can
even differentiate into trilineage neural cells in the injured spinal cord. In another
study, Daadi et al. [139] investigated the efficacy of human neural stem cells
(hNSCs) derived from human ES cells to repair brain injury. In this study, rats with
neonatal HI (hypoxic-ischemic) brain injury were implanted with hNSCs
expressing luciferase and their survival was monitored using BLI. The study
suggests that hNSCs transplants are able to enhance brain injury repair in response
to HI brain injury and that the location and survival can be monitored noninva-
sively. Further, the deleterious effect of ESC differentiation on teratomas was
spatially and temporally monitored by Cao et al. [116] with high sensitivity, which
was not possible with other imaging modalities (Fig. 2.7).

2.3.2.3 Magnetic Resonance Imaging

MRI is the sole imaging modality that generates both functional information and
anatomical information. Among all the other noninvasive imaging techniques,
MRI has the highest spatial resolution (*100 lm) and thus is the most preferred
strategy for stem cell imaging. Since endogenous molecules (such as H2 atoms) do
not generate enough contrast to achieve that high resolution, supra-paramagnetic
iron oxide (SPIOs) and paramagnetic nanoparticles are often used to label the cells
to enhance image contrast. However, SPIO-based MRI is not well suited for long-
term monitoring since SPIOs get diluted with cell proliferation and are often
engulfed by macrophages [86]. Chelated gadolinium (Gd3+), manganese (Mn2+),
and iron (Fe3+) could also act as contrast agents. Recently, certain metal-ion-based
enzymes namely metalloproteinase, transferrin, ferritin, tyrosinase are being
evaluated as reporter genes in MR imaging [87].

In contrast to optical imaging where smaller animals such as mouse and rat are
preferred as model systems, MR-based stem cell imaging is tested both in smaller
and larger animals and in humans. The first autologous transplantation of iron
oxide-labeled iPSCs reprogrammed from canine adipose stromal cells and fibro-
blasts showed repair of infracted myocardium and hindlimb ischemia by MR
imaging in adult mongrel dogs [158]. Similarly, an enhanced effect of combining
human cardiac stem cells and bone marrow MSCs to reduce infarct size and restore
cardiac function after myocardial infarction was followed by MR imaging in a
Yorkshire swine model [159].

To overcome the shortcoming of the contrast agents, reporter-gene-based
strategies are also being employed in stem cell imaging by MR. Liu et al. [160]
showed that engraftment of transgenic mouse ESCs expressing human ferritin
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heavy chain (FTH) resulted in increased cellular iron uptake and MRI contrast and
did not interfere with stem cell pluripotency, neural differentiation, and teratoma
formation.

Stem cell therapy has immense potential to treat neurodegenerative diseases,
traumatic injury, and stroke. However, risk is associated with intracranial surgery
used to deliver the cells to the brain. In some studies, MRI was combined with
ultrasound modality to obtain higher sensitivity and resolution. For targeted
delivery of neural stem cells to brain, Burgess et al. [161] employed MRI-guided
focused ultrasound (MRIgFUS) imaging to monitor noninvasive delivery of stem
cells from the blood to the brain by opening the blood–brain barrier at specific
regions (striatum and hippocampus) in rat brain. Entry of cells crossing the BBB to
brain was verified by MRI. The study also demonstrated that these stem cells
started expressing double cortin, a marker of immature neurons, indicating
occurrence of in vivo differentiation. An excellent review by Qiu et al. [162]
described many such MRI-based studies for stem cell therapy such as migration
and homing of hematopoietic stem–progenitor cells to injured arteries and ath-
erosclerosis, stem–progenitor-cell-mediated vascular gene therapy, and several
novel techniques for magnetic labeling of stem or progenitor cells. Table 2.6
describes some of the MRI-based stem cell tracking studies in living subjects.

2.3.2.4 Ultrasound Imaging

Ultrasound imaging (US) utilizes the interaction of sound waves with living tissue
to produce an anatomical image. Since US imaging is the only modality that
generates real-time images during scanning, several investigators are using this
technology for longitudinal monitoring of stem-cell-mediated tissue repair and
vessel formation. One such application was shown by Watts et al. [173] where
equine fetal-derived embryonic-like stem cells (fdESCs) expressing Oct 4, Nanog,
SSEA-4, TRA-1-60, TRA-1-81 stem cell markers and telomerase were implanted
in equine flexor tendonitis model through intralesional injection. Thoroughbred
horses (n = 8) were induced with tendon injury in the mid-metacarpal region of
the superficial digital flexor tendon and injected with fdESCs, and serial ultrasound
examinations were performed. After 8 weeks, significant improvement in tissue
architecture, tendon size, tendon lesion size, and tendon linear fiber pattern was
found by US imaging, which was further corroborated by tissue histology.

To enhance the contrast of signal intensity of US imaging, microbubbles (MBs)
tagged with nanoparticles, antibodies, or other signatures are being developed.
Such an approach was demonstrated by Leng et al. [174] where biocompatible
polymer MBs were internalized by human bone-marrow-derived MSCs (MB-
MSCs) and used for US imaging. Nude mice injected with MSCs and MB-MSCs
in the hindlimb region were temporally imaged by ultrasound, which showed that
the MB-MSCs are acoustically active in vivo and can be imaged for at least 4 h
from the time of injection [174].
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2.3.2.5 Computed Tomography

X-ray CT is a purely anatomical imaging modality, which generates high-reso-
lution three-dimensional anatomical images. CT imaging, however, can be applied
to monitor degree of differentiation of embryonic or adult stem cells. Arporn-
maeklong et al. [175] demonstrated that undifferentiated hESCs can be cultivated
in osteogenic medium to increase the quantity of osteoblast-like cells (hESCs-OS).
These hESCs-OS when transplanted in mice with calvarial defects showed limited
mineralization of tissue in central region, margin of defect, and calvarial bone
adjacent to the defect site by micro-CT imaging. Image analysis revealed that bone
mineral density of the new bone in the cranial defect generated by the transplanted
cells at passage 5 was significantly higher than that in the controls (without cell
implantation). However, CT being purely anatomical imaging modality has limited
use in measurement and monitoring of stem cell differentiation. Integrated PET-
CT and SPECT-CT are better approaches for such evaluations.

2.4 Applications of Stem Cells

The previous two sections describe the advances in stem cell research and mon-
itoring the outcome in live cells as well as in live animals. The most challenging
phase is to get ‘‘biological solutions to biological diseases’’ with an aim to achieve
success in curing patients. To estimate the extent of success, a large number of
clinical trials are ongoing with stem cell transplantation in various pathological
conditions.

In this section, we will provide an overview of these studies categorized by the
disease types based on the information obtained from trials mostly initiated by the
National Institute of Health (Figs. 2.8 and 2.9). Due to overwhelming number of
animal studies, we have limited this section only to human trials. The animal
studies can be found in other excellent reviews [176, 177].

2.4.1 Stem Cells and Neurodegenerative Diseases

Two percent of worldwide death is contributed by neurodegenerative diseases such
as Alzheimer’s and Parkinson’s, and medical science is still unable to cure these
diseases. Recent progress in stem cell science showed that functional neuronal
replacement is possible, raising the hope for ultimate cure for these dreadful
diseases. The idea of stem-cell-based therapy for neurodegenerative diseases is not
new. The first neuronal transplantation was reported in 1890 by Thompson who
made a very bold attempt to transplant cortical tissue from a cat into the brain of a
dog [178]. This encouraged scientists to consider cell transplantation to treat
deadly neurodegenerative diseases such as Parkinson’s and Alzheimer’s.
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Earlier, the Parkinson’s disease (PD) patients received a transplant of the
adrenal medullary tissue, which did not result in significant improvement. Later,
transplantation with fetal tissue and human embryonic neural tissue for cell-based
therapy was also explored. However, serious ethical issues with these tissue
replacements led to search for the alternate cell source. One such cell source was
found to be the neural stem cells [179]. Clinical trials with transplantation of
human fetal mesencephalic tissues rich in neuronal stem cells have produced
satisfactory results. In a trial by Freed et al. [180], 40 patients between the age of
35–75 years were divided into transplantation group (mesencephalic tissue was
implanted bilaterally into the putamen) and sham surgery group (tissue implanted
by drilling a hole into the brain but not disturbing the dura mater) and received
mesencephalic tissue transplantation. At the end of the surgery, younger patients in
the transplantation group showed better signs of improvement as compared to the
sham surgery, while significant improvement was seen in the group of the older
patients. A small trial by Venketaramana et al. [181] generated a lot of hope for the
PD patients. In this pilot study, seven advanced-stage PD patients between the age
of 22 and 65 years were subjected to bone-marrow-derived MSC transplantation
extracted from the iliac crest. Patients were reported to show improvement and a
reduction in the levels of L-DOPA. Spinal muscular dystrophy is a dreadful

Fig. 2.8 Diseases treated with stem cells: Stem cells are emerging as an alternate or sole option
for treating a wide spectrum of diseases such as neurodegenerative diseases, immune disorders,
diabetes type 1, cardiac aliments, kidney disease, malignancies, liver disease, bone and retinal
disorders. At certain times, health damages caused by disasters could also be managed with stem
cell therapy
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neurodegenerative disease characterized by the loss of motor neurons in the spinal
cord leading to overall muscle weakness. Remarkable results were obtained with
stem cells in animal models, but clinical trials are yet to be initiated [182].

Like PD, MSCs are also used as a powerful therapy regime against Hunting-
ton’s disease as they can enhance tissue repair by secreting various neurotrophic
factors leading to neural growth, inhibition of apoptosis, and regulation of
inflammation. Bachoud-Lévi AC et al. (2006) have shown that 3 out of 5 patients
showed some degree of improvement with fetal neural grafts, but the other two
had no signs of benefit. This trial proved that such transplantations provide relief
for a short period of time but offers no permanent cure [183]. Many of the clinical
trials for Huntington’s disease have shown mixed results. Gaura et al. [184]
transplanted fetal striatal neuroblasts (progenitor cells derived from the neural
stem cells) as allograft in five Huntington’s disease patients. The patients were
assessed based on the neural hypometabolism and glucose metabolism rate in the
brain. While two patients showed drastic improvement, patient 3 actually showed
a slight decline in condition. Patient 4 and patient 5 deteriorated during course of
the experiment [184].

In amyotrophic lateral sclerosis (ALS), upper and lower motor neurons grad-
ually degenerate and lead to muscular atrophy and severe weakness. In a clinical
trial by Mazzini et al. [185, 186], autologous MSCs were transplanted into the
spinal cord of seven ALS patients. In the follow-up of 2 years, no permanent
clinical side effects or change in the spinal cord was reported as assessed by MRI.

Fig. 2.9 Clinical trials with stem cells: A graphical representation of various disease-specific
trials undertaken by US government around the world involving stem-cell-mediated therapy
(n = 283). (Source Clinicaltrials.gov, accessed: 28/3/2013)
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A relatively slow linear decline of the forced vital capacity was seen in four out of
seven patients, indicating that MSCs might have the ability to repair tissue damage
and prolong the survival of the patients. A similar exercise was performed by
Mazzini et al. [187] with 10 patients. The results obtained indicated that stem cell
therapy could be extremely beneficial for ALS patients. Thus, stem cell therapy
upon proper guidance and validation is finally bringing hope for patients with
neurodegenerative diseases such as ALS, chronic spinal injuries, advanced PD
[188].

2.4.2 Stem Cells and Kidney Diseases

Both human ES cells and allogenic/autologous HSC transplantations are used to
correct kidney disorders in clinics. Trivedi et al. [189, 190] was the first group to
report their clinical experience with 24 patients. In their experiment, they intro-
duced unfractionated HSCs into the thymus and bone marrow before surgery and
infused them peripherally after transplantation. The aim of the study was to design
strategy to enhance tolerance to cadaver renal transplantation and thus prevent
graft rejection. Patients were divided into two groups of which group-A received
infusion of the concentrated marrow before and after surgery and group-B
underwent direct transplantation. Since this procedure did not yield any graft
rejection, the study continued, and by 2011, more than 1,000 transplantations were
performed with further modifications.

2.4.3 Stem Cells in Immunodeficiency and Thalassemia

Life-threatening immunodeficiency can be induced either by drugs or by mal-
function of immune system for which cell-based gene transfer is a good treatment
option. Unfortunately, several such trials are reported with little benefit. Thrasher
et al. [191, 192] reported a trial in which engineered CD34+ bone marrow cells
failed to produce any effect in the subjects. Gaspar et al. [192] treated 10 patients
with autologous CD34+HSPCs transduced with (gamma c) cc retroviral vectors.
Follow-up of 80 months showed all patients to be alive with functional T cells,
though mild pulmonary infections in most patients and development of acute T-
cell lymphoblastic leukemia in one patient were seen. Another strikingly similar
attempt was made by Hacein-Bey-Abina et al. [193] where CD34+ cells isolated
from five X-SCID patients were transduced with a retroviral vector expressing
gamma c(cc) transgene and then transplanted back in patients. The follow-up data
for four out of five patients were quite promising. Their T cells and the natural
killer cells carrying the transduced gene appeared normal in number, in phenotype,
and in proliferative response for at least 2 years after therapy.
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Stem-cell-mediated gene therapy was attempted to tackle thalassemia, a blood-
related disorder that affects 7 % of population worldwide. The first trial involving
transfer of b-globin gene into the CD34+ bone marrow cells using lentiviral
vectors was performed by Cavazzana-Calvo et al. Among three patients, the first
one failed to engraft. Fortunately, the second patient accepted the graft and was
continuously followed up for the next 5 years. The third patient was engrafted
after a few months without complications. In a detailed report, Cavazzana-Calvo
et al. [176, 194] have discussed the health of the second patient who had become
transfusion independent for a period of 21 months after transplantation. The
process of the trial is diagrammatically represented in Fig. 2.10.

In the last few years, a few trials were done on diseases such as ADA, gaucher,
X-SCID using engineered HSCs with limited success [195].

2.4.4 Stem Cells and Type 1 Diabetes

Type 1 diabetes is an autoimmune disease associated with T-cell-mediated
destruction of insulin-producing cells, which results in a lifelong dependence on
insulin. Several attempts such as pancreas transplantation and islet transplantation
have been attempted by scientists and clinicians to improve the quality of life of
the patients [196].

Fig. 2.10 Schematic representation of the trial conducted by Cavazzana-Calvo et al.: HSCs are
isolated from patient by bone marrow aspiration (a) followed by patients treated with
chemotherapy (b) cells mobilized in culture subjected to retroviral transduction with appropriate
gene (c), and finally, these engineered CD34+ HSC cells are infused into the body of the patient (d)
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Autologous and allogenic transplantations of hematopoietic cells were found to
rescue patients from their diabetic symptoms. Recently, Gu et al. [197] published a
clinical trial in which 28 patients who were having type 1 diabetes, antiglutamine
decarboxylase antibody, and devoid of conditions such as cardiorespiratory
insufficiency, renal or kidney failure or chronic and acute infection enrolled for
autologous HSC transplantation between the years 2007 and 2010. After the
administration of cyclophosphamide and rabbit antithymocyte globulin, autolo-
gous HSCs were infused. The daily requirement of insulin started decreasing in
these patients within a month, and the decrease was found to be significant during
the course of next 3 months and remained stable for the next 24 months. A similar
observation was made in a group of patients with diabetes ketoacidosis (DKA) in
which 20 out of 23 patients showed a remarkable insulin-free state. Twelve out of
the twenty patients maintained the state of complete remission (CR) for
31 months, and the rest came back with the disease [197].

The umbilical cord blood rich in T regulatory cells and stem cells preserved at
the time of birth also proves to be beneficial to combat such disease conditions. In
a clinical study, Haller et al. [198] reported the results of infusion (about 100 ml
cord blood/year) of own stored cord blood in 23 patients with diabetes type 1. No
significant adverse effects were observed in 15 of these patients who were a part of
the follow-up regime. In fact, the study illustrated the process of cord blood
infusion in young to be feasible. However, the infusion failed to preserve the
C-peptide levels in children.

Human placenta being a rich source of pluripotent and multipotent stem cells
has become an attractive resource to the translational researchers. In one such trial
performed, Hou et al. [199, 200] have shown that human amnion epithelial cells
can be differentiated into insulin-producing cells of the pancreas and can reverse
the state of hyperglycemia in C57 diabetic mouse. Unfortunately, no such trial has
been initiated in patients.

2.4.5 Stem Cells and Malignancies

Stem cell transplantation has become a standard of care for the hematological
cancers but yet to reach clinic for all types of solid tumors. HSC transplantation is
a process in which HSCs are injected into the patients receiving bone-marrow-
toxic drugs with or without whole-body radiation therapy. HSC transplantation
could be of two types: allogenic transplantation when the stem cells come from
another person with matched immune profile and autologous transplantation where
the stem cells come from own body.

Allogenic transplantation is used to treat acute myelogenous leukemia (AML),
chronic myelogenous leukemia (CML), chronic lymphocytic leukemia (CLL), and
non-Hodgkin’s lymphoma. CLL accounts for 25 % of all leukemia in which
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allogenic stem cell transplantation is a good option of treatment. However, due to
the lack of sufficient matching donors, this transplantation method is rarely fol-
lowed. A trial by Michallet et al. (2011) enrolled 223 patients between the age of
31–65 years and in a stage of CR who were divided into two groups, 112 for
transplantation arm or ACST arm and 111 for observation arm. Eighty of the 112
patients were subjected to transplantation of autologous stem cells, and the rest
were spared due to collection failure, refusal, or secondary malignancies.
According to the results published in 2011, no significant difference was found
between ASCT and observation arm with respect to mortality without relapse even
after 43.7 months of follow-up. However, a statistically significantly improved
event-free survival was obtained in the ASCT arm. Only occurrence of myelo-
dysplastic syndrome was reported. Thus, the transplantation study proved to be
beneficial for CLL patients in CR. In contrary to the above-mentioned trial, a study
by Sutton et al. [203] did not show beneficial effects of ASCT over combined
chemotherapy of fludarabine and cyclophosphamide in patients aged between 18
and 65 years with Binet stage B or C CLL who were not treated before [201–203].

A few more randomized clinical trials were performed with allogenic HSC
transplantation. The main focus of these trials was to overcome the chances of
developing chronic graft versus host disease (GVHD), which is a very common
complication encountered by clinicians after allogenic stem cell transplantation.
Socie et al. [201, 204] performed a randomized trial that assessed prophylactic
treatment regime with ATGs. Administration of corticosteroids or antithymocyte
globulin along with drugs such as methotrexate and tacrolimus was shown to
reduce the chances of GVHD.

Apart from trials on hematological malignancies, few very interesting clinical
trials have been performed on solid tumors such as neuroblastoma, Wilms’ tumor,
retinoblastoma. In an attempt by George et al. 205, high-risk neuroblastoma
patients enrolled between the years 1999 and 2002 were initially subjected to five
cycles of standard chemotherapy and peripheral blood stem cell transplantation
was performed after recovery from the second or the third cycle of chemotherapy.
Out of the selected 97 patients, 51 died, and in the remaining 46, patient’s pro-
gression-free survival was estimated to be around 47 and 45 % at the end of 5 and
7 years, respectively. The overall survival rate was found to be around 60 and
53 % at the end of 5 and 7 years, respectively. Thus, a combination of high-dose
therapy with autologous stem cell rescue proved to be beneficial for high-risk
neuroblastoma patients. An identical study was performed by Berthold et al. [206]
with increased number of high-risk neuroblastoma patients. Patients subjected to
high-dose chemotherapy with autologous stem cell transplantation were shown to
have an extended 3-year event-free survival as compared to the batch of subjects
given a maintenance therapy.

2 Stem Cells: The Holy Grail of Regenerative Medicine 47



2.4.6 Stem Cells and Heart Ailments

Heart ailments such as myocardial infarction and ischemic heart failure lead to
drastic loss of cardiomyocytes, interstitial cells, and vascular cells, which make
recovery slow and difficult. A number of clinical trials are being conducted with
mononuclear bone marrow cells rich in MSCs transplantation and are summarized
in Table 2.7 [207].

In a recent report, Vrtovec and his colleagues (2013) discussed a clinical trial
registered under NIH (NCT01350310) performed on 110 dilated cardiomyopathy
patients. In phase I, the patients received doses of granulocyte-stimulating factor,
and in phase II, 55 out of 110 patients were given an infusion of bone-marrow-
derived autologous CD34+ cells. During the 5-year follow-up, patients were
assessed by echocardiography and walking test. However, the most significant
feature of the trial was the use of 99 m Tc hexamethylpropyleneamine oxime
tracer accumulation method, which was used to determine the homing of the
infused CD34+ cells. The stem cell transplantation was hence seen to be well
associated with longtime survival of the patients [128].

2.4.7 Stem Cells and Retinal Diseases

Age-related macular degeneration (AMD), glaucoma, and diabetic retinopathy are
the three most common causes of retinal degeneration, visual impairment, and
complete blindness. In the recent years, a number of studies have been performed
on animal models that have explored the potential of mouse or human adult bone-
marrow-derived stem cells containing endothelial precursor to stabilize and rescue
retinal blood vessels in experimental retinal dystrophies. Fewer numbers of clin-
ical studies were done. Jonas et al. [177, 216, 217] produced case reports of trials
performed in three patients with end-stage macular degeneration and glaucoma.
Bone marrow was harvested, and mononuclear cells were separated by Ficoll
density gradient sedimentation. The cells were then injected into the intraocular
space. After the procedure was completed, a regular follow-up was done till
12 months. In spite of the trial being technically feasible, no significant
improvement was obtained.

2.4.8 Stem Cells and Alopecia Areata

Alopecia areata is a common T-cell-mediated autoimmune disease leading to
chronic and recurrent hair loss. The incidence of the disease is 0.1–0.2 %
worldwide. Cell therapy is extremely limited and discouraging for alopecia areata.
A clinical trial was initiated in August 2012 using the technique of ‘‘stem cell
educator.’’ This technique is extremely useful in treating autoimmune diseases
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such as alopecia areata and type 1 diabetes. The principle of this technique is to
change the behavior of the immune cells of the body so that they do not function
against self-immune system. This phase I/II trial was performed with an objective
to see how the stem cells modulate autoimmunity. The date of completion of the
trial is expected to be in July 2013 [218].

2.4.9 Stem Cells and Disasters

Disasters are always unpredictable and could be either natural or man-made. At
times, human errors can lead to accidents such as radiation exposure, road mishaps
that may cause irreversible damages. Strategies such as isolating cells from an
autologous healthy source and transplanting them into the damaged sites for
generating functional cells with desired characteristics are adopted to cope up with
such events. A case study was published by Lataillade et al. [219] in which a 27-
year-old Chilean man overexposed to gammagraphy radioactive source was
treated using dosimetry-guided lesion excision and mesenchymal stem cell ther-
apy. Autologous total bone marrow cells were obtained from unexposed iliac crest
by aspiration and were grown in culture using medium supplemented with 8 %
platelet lysate. MSCs characterized by surface markers, clonogenic assays, and
telomerase activity were infused into the patient body at day 90 and day 99. Within

Table 2.7 Trials on the various cardiac diseases

Disease Trial Patients Cell type used Result

Myocardial
infraction

Boost Trial [207] 60 Nucleated BMC Effect prominent in 6 months
but diminished between 18
and 61 months

Leuven AMI trial
[208, 209]

67 Mononucleated
BMC

Fast recovery

Astami trial
[210]

100 Mononucleated
BMC

No significant effect observed
after 6 and 12 months

Fincell trial [211] 80 Thrombolytic
therapy

Improvement seen before and
after 6 months

Regent trial
[212]

200 Mononucleated
BMC

Specific marker expressing cell
population associated with
the observed effects

HEBE Trial
[213]

20 Mononucleated
BMC and
standard
therapy as
control

Subjects showed either
enhanced ventricular
recovery or remodeling.
Results need further
validation

Chronic
myocardial
ischemia

[214] 24 CD34+ cells
collected from
peripheral
blood

Satisfactory results
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five and a half months postradiation, the patient showed signs of improvement
with complete healing. After a series of successful animal experiments, a phase I/II
clinical trial was initiated in the year 2011 (NCT01298830). The trial was designed
based on the use of encapsulated and engineered human bone-marrow-derived
MSCs to cure traumatic brain injury. In spite of obtaining some positive results
from 11 patients, the trial was terminated in 2013 [220].

2.4.10 Stem Cells and Bone Disorders

Bone loss has always been a challenge for the clinicians. Marcacci et al. [221]
published a trial report that they conducted on four subjects of whom two patients
had an affected ulna and the other two had defective tibia and humerus. As
mentioned in Sect. 2.2.3, a porous bioceramics was used as the scaffold in this
study. Bone marrow stem cells isolated from the patients were cultured with minor
modifications and seeded on the scaffold within 36 h from harvest. During the
follow-up course, no complications in terms of pain, swelling, or infections were
observed. Even after 6–7 years of postsurgery, a good integration of implants was
observed in patients 1 and 3. Angiographic evaluation performed even after
6.5 years postsurgery indicated vascularization of the grafted zone. Pre/postop-
erative radiography and 2D and 3D CT scans were used to monitor bone
development.

Apart from the above-mentioned bone disease, osteogenesis imperfecta is a
very painful genetic disorder caused by a defect in the collagen type I encoding
gene. The disease is characterized by bony deformities, fragility, fractures, and
short stature. Two identical clinical trials were performed by Horwitz et al. (1999
and 2001). Analysis was conducted using techniques such as dual-energy X-ray
absorptiometry and bone histologic examination from bone biopsy samples taken
before and after transplantation using the technique of microscopy as explained
previously. In the first trial, three patients were infused with unmanipulated bone
marrow from HLA-matched identical siblings. In the second trial, a similar
approach was adopted for the three patients, while the two patients in the control
arm were not given any specific therapy. Improvement in bone histology and a
significant increase in the number of osteoblasts were observed. Unlike the second
trial, the first one also accounted for a significant increase in bone mineral content.
However, complications such as sepsis, pulmonary insufficiency, and bifrontal
hygroma were commonly seen in both trials. In spite of the aftereffects as men-
tioned above, these trials indeed generated a lot of hope in patients suffering from
this tragic genetic defect [222, 223].
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2.4.11 Stem Cells and Liver Diseases

Liver diseases such as liver cirrhosis and hepatitis B are considered to be extre-
mely life threatening. No effective treatment regime has been designed for almost
a decade now. Hence, intensive research is carried out using HSCs due to their
promising results in other fatal diseases. A phase I trial was designed and pub-
lished by Gordon et al. and Levicar et al. [224, 225] in which CD34+ HSCs in
granulocyte-stimulating-factor-mobilized blood were infused into the portal vein
of 5 patients with chronic liver diseases. Further, the data collected during the
follow-up period of 12–18 months were discussed in the report published in 2008.
During the follow-up period of 12–18 months, patients were assessed on the basis
of CT and levels of bilirubin and alpha-fetoproteins in serum and they showed no
side effects. The study implicated that the treatment with stem cells lasts for about
12 months. Terai et al. [226] in 2006 conducted autologous bone marrow trans-
plantation in patients with liver cirrhosis. One of the successful trials reported by
Gasbarrini et al. [227–229] showed a reversal of drug-induced liver failure by
transplanting CD34+ BMSCs. Zang et al. [230] discussed a trial on infusion of
umbilical cord MSCs in 30 patients with 15 controls (only saline). Reduction in the
amount of ascites, improvement in liver function with increased serum albumin,
and decrease in serum bilirubin levels were achieved. Another remarkable clinical
trial on end-stage liver disease was reported by Kharaziha [231] in which autol-
ogous MSCs were used. The cells were isolated from the iliac crest and grown
in vitro to get a count of 30 to 50 millions. Posttransplantation follow-ups were
regularly done in the 1st, 2nd, 4th, 8th, and 24th weeks. The transplantation was
well tolerated as seen in the improved liver function test results that were reflected
in the levels of serum creatinine, serum albumin, and serum bilirubin.

2.4.12 Stem Cells and Pharmaceutical Companies

Cell therapy by using stem cells has been a subject of interest for clinicians and
scientists for almost a decade. The recent years have seen many pharmaceutical
companies participating in stem cell research, therefore making regenerative
medicine a vibrant industry. The first FDA-approved trial for patients with spinal
cord injury with ESC-derived oligodendrocyte progenitor cells (GRNOPC1)
(#NCT01217008) was conducted by Geron, which is currently on hold. Recently,
Genzyme reported a quality control program conducted on 303 patients subjected
to autologous transplantation of cultured chondrocytes to repair knee damages.
The follow-up of these patients produced positive results [232]. Many companies
are also involved in iPSC research for future like Progenitor Labs involved in stem
cell engineering [233, 234]. Some company-sponsored trials are listed in
Table 2.8.
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Table 2.9 describes ongoing and completed trials categorized on the basis of the
different types of stem cells used for transplantation.

2.5 Conclusion and Future Prospect

Self-renewal and multilineage differentiation properties of stem cells are keys to
the lifelong homeostatic maintenance of tissues and organs. These properties could
also make the cells as potential therapeutic tool for many incurable diseases where
traditional ‘‘chemical solution to biological diseases’’ fails to work. Last few
decades of biomedical research have seen extensive experimentation on stem cell
therapy for regenerative medicine. Most early work was carried out with plurip-
otent ES cells derived from the inner mass of blastocyst embryo that can differ-
entiate into any type of cells belong to all the three germ layers. However,
significant challenge was met in successfully culturing the hESCs on MEF cells
and induction of directed differentiation toward a specific cell lineage. An ongoing
effort is going to establish feeder-independent culture system under the supervision
of International Stem Cell Initiative Consortium. Various combinations of growth
factors, chemicals, cell densities, and matrices are being tested to achieve proper
differentiation of hESCs. A remarkable success was reported by Chen et al. [6]
who were able to differentiate hESCs to functionally active insulin-secreting beta-
cells in a stepwise manner. However, application of hESCs in regenerative med-
icine is still limited due to the formation of teratoma in vivo and ethical issues. A
potential future solution for overcoming teratoma formation would be implantation
of hESC-derived progenitor cells with specific lineage memory instead of
implantation of undifferentiated hESC.

The next and most widely accepted choice for cell therapy after hESC is the
adult stem cells, which beat the major limitations of hESCs. Adult stem cells,
majority of which are known as MSCs, reside in various organs and are potential

Table 2.8 Companies and their contribution in the stem-cell-therapy-based trials

Companies Trials

TCA Cellular Therapy NCT00518401; NCT00643981; NCT00721006;
NCT00790764; NCT00548613

Shenzhen Beike Biotechnology
Co. Ltd

NCT01360164; NCT01343511; NCT01610440;
NCT01742533; NCT01443689

Manipal Acunova Ltd NCT01501773
Banc de Sang i Teixits NCT01227694
NCIC Clinical Trial Group NCT00003032
TECAM Group NCT00984178
Cellonis Biotechnology Co. Ltd NCT01143168; NCT01142050
Osiris Therapeutics NCT00482092; NCT01233960
International Stem Cell Service

Ltd
NCT01152125
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to form different types of cells through proper differentiation. An extensive
overview of MSC and other adult stem cell (such as HSC)-based applications are
discussed in the main sections. The wide application of MSCs in preclinical and
clinical trials with many of them displaying effective prevention and control of a
diversity of diseases brings them to forefront of stem cell therapy research. A
number of clinical trials are currently going on with MSCs to treat

Table 2.9 Ongoing or completed clinical trials on various diseases using stem cells

Stem Cells Disease Trials completed/in progress

Autologous HSCs
transplantation

Severe systemic lupus
erythematosus

NCT00076752

Retinoblastoma NCT00554788
Type 1 diabetes NCT01285934; NCT01341899

Peripheral blood stem cell
transplantation

Neuroblastoma NCT00004188; NCT01526603
Ewing’s tumor NCT00003081

Allogenic HSCs transplantation Hematological
malignancies

NCT00152139; NCT00176930

Ewing’s tumor NCT00357396
Autologous transplantation of

CD34+ cells
Coronary artery disease,

angina, myocardial
infarction, and chronic
ischemia

NCT00081913; NCT00221182

Bone-marrow-derived
mononuclear cell
transplantation

Retinitis pigmentosa NCT01068561
Liver cirrhosis NCT01120925; NCT01724697
Wilms’ tumor NCT00025103

HLA-matched bone-marrow-
derived stem cells

Alopecia areata NCT01758510

Mesenchymal stem cell Amyotrophic lateral
sclerosis

NCT01609283

Osteonecrosis of the
femoral head

NCT01605383

Umbilical cord-derived MSCs Liver cirrhosis and liver
failure

NCT01573923;
NCT01724398;
NCT01728727

Hereditary ataxia NCT01360164
Diabetes type 1 NCT01374854

Autologous bone marrow
mononuclear cells and
umbilical cord mesenchymal
stem cell transplantation

Diabetes type 1 NCT01143168

Cord blood stem cells (educator
therapy)

Diabetes type 1 NCT01350219
Alopecia areata NCT01673789

Autologous adipose-tissue-derived
stem cells

Diabetes type 1 NCT00703599

Development of iPSCs from cell
culture established from skin
biopsies

Neurodegenerative
diseases

NCT00874783

Combined stem cell therapy Severe leg ischemia NCT00721006
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neurodegenerative diseases, thalassemia, diabetes, cardiovascular diseases, and
malignancies and even in disaster-related injuries. However, success rate is still
low and more number of trials would be required to assess the real potential of
stem cell therapy.

The low abundance and need of large-scale culture of adult stem cells for
clinical application can overcome by iPSCs, which shows great promise for
regenerative medicine. However, application of iPSCs is still limited in preclinical
stages and expected to reach clinic soon.

Finally, monitoring the efficacy of stem cell therapy is an extremely important
component and a large number of microscopic and macroscopic techniques are
being implemented to check for in vitro differentiation, in vivo differentiation, and
functional output. Each of these cell based and preclinical imaging techniques has
own merits and demerits and is often used in combination to achieve a multimodal
approach. Since stem cell imaging requires high resolution, MRI despite having
lower sensitivity is probably the most suitable technology. A large number of
preclinical applications are using bioluminescence imaging as well. These imaging
techniques are also important in understanding the interactions of local microen-
vironment with stem cells. Overall, the excitement and hope for effective treatment
for many incurable diseases by stem cells are quite promising but require a
thorough and long-term monitoring at preclinical level, followed by practical
protocols. It is highly expected that detailed investigations of stem cell biology and
clinical applicability will result in revolutions in medical technologies.
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Chapter 3
Engineering T Cells to Target
Tumor Cells

Hiroki Torikai, Judy S. Moyes and Laurence J. N. Cooper

3.1 Introduction

The observation that viral-associated tumor formation is increased in the immu-
nocompromised host reveals a role of immune surveillance in tumor biology [1].
Recent analysis of cells at the tumor site shows that memory T cell infiltration is
associated with a favorable outcome [2]. These observations support the view that
immune effector cells such as T cells or NK cells play a role in eradication of
tumor cells. However, immunocompetent cells do not always eliminate malig-
nancy. Evidence suggests that tumor cells may also be protected by other classes
of immune cells or by an immunosuppressive microenvironment [3]. Indeed,
‘‘tumor immunoediting’’ is recognized as one of the emerging hallmarks in cancer
therapy [4]. Passive immunotherapy aimed at enhancing host T cell responses has
not met with significant success in part due to the presence of an immunosup-
pressive microenvironment [5]. Adoptive immunotherapy infusing tumor antigen-
specific T cells expanded in vitro is an attractive alternative way to enhance
immune-mediated tumor destruction. Clinical trials administering T cells have
shown improved results when compared to passive immunotherapy [6]. However,
the burdens to manufacture such T cells for individual patients and the length of
time it may take to generate T cells in sufficient numbers and quality remain
obstacles to the widespread distribution of this therapy. To improve their thera-
peutic potential, T cells need to be able to be produced in a timely manner. The
development and human application of genetic engineering technologies now
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enable T cells to be modified as desired and their efficacy (effector function, long-
term survival, and migration) to be maximized for a tumor and its microenviron-
ment. To enhance adoptive immunotherapy, T cells need to be equipped with
(1) specificity to tumor cells, (2) cytotoxicity to destroy the tumor cell, (3) longevity
to survive long-term in vivo, and (4) the ability to disrupt the immunosuppressive
tumor microenvironment.

We will discuss the strategies to enhance T cell function and generate ideal
tumor-specific T cells using genetic engineering.

3.2 Redirect T Cell Specificity

T cells can kill target cells using multiple mechanisms (e.g., granzymes, perforin,
Fas, and TRAIL). T cells can also proliferate and survive in vivo if they receive
appropriate signals in the context of receptors. Antigen-specific T cell lines or
clones expressing T cell receptors (TCRs) with defined and desired specificities
can be isolated from patients. However, this process is time consuming, and the
resulting tumor-specific T cells often have an exhausted phenotype compromising
long-term in vivo survival. To improve this process, T cell specificity can be
redirected against the tumor-associated antigens (TAAs) by genetic engineering.
Currently, two technologies exist to achieve this: TCR gene therapy and the stable
and transient introduction of a chimeric antigen receptor (CAR).

3.2.1 TCR Gene Therapy

Each abT cell expresses a unique TCRab, which recognizes a small peptide in the
context of a human leukocyte antigen (HLA) molecule. These small peptides are
derived from either intracellular or cell surface proteins. Since the pioneering
identification of the melanoma-associated epitope derived from MAGE-A1 [7],
numerous other TAAs have been identified [8]. However, the majority of TAAs
identified so far are self-proteins except for peptides derived from tumor-specific
chimeric proteins (e.g., bcr–abl in CML or ALL [9]) or mutations (e.g., NPM in
AML [10]). This hampers attempts to induce a patient’s own TAA-specific T cells
in vitro and in vivo since T cells expressing high-affinity TCRab against self-
proteins are typically eliminated during their selection in the thymus. Gene therapy
has thus been used to enforce expression of a TCR harvested from the T cells of an
allogeneic donor [11]. The transduction of a high-affinity TCRa and b chain from a
pre-characterized TAA-specific T cell clone can redirect T cell specificity to the
same TAA recognized by the original T cell clone. For successful TCRab gene
therapy, the high-affinity TCRab must be isolated, introduced into recipient T
cells, and efficiently expressed.
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3.2.1.1 Isolating High-Affinity TCRab

A prototypical TCRab typically has low affinity for self-protein, and therefore, the
initial challenge is to isolate and identify high-affinity TCRab sequences. Several
methods have been developed to achieve this. One is to create a complementarity
determining region (CDR3) library using low-affinity TAA-specific TCRab and
screen their binding affinity to target using the phage display system. CDR3 is
generated during V-J-(D) recombination of TCRa or b and known to bind peptide
expressed on HLA. By randomly introducing a mutation within this region, the
affinity of TCRab can be manipulated, and TCRab generated with 2–3 log higher
affinity than that of original TCRab [12].

A second approach to isolate high-affinity TCRab is to use HLA transgenic
mice. Immunizing these mice with candidate TAA-derived peptide(s) engenders
immune response and enables the isolation of murine T cells that recognize desired
TAAs. Using this system, murine TCRab chains with high affinity to target TAA
have been isolated [13]. Potentially, these TCRab may be immunogenic when
infused on human T cells, but so far no evidence has been obtained to support this.

Recently, several researchers have isolated high-affinity TCRab from third-
party donors that do not share restricted HLA [14–17]. This is based on the fact
that the self-antigen expressed on nonself HLA is not displayed in these donors.
Careful evaluation is needed of high-affinity TCRab isolated from mismatched
donors as they may exhibit promiscuity for off-target sequences [18].

Some antigen-specific TCRab also respond to nonrestricted HLA molecules.
This is evident as virus-specific cytotoxic T lymphocytes (CTL) respond to nonself
HLAs [19]. No graft-versus-host-disease (GVHD) has been reported after infusing
virus-specific CTL after HLA-mismatched allogeneic hematopoietic stem cell
transplantation [20]. Potential off-target cytotoxicity may be avoided by prede-
termining the cross-reactivity of TCRab and careful patient selection.

3.2.1.2 Tools to Transduce TCRab Gene into T Cells

An efficient way to introduce the TCRab gene into T cells is the use of c-retroviral
vectors. Transduction results in multiple integrations of the transgene into the T cell
genome, thereby enabling the rapid production of clinically significant numbers of
TCR+ T cells. Retroviral vectors are being used in the majority of current clinical
trials. However, a concern with using the c-retroviral vector is the mutagenesis
associated with the random integration of a strong promoter upstream of the
oncogenes. This was made evident by the high incidence of T cell acute lympho-
cytic leukemia (T-ALL) in patients who received hematopoietic stem cell (HSC)
genetically modified with a c-retroviral vector. This was due to the transgene
insertion in the promoter region of the oncogenes (such as in association with
LMO2 locus). However, this concern may be offset in T cells since such cells are
more differentiated than HSC. This assumption is supported by the observation that
genetically modified T cells may safely reside over the long term in patients [21].
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Furthermore, mouse experiments demonstrate that enforced expression of onco-
gene related to T-ALL in HSCs generates leukemic T cells, but that is not the case
when these oncogenes are expressed in T cells [22]. Another method to introduce a
transgene into T cells is to use a self-inactivating lentivirus vector. Genotoxicity is
expected to be less than with a c-retrovirus vector because this vector lacks the
promoter/enhancer element in the long terminal repeat region, which is a major
determinant of genotoxicity [23]. An additional potential benefit is that unlike
c-retrovirus, the lentivirus vector has the ability to integrate into naïve T cells.

The manufacture and production of clinical-grade recombinant viral vectors
require the use of a specific facility and extensive validation processing of the final
products, both of which are expensive and labor intensive. Use of synthetic DNA
plasmid is a less expensive approach to modifying T cells, and naked DNA
transfection is currently being used in clinical trials. However, since the efficiency
of stable integration of a transgene is much lower in a naked DNA plasmid when
compared to that of virus vector, extensive culture and drug selection may be
needed to obtain clinically useful numbers of genetically modified T cells [24].

Within the last decade, the integration efficiency of DNA plasmids has benefited
from an understanding of transposition. A transposon is a mobile element that is able
to integrate into the human genome with the help of a transposase. The Sleeping
Beauty (SB) transposon/transposase system is based on a Tc1-like transposon from
fish [25]. In this nonviral system, the gene of interest has to be flanked by approx-
imately 230 bp of inverted repeats, which contain two nonidentical direct repeats
(DR) in the transposon DNA. Upon co-transfection of this plasmid with SB11
hyperactive transposase (or SB100X), which is modified to enhance enzymatic
activity, the gene of interest can be readily integrated into the human genome. This
insertion occurs in two steps. First, SB11 binds the DR sequence at each end and
generates a synaptic formation. When this complex docks with a TA dinucleotide
sequence, the SB11 catalyzes the integration of the transposon (cargo load) into that
site. The SB system has been used to introduce therapeutic genes into T cells
[26–28]. It is also being used to stable express CARs into T cells. When combined
with artificial antigen-presenting cells, which specifically activate CAR-expressing
T cells, clinically significant numbers of CAR T cells can be prepared in a relatively
short period of time [26]. The piggyBac system represents another class of a
transposon/transposase system that has been used to introduce exogenous genes into
human cells [29–31]. Here, the insertion of the transgene is preferentially at a TTAA
sequence. Compared to viral vector or SB, the piggyBac transposon system can
integrate a larger transgene product (over 10 kb) [32]. An advantage of the trans-
poson/transposase system is that it is an inexpensive way to prepare genetically
engineered T cells. Safety of these systems regarding their potential genotoxicity
related to transgene insertion is being addressed by assessing the genome-wide
integration profile of a transposon. The integration profile of the SB system appears
to be safer than that of other transposon systems (piggyBac or Tol2). Although the
piggyBac system theoretically randomly targets the TTAA site, the integration
pattern tends to occur near the transcription start sites, CpG islands, or DNase I
hypersensitive site. This is in contrast to SB which integrates transgenes into such
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sites less often [33]. The apparent safer integration profile of the SB system has been
commented upon [34–36]. Currently, the use of SB mediated genetically engineered
CAR+ T cells is being investigated in a clinical setting at MD Anderson Cancer
Center [37].

As an alternative to stably expressing a transgene from a viral vector or DNA
plasmids, in vitro-transcribed mRNA can also be used to engineer T cells.
Investigators have demonstrated that this technology can be applied to efficiently
express exogenous genes into T cells [38, 39]. However, despite its efficiency, the
mRNA cannot integrate into the host genome and is subject to degradation. The
clinical application of this technology may therefore be limited and likely needs to
be combined with an approach to infuse and reinfuse T cells to achieve a clinical
benefit [40].

3.2.1.3 Improving TCRab Gene Therapy

Most gene transfer of TCRab sequences use murine leukemia virus derived
c-retrovirus vector in which the expression of the immunoreceptor is driven by the
strong promoter in the LTR. The effect of promoter choice in self-inactivating
lentivirus vector has been studied [41]. Based on a comparison of GFP expression
in T cells transduced with lentivirus vectors employing a panel of promoters, it
was observed that the murine stem cell virus (MSCV) U3 promoter showed higher
transduction efficiency and GFP intensity in both CD4 and CD8 T cells. TCRab
transgene expression was also compared, and MSCV-driven bicistronic vector
(2A) was identified as superior. Optimization of the TCRab transgene cassette
aims to enhance TCRab expression and function. Many vendors provide inex-
pensive custom gene synthesis enabling codon optimization of TCRab genes to
enhance their expression. Introducing desired noncoding changes into cDNA
increases the TCRab expression compared to the wild-type sequences in many
TCRab constructs [42, 43]. The two TCRab genes are usually transduced as a
bicistronic construct since both genes (TCRa and TCRb) must be introduced to
express a functional TCRab heterodimer. A bicistronic construct including a 2A
ribosomal skip peptide appears to be superior to the internal ribosome entry site
(IRES) [44]. This 2A peptide can be optimized by adding a furin-cleavage domain
and a small amino acid spacer [45]. Functional avidity of TCRab can be increased
by removing N-glycosylation sites in the constant region [46]. To efficiently
introduce TCRab gene into a subset of T cells, lentivirus has been recently
developed that specifically targets CD8 T cells based on the expression of a single-
chain antibody against CD8 on the packaged lentivirus particle (CD8-LV) [47].
CD8 T cells transduced with CD8-LV have increased cytotoxicity against cells
expressing TCRab target antigens than conventional vector.

A major concern for TCRab gene therapy is the potential to form an inappropriate
TCRab heterodimer between the introduced and endogenous TCRab chains leading
to the creation of an immunoreceptor that has not undergone thymic selection
and can cause unwanted autoreactivity (Fig. 3.1a). Although these miss-paired
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TCRab have been shown to respond as allogeneic antigens in vitro or cause GVHD-
like symptom in mice [48, 49], this has not occurred in clinical trials. Another
concern for the expression of four different TCRab heterodimers is the competition

Fig. 3.1 Problems of TCRab gene therapy and their solution. a Formation of mispaired TCRab.
Mispairing between endogenous TCRab and introduced TCRab may generate specificity for
un-intended targets. Shown are the possible combinations generating four different TCRs that
may compete CD3 complex which is needed for TCRab to be expressed on the T cell surface.
b Reported solution for mispaired TCRab. Modifications to the constant region may improve
desired heterodimer formation between introduced TCR chains. These include (1) use mouse
constant region, (2) amino acid substitutions in constant region, and (3) insertion of another
disulfide bond in constant region. Another solution uses shRNA or ZFN targeting constant region
to down-regulate of prevent TCRab expression
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for CD3 complex (CD3f, e, c, and d), which is needed to transduce activation signal
in T cells. If CD3 is limiting, then the ability of introduced TCR to be expressed and
to activate T cells may be compromised.

Several solutions for this issue have been developed (Fig. 3.1b). As an alter-
native to using abT cell, Heemskerk et al. employ cdT cells as the recipient cell for
gene transfer since introduced TCRab chains cannot pair with endogenous TCRcd
chains [50]. However, TCRab-transduced TCRcd cells typically need CD8
transduction to induce robust antigen-specific activation which may not be
available on cdT cells that fail to express (CD4 and) CD8. One strategy to prevent
mismatched TCRab formation is to facilitate heterodimer formation between the
introduced TCRab chains. This has been accomplished (1) using full or partial
mouse TCR a and b sequences [51–53], (2) introducing another disulfide bond
within the introduced TCR constant regions [54, 55], and (3) designing a knob-
into-hole configuration [56]. These systems have been shown to successfully
reduce mismatched TCRab formation. However, introduced TCRab cannot avoid
competing for the CD3 complex with endogenous TCRab. As a result, the copy
number of introduced TCRab on the surface may be decreased leading to insuf-
ficient TCRab-mediated effector functioning.

Recently, two groups showed that endogenous TCRab expression can be dis-
rupted by different molecular technologies. One team used short hairpin RNAs
(shRNAs) against TCRab constant regions to suppress endogenous TCRab
expression [57]. They designed a plasmid containing both shRNAs and introduced
TCRab genes in a single retrovirus vector and demonstrated both enhanced
expression of introduced TCRab and suppression of endogenous TCRab. This
resulted in enhanced function of the introduced TCRab compared with expressing
transgenic TCRab in T cells without shRNAs. The other team used zinc-finger
nucleases (ZFNs) to completely disrupt endogenous TCRab expression at the
genomic level [58]. ZFN employs an engineered nuclease which consists of the
zinc-finger-binding domain and the cleavage domain from type II endonuclease
FokI. A pair of ZFNs can induce a DNA double-strand break (DSB) at an intended
genomic target site. The nonhomologous end-joining DNA DSB repair mechanism
creates an indel at ZFN target sites to disrupt target gene expression by frame shift
mutation. The sequential introduction of ZFNs targeting TCRa chain and then b
chain was used by the authors to demonstrate that endogenous TCRabnull WT1-
specific TCRab+ T cells could be generated. This strategy enhances TCRab+ T cell
function and avoids mispaired TCRab mediated xenogeneic GVHD in a mouse
model.

3.2.1.4 TCRab Specificity Recapitulated Through the Introduction
of a Single Chain

An alternative strategy to define TCRab specificity uses a single-chain TCRab
(scTCR). This is an artificial TCRab chain is comprised of a variable domain,
including the CDR3 region of TCRa and b chains, linked through a peptide and
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fused in frame to the CD3f signaling domain [59–61]. This technology avoids the
potential for mispairing between the introduced immunoreceptor and the endog-
enous TCRab; however, the expression and affinity of scTCRab may be less than
that of the original TCRab heterodimer [62]. Efforts to enhance the avidity of
scTCR chain have been undertaken, and in some cases, the resultant scTCR has
been shown to induce a comparable response to heterodimeric TCRab [56, 60, 61].
Modification of the signaling domain and increasing the affinity of the scTCR
domain will needed to improve the therapeutic potential of this approach.
Recently, several groups have isolated monoclonal antibodies (mAbs) having
TCRab-like specificity [63–69]. Although the cross-reactivity of these antibodies
has not been extensively studied (such as to the superstructure of HLA molecules),
these mAbs may be used to construct CARs to target a peptide/HLA complex,
instead of using TCRab gene transfer.

3.2.1.5 Clinical Trial in TCRab Gene Therapy

As of February 2013, five reports have been published by the NCI group
describing the translation of TCR gene therapy into the clinical setting. In the
seminal paper in 2006 [70], 15 patients with metastatic melanoma were treated
with MART1-specific TCRab gene transduced autologous peripheral blood lym-
phocytes. These patients were treated with lymphocyte depleting chemotherapy
before T cell infusions, followed by IL-2 administration and MART-1 peptide
vaccination. Two of 15 patients exhibited a partial response to this therapy. A
follow-up study employing the same TCRab specificity reported a response rate
(tumor regression) of 13 % (Four out of 31 patients). A follow-up study using a
high-affinity murine TCRab against MART-1 and gp100 resulted in a superior
response (tumor regression was observed in 30 % of patients receiving MART1-
specific TCRab-modified T cells and 19 % of patients receiving gp100-specific
TCRab-modified T cells). However, on-target adverse events (e.g., skin rash
related to destruction of melanocyte, uveitis, and vitiligo) were observed [71]. T
cells genetically modified to target NY-ESO1 have also been tested in the clinic.
Five of 11 patients with metastatic melanoma showed a clinical response, and two
patients showed a complete response lasting more than 1 year. Furthermore, four
of 6 patients with metastatic synovial sarcoma also showed a clinical response
[72]. Mouse-derived TCRab genes against CEA have also been tested in patients
with metastatic colorectal cancer. Tumor regression occurred in one out of three
treated patients, but severe colitis was the dose-limiting toxicity [73]. T cells
expressing a MAGE-A3-specific mouse TCRab have been administered, but a
high incidence of neurological toxicity was observed due to unpredicted expres-
sion of MAGE-A family gene in human brain [74].
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3.2.2 CAR

One of the first CARs (‘‘T-body’’) was developed by Eshhar [75]. Upon expres-
sion, T cells can recognize cell surface TAAs independent of HLA. Thus, one
CAR design has application for a tumor type common to multiple patients. Recent
advances in CAR design, especially in the intracellular signaling domain, the
affinity of the antigen recognition domain, and the extracellular scaffold make this
a promising immunotherapy. Currently, multiple clinical trials are underway to
evaluate this technology.

3.2.2.1 Structure of CAR

The structure of a prototypical CAR can be divided into three segments: (1) Single
chain fragment of variable (scFv) which determines the specificity, (2) extracel-
lular spacer, and (3) intracellular signaling domain(s) (Fig. 3.2). Other aspects of
CAR design may impact the ability to recycle T cell effector functions in the tumor
microenvironment such as the transmembrane domain [76], where the CAR binds
the TAA [77], and the density of CAR on the T cell surface.
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Fig. 3.2 Structure of chimeric antigen receptor. Variable regions from heavy and light chain
(scFv) of mAb are linked with spacer domain and signaling domain from CD3f and co-
stimulatory molecules (e.g., CD28 and CD137)
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scFv
The scFv consists of the variable regions of heavy and light chains from a mAb

with desired specificity for TAA. Indeed, this determines the specificity of the
CAR. Many cell surface TAAs expressed on a variety of tumor cells have been
targeted by CARs using scFvs from specific mAb (Table 3.1). In addition to these

Table 3.1 Target molecules of chimeric antigen receptor for tumor therapy (as of March 2013)

Target Target tumors State of evaluation

Hematological malignancies
CD19 B cell malignancies Clinical
CD20 B cell malignancies Clinical
CD22 B-ALL Preclinical
CD23 B-CLL Preclinical
CD30 Hodgkin’s lymphoma Clinical
CD38 B cell malignancies including multiple myeloma Preclinical
CD70 Hematological malignancies and some solid tumor

(e.g. renal cell carcinoma)
Preclinical

Igk Mature B cell malignancies Clinical
ROR1 B-CLL Preclinical
BCMA Multiple myeloma Preclinical
CD33 Acute myelogenous leukemia Preclinical
Lewis (Y) Hematological malignancies Clinical
CD123 Acute myelogenous leukemia Preclinical
Solid tumors
EphA2 Glioblastoma Preclinical
GD2 Neuroblastoma, myeloma Clinical
IL11Ra Osteosarcoma Preclinical
IL13Ra2 Glioblastoma, medulloblastoma Clinical
EGFRvIII Glioblastoma Clinical
Her2/ErbB2 Breast cancer, osteosarcoma (low), glioblastoma,

pancreatic cancer, etc
Clinical

CAIX Renal cell carcinoma Clinical
MUC1 Hematological malignancies, many types of cancers Preclinical
FAP Malignant pleural mesothelioma Clinical
PSMA Prostate cancer Clinical
PSCA Prostate cancer Preclinical
fAchR Rhabdomyosarcoma Preclinical
FRa Ovarian cancer Clinical
CD24 Pancreatic cancer Preclinical
CEA Colon cancer, pancreatic cancer Clinical
Mesothelin Breast cancer Clinical
EpCAM Many types of cancer Preclinical
HMW-MAA Melanoma Preclinical
GUCY2C Colon cancer Preclinical
GD3 Melanoma Preclinical
VEGFR2 Tumor vasculature Clinical
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specific scFvs, a universal CAR has recently been described [78, 79]. Here, scFv
from anti-FITC or avidin dimer was used to construct CARs. For example, after
infusing T cells expressing a fluorescein-specific CAR, multiple cell surface
molecules expressed on tumors can be targeted by infusion of FITC-labeled mAbs.
This technology enables the target tumor antigens to be changed after infusing
CAR-expressing T cells.
Spacer

The spacer domain is gaining importance in its ability to influence the ability of
T cells to target tumor and protect the genetically modified T cells from activation-
induced cell death [80]. A panel of spacers has been used including the CH2–CH3

Fc hinge domain from IgG1 or IgG4, CD8a, as well as small hinges. The IgG1
CH2–CH3 Fc hinge domain is widely used spacers, but the potential to bind to the
Fcc receptor raises concerns for deleterious side effects. Modification of this
construct may avoid this issue [81]. Information regarding the impact of spacer is
beginning to be published. For example, CAR-mediated activation is less efficient
in T cells expressing a CAR containing a spacer sequence (IgG1 Fc domain)
compared to CAR containing no spacer sequence [82]. This report was restricted
to the use of first-generation (described later) signaling domain. The role that
spacer sequence plays in the function of a second- or third-generation CAR
constructs is being evaluated.
Intracellular domain

CD3f or Fc receptor c has multiple ITAM motifs to transduce an activation
signal in T cells and as such have been widely used as intracellular signaling
domains. Construct containing just these ITAMs are referred to as a ‘‘first-
generation’’ CARs. Although these signaling domains can induce an activation
signal in T cells, they are usually suboptimal and curtail the therapeutic impact
after adoptive transfer [83–87].

Co-stimulatory molecules that provide a ‘‘2nd signal’’ are required to trigger a
fully competent T cell activation event. To improve CAR-mediated signaling,
multiple co-stimulatory molecules have been combined with chimeric CD3f.
CD28 is one of the well-known co-stimulatory molecules which are important for
T cell survival [88]. Enforced expression of CD28 in CD28neg virus-specific CTL
clones restores production of IL-2 and proliferation in these cells [89]. CD28 was
first tested as a single intracellular domain instead of CD3f [90, 91]. T cells
transduced with this construct showed increased IL-2 production and proliferation.
Following this observation, Maher et al. generated prostate-specific membrane
antigen (PSMA) target CAR containing both CD28 and CD3f signaling domain
(‘‘2nd generation’’) [92]. T cells expressing this CAR construct produced increased
amounts of IL-2, showed increased proliferation, and maintained specificity for
target PSMA. The authors also showed that the functional activity was dependent
on the order of CD28 and CD3f within the CAR. Improved function was observed
in the CAR having transmembrane and proximal intracellular domain of CD28
fused to CD3f. The improved function afforded by the CAR design that employs
CD28 and CD3f CAR has been confirmed in vitro [83, 93] and in the clinical
setting [94]. Co-stimulatory molecules belonging to the tumor necrosis factor
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(TNF) ligand superfamily (e.g., 4-1BB (CD137), OX40 (CD134), and CD27) are
also important for co-stimulation of T cells and promote long-term T cell survival
[95, 96]. These molecules associate with TNF receptor-associated factor (TRAF)
and link to many molecules which are important for cell survival (e.g., BCL2,
BCL-X, phosphoinositide 3 kinase, AKT, and NFkB pathway) [97]. As antici-
pated, CAR constructs containing chimeric CD134 [98, 99] or CD137 [100–102]
have been shown to sustain in vivo persistence of CAR+ T cells. Combining
signaling from multiple signaling molecules, such as CD3, CD28, and CD137 (or
CD134) to form a third-generation CAR, has also been tested [103–105]. Several
groups have reported that CAR containing three activation motifs have potent anti-
tumor efficacy in models [106, 107]. A CAR signaling through chimeric CD27 has
also been shown to result in improved function and in vivo survival, comparable to
CAR containing CD137 [108]. In addition to anti-apoptotic molecules, CD27 has
been reported to activate the Wnt pathway in chronic myeloid leukemia stem cells
[109]. Since the Wnt pathway has recently been identified as the key signaling
pathway of stem-cell-like memory T cells [110], it will be intriguing to see how
the Wnt pathway is regulated in T cells expressing CAR that include the CD27
signaling domain. Although much progress has been made in the intracellular
signaling domain of CARs, many of these constructs still need to be evaluated in
clinical trials.

3.2.2.2 Improving the Human Application of T Cells Expressing CAR

Targeting one TAA that is exclusively expressed on tumor cells is difficult,
especially given the heterogeneity of antigen expression on solid tumors. An
approach to increase the specificity of genetically modified T cells is to syn-
chronously target two cell surface TAAs expressed on tumors, thereby enabling
CAR+ T cells to distinguish tumor cells from normal cells. This can apparently be
achieved using two CAR designs which activate T cells via CD3f on one CAR and
a co-stimulatory molecule (CD28 or CD137) on the other CAR. Kloss et al.
developed CARs targeting PSMA and prostate stem cell antigen (PSCA) as model
antigens and showed that T cells expressing both anti-PSMA CAR
(CD28 ? CD137) and low-affinity anti-PSCA CAR (CD3f) kill only those tumor
cells that express both TAAs [111]. A probable limitation is that the affinity of
scFv linked with CD3f should be low as described by the authors. The antigen
density and affinity of scFv vary with each CAR to tumor combination, and
therefore, this needs to be taken into consideration when applying this strategy to
the clinical setting.

Autologous T cells are infused in many current clinical trials, but T cells from
heavily pre-treated patients may be damaged in quality and compromised in
quantity, and (due to the time required for production and manufacture) they may
not be available where and when the patient needs them. Any time delay before
infusion allows disease progression to take place, and the possibility that treatment
is therefore not possible for some patients. ‘‘Off-the-shelf’’ (OTS) therapy
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administering T cells expressing a CAR would resolve these issues. Toward this
end, CAR+ T cells have been pre-prepared from healthy donors, using either
peripheral blood mononuclear cells (PBMC) or umbilical cord blood (UCB)
derived mononuclear cells, for infusion when the patient needs them rather than
when the T cells are available. A potential problem using OTS T cells is the
development of an allogeneic immune reaction (either from donor to patient or
from patient to donor). Zakezewski et al. generated precursor CAR+ T cells by
in vitro differentiation of CAR-transduced HSCs activated and propagated on
Notch-1 ligand expressing OP9 cell lines [112]. When precursor CAR+ T cells
were infused into irradiated mice they became host MHC restricted and host
tolerant. This technology may be used to generate ‘‘OTS’’ CAR+ T cell precursors.

We have shown that the endogenous TCRab can be eliminated from CAR+ T
cells by ZFNs targeting either TCRa constant region or TCRb constant region
[113]. These TCRabneg CAR+ T cells can then be enriched by clinically com-
patible paramagnetic bead-based sorting. TCRabneg CAR+ T cells cannot prolif-
erate by TCRab stimulation while maintaining activity through CAR. We have
also shown that HLA can be eliminated from CAR+ T cells, thus enabling these
cells to evade attack from patient T cells recognizing allogeneic antigens.
Although further evaluation is needed, CAR+ T cells may be used as an OTS
‘‘drug’’ in the growing field of immunotherapy.

3.2.2.3 Clinical Trials Infusing CARs

Multiple phase I clinical trials administering T cells expressing first-generation
CARs have been reported [84–87, 114, 115]. Overall clinical responses in these
studies are limited presumably due to incomplete T cell activation. To provide
additional stimulation to these T cells, Pule et al. reported that half the patients
treated with anti-GD2 CAR expressed in EBV-specific T cells showed clinical
responses. These EBV-specific T cells presumably retained sufficient stimulation
through the EBV-specific TCRab to enable targeting of tumor via first-generation
CAR. This observation reinforces that co-stimulation is important to improve anti-
tumor function.

The results of early-phase clinical studies using second-generation CAR
(including CD28 or CD137 intracellular domain) are promising [94, 116–121].
The improved anti-tumor responses appear to correlate with sustained in vivo
persistence of CAR+ T cells. For example, Kalos et al. reported that all three
patients with advanced chronic lymphocytic leukemia who received CD19-specific
T cells expressing a CAR that signaled through chimeric CD137 showed marked
clinical responses [117]. It was calculated that on average one CAR+ T cell can act
as a serial killer and eradicate 1,000 tumor cells. Most adverse events related to
CAR+ T cell infusion were tolerable with intensive clinical support. Expected on-
target toxicity occurred as these CAR+ T cells do not distinguish between CD19 on
malignant versus normal B cells. Thus, eradication of normal B lineage has served
as a biomarker and has been observed. The loss of humoral immunity can lead to
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complications as one patient has died from viral infection after receiving CD19-
specific T cells [119]. However, unexpected on-target related severe adverse
events have also reported. In a trial targeting carbonic anhydrase IX (CAIX) CAR
T cells were attributed to causing hepatotoxicity due to the low level of CAIX
expression on the liver [115]. One patient with metastatic colon cancer treated with
ERBB2 target CAR therapy suffered from fatal respiratory distress due to the low
level of expression of ERBB2 on lung epithelial cells [122]. Another unforeseen,
an adverse event was also reported in a patient with CLL treated with CD19 target
CAR. Although the precise cause of death was not reported, this patient showed
elevated serum cytokine levels after infusion of CAR+ T cells [123].

3.3 Improving T Cell Function

One of the major challenges in adoptive transfer of genetically engineered T cells
is improving T cell function and survival in vivo. One approach to achieving this is
to include co-stimulatory signals with the CAR construct. In addition, cytokines
known to enhance T cell survival and chemokines that guide T cells to the tumor
site(s) have also been tested.

3.3.1 Engineering T Cells to Improve Function and Survival

In vivo survival of infused T cells is important to eradicate residual tumor cells and
maintain immune surveillance. BCL2 and BCL-XL are anti-apoptotic molecules
that contribute to T cell differentiation and survival [124]. Pro-survival function of
cytokines, especially cytokines that signal through the common c chain, relies on
the induction of BCL2 or BCL-XL expression [125]. BCL-XL is also an anti-
apoptotic molecule reported to be associated with T cell survival mediated through
CD28 co-stimulation [88]. Enforced expression of BCL2 in TAA-specific T cells
has been tested in vitro and in vivo [126, 127]. These T cells have augmented
resistant to apoptosis, survive in the absence of cytokine support, and exhibit
enhanced anti-tumor activity in a mouse model. Genetic modification with
BCL-XL protects T cells from Fas-mediated death and enhances survival in vitro
and in vivo [127, 128]. Fas-mediated T cell death can be also reduced by intro-
duction of siRNA targeting Fas [129]. hTERT is the catalytic subunit of telomerase
and overexpression of hTERT prevents the shortening of a chromosomal ends after
multiple cell divisions. Because of this, transduction of hTERT is used for
immortalization of cells. hTERT-transduced T cells have been evaluated and found
to have enhanced survival [130]. The clinical translation of all these approaches to
improve T cell survival needs to be balanced against the risk of infusing a product
capable of autonomous proliferation. Thus, at a minimum, these T cells will need to
be engineered for conditional ablation through the expression of a suicide gene.

84 H. Torikai et al.



3.3.2 Cytokines to Support T Cell Function and Survival

T cell survival is dependent on factors intrinsic to the T cells and extrinsic as
exerted by microenvironment. Cytokines that signal through the common c chain
are indispensable for T cell expansion and survival [131]. These cytokines have
been shown to enhance in vivo T cell survival animals and human trials [132–134].
However, the exogenous administration of supraphysiologic concentrations of
recombinant human cytokines is expensive, requires repeated injection, and can
cause toxicity. Genetic engineering of T cells with enforced expression of cyto-
kines may be an alternative approach to enhancing T cell persistence. The enforced
expression of IL-15 has been tested in CD19-specific CAR+ T cells. These T cells
secreted IL-15 and proliferated upon encounter with TAA resulting in an improved
anti-tumor effect in vivo [135]. However, prolonged expression of IL-15 may lead
to genetic alteration and lead to malignant transformation [136]; thus, the
co-expression of suicide genes is recommended. IL-7 is an important cytokine for
homeostatic expansion of naïve and memory T cells, and IL-7Ra is the important
cellular marker that identifies long-lived T cells. However, many T cells lose IL-
7Ra after ex vivo culture. The transduction of IL-7Ra into EBV-specific CTL
restores responsiveness to IL-7 [137]. Although enforced expression of IL-21 in
effector T cells has not been published, IL-21 transduction into T cells capable of
antigen presentation (T-APC) has been evaluated. IL-21-secreting T-APCs
enhance the generation and proliferation of MART-1-specific CTLs [138]. IL-12 is
a heterodimer consisting of a light chain (p35) and a heavy chain (p40) [139].
IL-12 has an important role in T cell priming, effector function, and survival [140].
Several groups have transduced TAA-specific T cells to express IL-12. This
resulted in the enhanced cytotoxic function of T cells, but IL-12 alone did not
sustain the long-term survival of T cells [141]. Of note, IL-12 expressing CAR T
cells acquired resistance to suppression mediated regulatory T cells [142],
attracted activated macrophages in tumor site [143], and also reduced tumor
infiltration by myeloid suppressor cells [144]. Thus, it appears that IL-12 from T
cells has the potential to disrupt a suppressive tumor microenvironment as well as
to enhance effector functioning.

3.3.3 Disruption of Inhibitory Molecules

The long-term efficacy of adoptive T cell therapy is subject to immune checkpoint
regulation. Interaction of inhibitory molecules on activated T cells and their ligand
on tumor cells compromises T cell function. These checkpoints include CTLA-4,
PD-1, TIM-3, and LAG3. Such molecules can be targeted by therapeutic mAbs.
Promising clinical results infusing mAbs that block the interaction of CTLA-4 with
B7.1 (or B7.2) [145, 146] or the interaction between PD-1 and PD-L1 (or PD-L2)
[147, 148] in patients with solid tumors have been reported. Combining these mAbs
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with genetically engineered T cells may enhance their therapeutic efficacy. Alter-
natively, inhibitory molecules expressed on T cells may also be eliminated by post-
transcriptional suppression with shRNA. This has been tested by suppressing PD-1
expression on T cells. Increased production of IFNc and T cell degranulation was
noted although PD-1 suppression was incomplete [149]. With the emergence of
gene targeting technologies such as ZFN [150], TALEN [151], and CRISPR/Cas9
[152], these molecules may be targeted to completely disrupt their expression.

3.4 Expression of Chemokine/Chemokine Receptor
to Guide T Cells to Desired Sites

In order to completely eradicate tumor cells, intravenously administered T cells
need to home to tumor sites. In many types of cancer, the degree of infiltration of T
cells at the tumor site, especially memory CD8 T cells, correlates positively with a
favorable outcome [2]. Chemokines and their receptors affect the migration of
immune cells. Chemokine expression in tumor cells likely guides immune cell
infiltration and therefore may alter clinical outcomes [153]. CCL2 chemokine is
known to be expressed on many types of cancer cells. Its receptor CCR2 is found
on myeloid cells in greater amounts than on T cells. Tumors may defend them-
selves from T cell attack by producing nitrotyrosine which converts CCL2 on
tumor cells to a nitrotyrosinalated CCL2 [154]. Cells expressing high levels of
CCR2 can migrate to tumor via the CCR2–CCL2 axis which is co-opted by tumor
cells to load their tumor microenvironment with suppressor myeloid cells. The
enforced expression of CCR2 on TAA-specific T cells has been tested to improve
the trafficking [155, 156]. Such T cells infiltrate into the tumor site at increased
efficiency resulting in augmented antitumor activity. Also, the enforced expression
of CCR4 in CD30-specific CAR+ T cells enhances migration to sites of Hodgkin
lymphoma [157]. The strategy to express chemokine or its receptor on T cells can
be generalized by profiling chemokine expression on target tumor cells and
enforced expression of corresponding ligand on TAA-specific T cells. Transient
expression of chemokine may be sufficient to guide T cells to a tumor site, and
therefore, the introduction of in vitro-transcribed mRNA coding for chemokine
receptor may be desirable.

3.5 Control of Aberrant T Cell Activity

Suicide gene therapy was first adapted for clinical use in the treatment for cancer.
Targeted transduction of a suicide gene into tumor cells was used to destroy tumor
by subsequent administration of substrate. This technology was then adapted to
enhance the safety of donor leukocyte infusion (DLI) after allogeneic HSCT.
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Although DLI may induce remission in certain types of hematological malig-
nancies, it can result in life-threatening GVHD. These transgenes capable of
conditional ablation were introduced to eliminate genetically modified T cells
severe GVHD occurred after DLI. This technology can also be applied to eliminate
any type of cells or transformed cells which are potentially harmful to the patient.

3.5.1 Conditional T Cell Ablation Mediated by Kinases

Thymidine kinase is involved in the pyrimidine salvage pathway. Herpes simplex
virus type 1 thymidine kinase (HSV-TK) is desirable for gene therapy because of its
broad substrate specificity (e.g., pyrimidines, pyrimidine analogs, and purine ana-
logs). Of these potential substrates, ganciclovir (GCV) is favored for TK-mediated
suicide gene therapy because of the need for a low drug concentration and that it is
clinically available. The administration of GCV leads to DNA chain termination
and cell death in cells expressing HSV-TK. The first use for the HSV-TK gene in T
cells was to control GVHD after DLI in allogeneic HSCT [158]. Since this first
study, hundreds of patients have been treated using this technology in phases I–II
studies. Control of GVHD was observed in all patients who developed GVHD
[159]. The ability to control GVHD with HSV-TK has also been proved in the more
challenging setting of HLA-haploidentical transplantation [160]. In addition to use
as a suicide gene, HSV-TK can be used for noninvasive imaging. T cells expressing
variants of HSV-TK can be tracked by injection of radiolabeled 20-fluoro-20-deoxy-
1-beta-D-arabinofuranosyl-5-iodouracil (FIAU) as imaged by positron emission
tomography [161]. This is achieved by the trapping of FIAU in the T cell cytoplasm
after phosphorylation by HSV-TK [162]. A drawback to HSV-TK is its immuno-
genicity and the myelosuppression due to GCV infusion. Mutants of HSV-TK have
been developed to overcome GCV mediated myelotoxicity. These need lower
concentrations of GCV than wild-type HSV-TK gene, thus reducing the potential
for myelosuppression [163, 164]. Immunogenicity of HSV-TK leads to the
induction of HSV-TK-specific T cells in the host which compromises persistence of
the infused genetically modified T cells [165]. A variant of the less immunogenic
human-derived thymidine monophosphate kinase (TMPK) can also be used to
conditionally ablate T cells upon addition of 30-azido-30-deoxythymidine (AZT)
[166]. One concern is the amount of AZT that is needed to achieve ablation of T
cells if used in humans.

3.5.2 Conditional T Cell Ablation Mediated by Dimerization

Another class of suicide genes is based on the use of a small molecule to dimerize
recombinant Fas. This uses a variant of FK506-binding protein (FKBP) fused to
Fas and AP1903 that is a chemical inducer of dimerization (CID). T cells
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expressing this fusion can be conditionally eliminated by administration of CID as
a result of cross-linked Fas initiating caspase-dependent apoptosis. This construct
has been tested in human [136] and macaque T cells [137]. The extent of drug-
mediated T cell death was comparable to that of HSV-TK-transduced T cells (up
to 90 %), but the pace of inducing apoptosis in this system was improved.
Moreover, because this system is derived from human proteins, this fusion
transgene may avoid the immunogenicity of HSV-TK. Straathof et al. generated an
alternative using caspase 9 instead of Fas intracellular domain [135]. Several
constructs were evaluated, and the construct of one copy of FKBP fused to large
and small subunits of caspase 9 (referred to as iCasp9) was preferred. A clinically
appealing approach has been developed to generate T cells that all express the
iCasp9 and thus are all susceptible to conditional ablation. This was based on
co-expression of iCasp9 with recombinant CD19 and using paramagnetic beads to
positively select successfully genetically modified T cells with mAb against CD19.
The initial clinical reports infused haploidentical CD19+ (iCasp9+) T cells after
HSCT [136]. Four out of 5 patients infused with transduced T cells developed
GVHD. Their GVHD resolved after one infusion of CID due to the rapid elimi-
nation of the genetically modified transduced T cells. Although further clinical
experience with this suicide gene therapy is necessary, iCasp9 may be the best
alternative to HSV-TK.

3.5.3 Conditional T Cell Ablation Mediated by mAbs

Clinical-grade mAbs can be adapted to eliminate genetically modified T cells. For
example, CD20-specific mAb (rituximab) is used for treatment of B cell lym-
phoma. Enforced expression of recombinant CD20 in T cells does not affect
function, and rituximab can eliminate T cells expressing CD20 [167, 168]. Wang
et al. developed truncated human EGFR (EGFRt) [169] as an antigen that can be
targeted by infusion of EGFR-specific mAb (cetuximab). Furthermore, the aber-
rant expression of these molecules can serve as a marker for transduced T cells and
used for tracking. A downside to the administration of these mAbs in vivo is any
toxicity that might occur due to the toxicity of the mAb itself, for example, loss of
normal B cells after anti-CD20 and skin toxicity after anti-EGFR.

3.6 Conclusion and Future Perspective

The development of technologies to insert therapeutic transgenes into the genome
has enabled multiple investigators to genetically modify T cells for human
application. This genetic engineering can equip T cells with desired specificities
and functions. Genetic editing to prevent expression of unwanted genes can further
enhance therapeutic potential. The pace of gene therapy is currently limited by
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sites that can undertake manufacturing and release of clinical-grade T cell products
and an ability to select and target TAAs that precludes unacceptable toxicity due to
deleterious damage of normal cells. An ability to undertake in-depth correlative
studies retrieving T cells from the patient after infusion will lead to the discovery
of pathways and T cell subsets that have enhanced persistence and ability to home
to tumor. These data will guide the selection of transgenes to express and
endogenous genes to remove to genetically modify T cells for next generation
clinical trials targeting tumor.
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Chapter 4
Engineering Biomaterials for Anchorage-
Dependent and Non-anchorage-
Dependent Therapeutic Cell Delivery
in Translational Medicine

Wenyan Leong and Dong-An Wang

4.1 Introduction

Translational medicine is an interdisciplinary field utilizing basic sciences and
research findings to develop solutions to medical problems. Cell-based therapy, or
utilizing biological cells as a medical intervention to replace lost or abnormal cells,
tissues, and organs, has the potential to become an important therapeutic tech-
nology. Much research effort has thus been focused on developing cell delivery
methods that can deliver and localize viable functional cells or undifferentiated
stem cells to the target site with high efficiencies and at low cost. A multitude of
biomaterials have been developed to act as contained cell carriers—confining cells
within a scaffold structure to facilitate easy handling as well as prevent leakage or
migration of cells from target site after implantation. This not only delivers cells
into the target site, but it also creates a distinct separation between the host tissue
and delivered cells, hence protecting against immune responses [1–4]. As different
cells have different cell–cell and cell–material interactions, it is critical that
biomaterials and their scaffolding structure are designed to suit the therapeutic cell
type.

Ideally, materials used for cell delivery should be easy to fabricate at a low cost,
be biocompatible, and biodegradable with no undesirable degradation products and
with degradation rates matching those of tissue regeneration. They should also
have suitable mechanical integrity for ease of handling. Furthermore, suitable
biochemical and physical moieties that mimic the microenvironment niche of the
cells to be delivered should ideally be present. The choice of appropriate bio-
materials and their structure is therefore crucial for successful cell delivery [5].
In light of the complexity of these criteria for materials to ensure proper and
efficient delivery of therapeutic cells, this chapter shall focus on the advancement
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of biomaterial research for the delivery of different cell types: anchorage-
dependent cells (ADCs) and non-anchorage-dependent cells (non-ADCs). Fur-
thermore, several key improvisations that are envisaged to propel cell delivery as a
viable medical solution are discussed.

4.1.1 Anchorage-Dependent Versus Non-anchorage-
Dependent Cells

Therapeutic biological cells can be broadly categorized into two types: anchorage
dependent or non-anchorage dependent. ADCs in their native environment require
extensive adhesion to the extracellular matrix (ECM) and exhibit a stretched or
spreading morphology. ADCs include osteoblasts, fibroblasts, neural, epithelial,
endothelial, and smooth muscle cells [6, 7]. On the other hand, non-ADCs exhibit
a rounded morphology in native environment and do not require extensive cell
adhesion to the surrounding ECM. These cells include blood cells, chondrocytes,
hepatocytes, embryonic stem cells (ESCs), and induced pluripotent stem cells
(iPSCs).

ADCs’ survival depends on a homeostatic mechanism whereby a specific
apoptotic pathway is activated when the cell is unable to adhere to the surrounding
ECM [6]. This apoptotic process, coined anoikis meaning ‘‘homelessness’’ in
Greek, functions to prevent detached cells from being able to survive and prolif-
erate dysplastically in non-native locations, which is especially important for
preventing tumorigenesis [6]. This attachment-dependent survival has been widely
documented in various cell types, including epithelial and endothelial cells.

In anoikis, cells that are not attached to their native ECM sense the loss of
integrin (comprising a- and b-subunits) contact and translate these mechanical
cues into intracellular signaling cascades, leading to apoptosis (Fig. 4.1) [8, 9].
There are namely two pathways—intrinsic and extrinsic—that both ultimately
effect a caspase cascade, leading to endonuclease activation and DNA fragmen-
tation [10]. When cells are properly attached to their appropriate ECM, anti-
apoptotic signals Bcl-2 and Bcl-XL are expressed to maintain mitochondrial
membrane’s integrity by binding to pro-apoptotic Bad and Bax and sequestering
pro-apoptotic Bim [11, 12]. In the intrinsic pathway, when cells fail to attach to the
ECM, integrin disengagement increases the amount of Bim in the cytoplasm by
allowing its release from cytoskeleton while preventing its degradation (inhibition
of ERK and PI3K/Akt-mediated phosphorylation of Bim) [10]. Apoptosis acti-
vators Bim and Bid as well as apoptosis sensitizers Bad, Puma, Bik, Noxa, Hrk,
and Bmf are activated [10, 13]. Apoptosis sensitizers on the cell membrane act as
competitive inhibitors of apoptosis activators for Bcl-2 [14, 15]. Apoptosis acti-
vators, which are usually repressed by anti-apoptotic Bcl-2 and Bcl-XL, then
assemble Bax and Bak into Bax–Bak oligomers in the outer mitochondrial
membrane (OMM) [16]. The OMM is hence permeabilized, and cytochrome c is
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released from the mitochondria into the cytoplasm [9]. Subsequently, cytochrome
c binds with caspase-9 and apoptosis protease-activating factor (APAF) to form an
apoptosome which activates caspase-3, resulting in a caspase signaling cascade
concluding in apoptosis [17, 18].

There are two branches of the extrinsic pathway, both of which begin with the
binding of extracellular death ligands Fas ligands (FasL) and tumor necrosis
factor-a (TNF-a) to the cells’ corresponding transmembrane receptors Fas and
TNF-a receptor TNFR, which are upregulated upon disengagement from ECM
[19, 20]. The morphological change into a rounded cell further causes the accu-
mulation and activation of the mentioned receptors [21, 22]. FasL binds to its
receptor present on the cellular membrane, causing death-inducing signaling
complex (DISC) to be formed. Subsequently, DISC causes the activation of cas-
pase-8 that activates a caspase cascade involving caspase-3 and caspase-7, causing
the proteolysis and ultimately cell death (type I extrinsic apoptosis); caspase-8 also

Fig. 4.1 Anoikis activation pathways. Lack of adhesion to the extracellular matrix via integrins
(transmembrane proteins consisting of a- and b-subunits) reduces the anti-apoptotic signals Bcl-2
and Bcl-XL. The pro-apoptotic pathways involving increase in pro-apoptotic molecules Bid, Bim,
Bad, Puma, and Noxa are therefore not inhibited, leading to an intracellular caspase cascade that
causes cytochrome c (cyt-c) in mitochondria to be released and apoptosome assembly in the
intrinsic pathway. The extrinsic pathways are activated by extracellular death ligands such as
FasL binding to corresponding death receptors Fas. There are two branches of the extrinsic
pathway: The first leads to a caspase cascade resulting in the direct proteolysis of target proteins,
while the second results in a truncated Bid (t-Bid) that joins the intrinsic pathway to activate
cytochrome release from mitochondria. [9] Recreated from Fig. 1 of Ref. [9] with kind
permission from John Wiley and Sons (License Number 3125710475964)
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can cleave pro-apoptotic Bid into a form (t-Bid) that encourages apoptosome
assembly and cytochrome c release, facilitating cell death in the second type of
apoptosis [9].

4.1.2 Biomaterials in Cell Delivery Vehicles

A wide variety of biomaterials, both naturally derived and synthetic, have been
used in constructing three-dimensional (3D) cell delivery vehicles or cell-laden
scaffolds. These scaffolding systems have to fulfill several basic criteria in order to
successfully encapsulate cells in vitro and subsequently deliver the functional cells
to the target site in the clinical setting. Most importantly, biomaterials used must
be biocompatible, that is, they must possess the ability to perform in vivo without
invoking any harmful effects such as immune response [23]. Secondly, they should
provide a suitable microenvironment for cells to attach, reside, and proliferate
within. Thirdly, biomaterials should be biodegradable with a controlled rate—
degradation by-products should not be harmful to cells and the rate should match
that of tissue growth. Lastly, as cell delivery vehicles, suitable mechanical
integrity for ease of handling ex vivo and similar mechanical properties as sur-
rounding tissues in vivo is critical. Simply put, the cell delivery vehicle should
recapitulate both the micro- and macroenvironments of the target implantation
site; therefore, the materials utilized in constructing the vehicle are of critical
importance.

Biomaterials can either be naturally derived or be synthetically manufactured
(Table 4.1), both of which possess respective pros and cons. Naturally derived
biomaterials are popular because of their low toxicity, biodegradability, low cost
of manufacture, and possession of cell-adhesive moieties. However, it is precisely
this ability to interact with cells that also imparts the risk of immune response and
disease transfer; strict screening and purification are required. Batch-to-batch
variation and therefore uncontrollable mechanical properties and degradation rates
are also cause for concern.

Synthetic biomaterials circumvent the need for purification and batch-to-batch
variation. Synthetic polymers have predictable and controllable chemical and
physical properties, but are more expensive and do not possess cell adhesion
moieties. Furthermore, their degradation by-products may be toxic to cells.
Therefore, synthetic materials require functionalization to be biocompatible.
Popular synthetic biomaterials include poly(ethyl glycol) (PEG), polylactic acid
(PLA), and poly(vinyl alcohol) (PVA). PEG is not naturally degradable and cell
adhesive, requiring addition of cleavable segments such as polyester units and
coatings with cell adhesion moieties.

Often, the best of both worlds—respective advantages of naturally derived and
synthetic biomaterials—are combined by researchers in a bid to create an ‘‘ideal’’
biomaterial with the desired properties for the target delivery cell type and the
target implantation site [24].

106 W. Leong and D.-A. Wang



4.2 Engineering Basic Cell Delivery Structures

Cell delivery vehicles (or scaffolds) can be categorized into preformed or inject-
able systems. Preformed systems are fabricated ex vivo; cells are introduced either
during or after the fabrication process of a macroscopic-sized scaffold. The cell-
laden scaffolds are then cultured in vitro for a period of time prior to surgical
implantation. On the other hand, injectable systems are either in cell-encapsulated
microsized scaffold (microcarrier) form or in a cell suspension form, which can be
easily injected into the target site, thereby providing a minimally invasive means
of implantation. The latter refers to hydrogel solutions that can be gelled in situ
under mild conditions, imparting the quality of filling up irregular defects.

In the subsections below, the different fundamental structures and their fabri-
cation techniques, as well as the popular biomaterials used in cell delivery vehicles
are discussed. Biomaterials are often engineered to achieve quick and simple
polymerization as well as to suit the cell type and the target site; they can be
conjugated with polymerizable segments, blended or copolymerized with other
materials prior to fabricating the scaffold structures or fabricated with certain ori-
entations. Table 4.2 summarizes and compares the four different basic structures.

4.2.1 Hydrogels

Hydrogels are a class of insoluble water-swollen polymeric networks formed from
crosslinked water-soluble macromers. Usually, cells are mixed into the hydrogel
precursor solution prior to gelation, hence achieving a homogeneous cell-laden
hydrogel (Fig. 4.2a). Advantages of hydrogels are as follows: the highly hydrated
environment and good diffusion of nutrients and waste as well as the mimicking of

Table 4.1 List of popularly used naturally derived and synthetic biomaterials for cell delivery

Naturally derived Synthetic

Alginate Poly(acryl amide) (PAam)
Agarose Poly(acrylic acid) (PAA)
Chitosan Poly(ethyl glycol) (PEG)
Chondroitin sulfate Poly(ethylene oxide) (PEO)
Collagen Polylactic acid (PLA): poly-L-lactic acid (PLLA),

poly-DL-lactic acid (PDLLA)
Elastin Poly(lactide-co-glycolide) (PLGA)
Fibrin
Gelatin
Hydroxyapatite Poly(vinyl alcohol) (PVA)
Hyaluronic acid Poly(e-caprolactone) (PCL)
Silk fibroin
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most tissues. Many hydrogels offer the advantage of being injectable: In other
words, they can be quickly gelled in situ under mild physiological conditions,
thereby allowing molding into irregularly sized defects via a minimally invasive
means of implantation. These properties have thus made hydrogels popular for cell
and drug delivery. Through altering the porosity and crosslinking density,
mechanical properties of hydrogels can be adjusted to suit the targeted cell type
and site of implantation. Mechanical strength, however, is usually low compared
to the meshes and sponges, and hence, hydrogels are only suitable for soft tissues
such as cartilage. Furthermore, as hydrogels are highly hydrophilic, cells typically

Fig. 4.2 Basic cell delivery structures. (a) Hydrogel formation from homogenous cell
suspension in macromer solution; (b) fibrous mesh fabrication via electrospinning and subsequent
cell seeding and attachment onto fibers; (c) sponge fabrication via particulate leaching by firstly
forming a solid encapsulating particulates (porogens), leaching of particulates to leave behind
pores, and finally seeding cells that attach to walls of pores; and (d) decellularized scaffolds
fabrication by firstly isolating biological tissues and organs from allogeneic or xenogeneic
sources, applying decellularization techniques to remove previous host cells without breaking
down ECM structure and finally seeding therapeutic cells onto decellularized ECM scaffold
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exhibit a rounded morphology when encapsulated within [25]. While this makes
hydrogels suitable for the delivery of non-ADCs, successful delivery of ADCs
using hydrogels would require modifications to include cell adhesion moieties
within the hydrogels for ADCs to adhere onto.

Hydrogel formation (gelation) is attained via physical or chemical crosslinking
mechanisms. Under suitable conditions, a solution consisting of macromers or
unreacted monomers with crosslinking agents is converted into an insoluble 3D
network upon gelation. Physically crosslinked gels are linked via ionic or
hydrogen bonds or hydrophobic interactions, forming a gel upon a change in
environmental conditions, e.g., temperature, pH, and ionic concentration. Tem-
perature-responsive hydrogels such as agarose and gelatin have reversible prop-
erties. Alginate, derived from brown algae, is an ionic polysaccharide that is
crosslinked upon presence of divalent cations such as calcium. These are usually
reversible crosslinking reactions—upon reversal of conditions, the gel reverts to a
solution form. Chemically crosslinked hydrogels are linked via covalent bonds—
radical initiators activate crosslinking agents that link monomers to a certain
critical density that converts the precursor solution form into a gel form. An
example would be Photoinitiated polymerization using ultraviolet or visible light,
which is a popular crosslinking technology because it offers injectability [26].

Photoinitiated crosslinking is a popular technique using ultraviolet (UV) radi-
ation, whereby gelation is achieved at physiological temperature and pH under light
exposure. Macromers such as PEG are firstly conjugated with acrylate groups and
subsequently mixed with a small amount of photoinitiators and cells prior to
exposure to light for gelling. Depending on the mechanical strength required which
is dependent on crosslinking density, the density of conjugated acrylate groups or
the duration of light exposure can be varied. Alginate was conjugated with meth-
acrylate through an esterification reaction to become photoinitiated crosslinkable
[27]. To provide the cell adhesion moieties, the alginate–methacrylate precursor
was mixed with temperature-responsive collagen solution and gelled by firstly
increasing the temperature to 37 �C for collagen gelling and then exposing to UV
light for alginate crosslinking, thereby fabricating an interpenetrating network
(IPN) of two different hydrogels. This IPN hydrogel was reported to have a denser
network and hence had superior mechanical properties than photoinitiated cross-
linked alginate gel (control). Furthermore, it was able to support murine preos-
teoblasts MC3T3-E1 (as an ADC type) for bone defect repair in terms of extensive
cell spreading morphology, high proliferative rates, and maintenance of osteogenic
gene expressions as compared to the control.

Enzymatically crosslinked gels have recently been gaining popularity due to its
injectability and gelation under physiological conditions. A gel can be formed
in situ by mixing the phenolic hydroxyl-conjugated macromer solution with
hydrogen peroxide (H2O2) and horseradish peroxidase (HRP) enzyme in the target
defect site. This peroxidase-catalyzed system has been applied in various poly-
saccharides including chitosan, hyaluronic acid, alginate, and dextran [28–32].
Notably, gelatin type A was modified to possess tyramine (phenolic hydroxyl
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groups), which was subsequently used for the delivery of osteoblasts [33]. Murine
preosteoblasts MC3T3 cells were mixed in the tyramine-conjugated gelatin solu-
tion and gelled upon the addition of HRP. The osteoblasts were observed to have a
spreading morphology even though osteogenic gene and protein analyses were not
significant. Inclusion of bioactive molecules that can promote the osteogenic
phenotype, e.g., bone morphogenetic proteins (BMPs) and fibroblast growth
factors (FGFs), may be beneficial [34, 35]. Recently, Mathieu et al. injected a
suspension of mesenchymal stem cells (MSCs) and a pH-responsive hydrogel into
infarcted myocardia of rats and observed an increased healing rate and function-
ality with little fibrosis [36]. The silane-grafted hydroxypropyl methylcellulose
(Si-HPMC) gels upon a decrease in pH levels to the physiological pH 7–7.4, due to
the condensation of silane groups.

Self-assembling peptides spontaneously assemble themselves into a stable
macroscopic nanofibrous network via non-covalent interactions such as hydrogen
bonding, hydrophobic and Van der Waals forces [37]. Being amphiphilic, i.e.,
containing both hydrophilic (polar) and hydrophobic (non-polar) amino acid
residues, the peptides undergo self-assembly to undertake the most stable structure
as a nanofiber in a polar environment (salt solution or cell culture media)—
non-polar residues are orientated into the fiber center while exposing the polar
residues to the environment. This phenomenon is ubiquitous in nature, e.g.,
phospholipids in forming micelles and plasma membranes. As the self-assembled
scaffolds are simple and form under physiological conditions, have a fiber diam-
eter of approximately 10 nm and pore diameter of 5–200 nm and mimic ECM
structure, are highly hydrated, and can be functionalized with the addition of cell
adhesion moieties, they have been extensively utilized as a tissue engineering
scaffold [37, 38].

For example, to impart the cell adhesion capability to the self-assembled
nanofibrous hydrogel, cell adhesion moieties such as arginine–glycine–aspartic
acid (RGD) sequences can be conjugated to the peptides prior to assembly [39–41].
Zhou et al. [39] designed a self-assembled hydrogel based on two simple peptides,
one of which possesses the RGD sequence. The sequence not only provides the
hydrogel with cell-adhesive properties on the surface of the nanofibers, but it also
influences the mechanical properties of the hydrogel. Human dermal fibroblasts
encapsulated within the hydrogel were able to adhere through RGD-specific
binding and exhibited a spreading morphology as ADCs do. Webber et al. [41] also
demonstrated the potential of self-assembled hydrogels made up of RGD peptides
in delivering bone marrow mononuclear cells (BMNCs) into mice. BMNCs were
able to adhere and proliferate in the tested hydrogel in vitro, enhancing the cells’
numbers by more than 5-folds in 5 days, whereas non-RGD-containing nanofibrous
hydrogel control had no significant increase in cell number during the same time
period. Furthermore, gene expression studies validated that BMNC phenotype was
maintained in vitro; in vivo experiments also confirmed that BMNCs were
successfully delivered subcutaneously with maintenance of high viability, albeit
with a mild tissue reaction to the cell delivery material.
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Gong et al. [42] made use of a naturally occurring phenomenon involving non-
ADCs and the non-cell-adhesive property of hydrogel to develop a dense tissue
construct for cartilage tissue engineering. A rapid and dense outgrowth of cells and
ECM secretion at gel–medium boundaries, termed ‘‘edge flourish,’’ was exploited
in a microcavitary gel (MCG)—chondrocytes and gelatin microspheres were co-
encapsulated in temperature-responsive agarose hydrogel; upon raising the tem-
perature to 37 �C, gelatin melts to leave behind microcavities within the hydrogel
bulk. The strategy was named phase transfer cell culture (PTCC) to connote the
dynamic culture of cells on the boundaries of two phases. Chondrocytes were then
observed to infiltrate and fill up the cavities. By inducing cavities to increase the
amount of gel–medium boundaries throughout the hydrogel bulk, not only was
diffusion of nutrients and waste improved, a higher proliferation rate and hyaline
cartilage-specific ECM secretion was observed [42]. In another study involving a
temperature-responsive hybrid hydrogel of naturally derived heparin and synthetic
PEG diacrylate (PEGDA) was shown to support primary hepatocyte spheroids
more greatly than pure PEG-based hydrogels, as concluded from the high cell
viability and albumin and urea secretion [24]. The heparin–PEG hydrogel gels at
37 �C within a short duration of 10 min under physiological conditions and was
also able to retain hepatocyte growth factor (HGF) and maintain its bioactivity;
this hydrogel is therefore envisaged to be a potential stem cell delivery vehicle
with differentiation cues incorporated within.

A relatively new synthetic saccharide–peptide hydrogel has been designed and
demonstrated to be highly supportive of non-ADC chondrocytes [43] and pan-
creatic islets [44]. Being composed of naturally derived monomers saccharides and
peptides, the intrinsic advantages of biodegradability, non-toxicity, and low cost
are combined with the controllable and predictable properties of synthetic bio-
materials. The copolymer backbone is covalently crosslinked via Michael-type
addition mechanism and subsequently functionalized with tyrosine amino acids
which, in chondrocyte studies, supported extensive ECM secretion and higher
mechanical strength [43]. In another study involving pancreatic islet delivery into
rat models using the same gel, the diabetic condition was significantly reversed
alongside the high insulin secretion by the functional islets and lack of detectable
immune response, as compared to transplanted unencapsulated islets [44].

4.2.2 Fibrous Meshes

Fibrous meshes are a body of individual nanoscale fibers that have been spun into a
3D network. Its structural similarity to native ECM network, high surface area to
volume ratio, porosity, tunable mechanical and degradation properties, and con-
trollable fiber diameter [45] makes fibrous meshes as suitable cell delivery vehicle,
especially for ADCs (Fig. 4.2b). Electrospinning is a common technique for
fabricating fibrous meshes. The droplet of polymer solution forms a thin stream
upon passing through an electric field and is collected as a mesh of fibers upon the
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evaporation of solvent in the polymer. By modifying the collector and electric
field, fiber orientation [46] as well as scaffold shape and size [47–49] can be
varied. For example, tubular scaffolds were fabricated using a rotating rod
collector [50]; tubular structures with longitudinally aligned nanofibers were
fabricated using two extra parallel electrodes [47]. However, the difficulty in cell
penetration into a dense scaffold is a shortfall [51]. Naturally derived materials
including elastin [52], sulfated silk fibroin [53], collagen [54], and synthetic
materials PCL [46, 55] and PLA [56] have been used in fabricating electrospun
scaffolds.

While many previous studies utilized simple randomly aligned fibrous meshes,
second-generation fibrous meshes with aligned fibers and multilayered structures
have been engineered to better mimic the complex native ECM structure. Since
fiber orientation can modulate cell phenotype and guide cell growth, many studies
have deliberately aligned fibers for the culture of muscle cells and neurons. For
example, smooth muscle cells (SMCs) cultured on longitudinal poly(L-lactide-
co-e-caprolactone) P(LLA-CL) 75:25 fibers had a contractile phenotype similar to
those in physiological conditions [57]. Another research group demonstrated the
effect of aligned PCL/collagen fibrous meshes on skeletal muscle cells [58]. The
skeletal muscle cells were stretched along the fibers, exhibited high viability and
functionality with formation of myotubes observed.

In a bid to restore the neural retina through cell-based therapy, biodegradable
PLA was utilized in fabricating a scaffold of radially aligned nanofibers mimicking
the ECM architecture in the retina, for the culture of retinal ganglion cells
(neurons) [56]. The scaffold was then immersed in laminin to coat the fibers as
neurons reside in a laminin-rich ECM [59]. Axons of the cells, as a type of ADCs,
were observed to be of higher viability and were mostly aligned along the fibers, as
opposed to control tissue culture plates and randomly aligned electrospun scaf-
folds. Cells cultured in the aligned scaffolds maintained electrophysiological
functionality and exhibited similar radial patterns as axon bundles of the native
retina. Furthermore, at higher densities, the cells were observed to form axon
bundles in vivo. This cell delivery vehicle for the treatment of degenerated retina,
e.g., due to glaucoma, is an important first step in delivering aligned functional
nerve cells and can be developed further for delivering other nerve cells, especially
for the repair of the central nervous system, since nerve cells have poor self-repair
capability.

Homogeneous fibrous meshes have been widely used as ECM substitutes, but
recently the paradigm shifted toward creating structures more similar to native
tissue. For example, the zonal organization of articular cartilage was mimicked
using PCL fibers of varying orientations to match the mechanical properties of
each zone: The topmost superficial layer as a lubricating surface was made of
aligned 1-lm-thick fibers; the middle layer was composed of random 1-lm fibers;
and the deep layer was composed of random and thicker fibers of 5 lm diameter,
mimicking the architecture of collagen fibrils in native articular cartilage tissue
[55]. Chondrocyte culture in the triple-layered electrospun scaffold was done
in vitro for 5 weeks; analyses of mechanical properties and quality of engineered
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cartilage revealed close similarity with native cartilage tissue. In another study,
McClure et al. [60] designed a triple-layered electrospun scaffold with layer-
specific compositions of PCL, elastin, and collagen fibers to mimic the structural
architecture of arteries, namely the intima, media, and adventitia layers; the
engineered construct was mechanically tested acellularly and demonstrated similar
modulus and compliance values to those of native porcine femoral arteries. The
potential of this artery-mimicking electrospun scaffold, however, would be better
reflected with the culture of vascular cells—vascular endothelial cells and SMCs.

4.2.3 Sponges

Also known as porous scaffolds, sponges are made using gas foaming, particulate
leaching, and freeze-drying techniques. The success of porous scaffolds as a cell
delivery vehicle depends on its porosity, pore size, and pore interconnectivity—the
pores provide surface area for cells to adhere on, while interconnectivity dictates
the cell penetration as well as diffusion of nutrients and waste [25]. Pore size is
critical: Small pores will impede cell penetration and proper diffusion, while larger
pores may not be sensed by cells to be a 3D environment. Hence, engineering a
cell delivery capable sponge requires consideration of pore design parameters.

Gas foaming involves the saturation of high-pressure gas (usually carbon
dioxide) into the polymer particles; upon rapid decrease in pressure, gas bubbles
nucleate and expand and the polymer fuses to form a continuous porous scaffold
[61]. This method is quick and simple and allows the control of pore size by
varying pressure without the use of high temperatures or harsh organic solvents to
create the pores. Recently, PDLLA/PEG copolymer sponges were fabricated by
gas foaming, achieving 84 % average porosity [62]. PDLLA possesses superior
mechanical properties and biodegradability but is hydrophobic and therefore
unsuitable for cell encapsulation. Hence, by copolymerizing with hydrophilic
PEG, the advantageous properties of each material are combined. Although no
cell-seeding studies were done on this sponge, this is a classic example of
exploiting the advantages of two different materials by copolymerization, and with
further optimization, the sponge is expected to work well as a cell delivery vehicle.
Zhou et al. [63] combined foaming and blending of two immiscible polymers to
create a more controllable, open, and porous scaffold with higher interconnectivity
between pores. Firstly, two polymers PLA and polystyrene were blended in equal
weight ratios together and molded by compression prior to carbon dioxide
foaming, achieving a porous scaffold of PLA and polystyrene with tunable pore
sizes. Then, polystyrene was removed via immersion of scaffold in cyclohexane,
creating a PLA scaffold with much higher interconnectivity. After washing,
osteoblasts were seeded onto the scaffold and compared against unfoamed control;
although both scaffolds showed proper cell adhesion and spreading morphology of
osteoblasts, the foamed sample had significantly higher number of cells, thereby
reiterating the importance of porosity.
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Particulate leaching using salt particles is an alternative method to create porous
scaffolds (Fig. 4.2c) by mixing salt crystals (typically sodium chloride NaCl) into
a polymer solution and then inducing the crosslinking to form a scaffold with salt
particles entrapped within. Upon immersing in water, the salt dissolves and is
removed from the scaffold, leaving behind empty spaces inside the scaffold.
Sponges of silk fibroin/hyaluronic acid blends for cartilage tissue engineering were
fabricated using this method [64]. Silk fibroin/PDLLA sponges were fabricated by
NaCl particulate leaching; the silk fibroin was incorporated to increase the vas-
cularization potential of the PDLLA sponge for bone tissue engineering, since silk
fibroin is known to support the adhesion and growth of endothelial cells [65]. In
this study, human umbilical vein endothelial cells (HUVECs) were shown to be
properly adhered onto the silk fibroin/PDLLA sponges with high viability and
proliferation while maintaining the cell phenotype in vitro; in vivo studies showed
quicker vascularization and integration with the surrounding tissue.

PLA/PCL (70:30) sponges were also fabricated using NaCl particulate leaching
and studied for the delivery of myoblasts for skeletal muscle repair [66]. Myo-
blasts were not only able to adhere and grow on the sponges, but they also
differentiated and fused with each other into myotube structures with expression of
skeletal muscle-specific genes and proteins, both in vitro and in vivo. Coupled with
the biodegradability and biocompatibility of the materials, the PLA/PCL sponge
exhibits great potential for skeletal muscle repair.

4.2.4 Decellularized Scaffolds

Biological tissues and organs comprised of ECM network and residing native cells
can be extracted and then decellularized (removal of cells), leaving behind an
intact ECM scaffold on which cells can be reseeded prior to implantation
(Fig. 4.2d) [67]. Decellularized scaffolds provide a most suitable natural micro-
environment as tissue- and organ-specific ECM cues produced and modeled by the
previous residing cells can guide the newly seeded cells. Complete decellular-
ization is important to remove the immunogenicity caused by previous cells’
antigens, since the host tissue is of xenogeneic and allogeneic origin. This can be
achieved by chemical (SDS, Triton X-100) [68], physical (freeze–thaw cycles), or
enzymatic (trypsin, endonucleases) means [69]. Indeed, the excellent biocompat-
ibility and lack of immunogenicity of decellularized scaffolds have been recog-
nized and approved by FDA for bone [68], skin [70], and heart valve replacements
[71] as acellular scaffolds, whereby host cells are allowed to penetrate and regrow
tissue. Other decellularized scaffolds currently being studied and characterized
include skin [72, 73], larynx [74], lung [75, 76], blood vessels [77, 78]. To
accelerate the healing process, cells can be seeded within the decellularized
scaffold and cultured in vitro, thereby generating a replacement tissue or organ
ready for implantation [79, 80].
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Wang et al. [80] characterized decellularized scaffolds from porcine musculo-
fascial tissues and observed the presence of vascular endothelial growth factor
(VEGF) in the decellularized ECM, which served to be pro-angiogenic and
showed high healing capability when seeded with adipose stem cells (ASCs) into a
rat muscle defect model. Lang et al. [81] optimized liver tissue decellularization
and utilized decellularized liver tissue for studying the behavior of seeded human
primary hepatocytes. The viability, phenotype, and functionality of the liver cells
were highly conserved in a 3D environment for at least 21 days, which was
significantly better than current collagen sandwich culture methods. In another
study involving the complex lung tissue, Petersen et al. [76] decellularized rat
lungs without disrupting the ECM architecture of airways, alveoli, and blood
vessels, after which lung epithelial and endothelial cells were seeded onto the
decellularized lung scaffold and subsequently tested both in vitro and in vivo. In
vitro characterization showed maintenance of ECM components and lung struc-
ture, as well as seeded cells’ phenotype. The engineered lungs were also able to
function in vivo, as observed by the inflation of the organ, gas exchange, and
hemoglobin saturation. Therefore, through the favorable results obtained in vari-
ous studies, decellularized scaffolds of biological tissues and even whole organs
were shown to be choice cell delivery methods in the form of whole-organ
transplantation, if the abovementioned three engineered structures are unable to
recreate complex architecture of tissues and organs.

However, decellularized tissues need not be used wholesale; instead,
researchers have solubilized the ECM and converted them into porous scaffolds
[79] and hydrogels [82–84]. In another study, Yu et al. [79] fabricated porous
scaffolds from human decellularized adipose tissue: The decellularized tissue was
solubilized by a-amylase, after which the solubilized proteins were made into
porous scaffolds via freezing and lyophilization. The porous scaffolds were shown
to support ASC adhesion and adipogenic differentiation. Wolf et al. [82] developed
and characterized both in vitro and in vivo ECM-based hydrogels derived from
decellularized dermal and urinary bladder tissues. The study validated that ECM
and hence properties are tissue specific, therefore causing varied cell behaviors as
well.

4.3 Improvising the Cell Delivery Systems

The basic cell delivery structures discussed above may still be inadequate on their
own. As mentioned, research efforts based on combining different materials by
copolymerization and blending to create a material with combined advantageous
properties have been prevalent. Fabrication techniques are diverse and continu-
ously improving to become milder, more elegant, and non-toxic. In this section,
several key advancements that will potentially drive cell delivery toward the
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clinical setting are noted. These include making the system injectable as an elegant
and minimally invasive means of surgical implantation, functionalizing inert
surfaces with bioactive ligands and molecules, controlling cell behavior using
micro- and nanoscale topographical cues, as well as delivering intact masses of
cells without delivering biomaterials. These promising developments not only
make cell delivery vehicles simple systems, but they also can influence the
delivered cells’ behavior and phenotype.

4.3.1 Microcarriers for Injectability

Microcarriers are injectable cell or drug-eluting microscopic-sized vehicles that
are downscaled versions of the abovementioned basic structures. Cell microcar-
riers can be further subcategorized into microsized scaffolds that ADCs can attach
onto and microsized materials encapsulating cells within. The former are usually
developed in two phases: The microcarriers are firstly fabricated, and the cells are
subsequently seeded onto them. On the other hand, cell-encapsulating microcar-
riers are usually hydrogel based, using a one-step process of directly gelling
microsized droplets of cell–material suspension. Several commercially available
microcarriers such as Cultispher

�
(Sigma) have been used [85].

The emulsion technique, either a single or double emulsion, is a simple and
therefore popular technique for microsphere fabrication. Huang et al. [86] fabri-
cated gelatin type A porous microspheres using a single water-in-oil emulsion
followed by freeze-drying; next, basic fibroblast growth factor (bFGF) was loaded
into the rehydrated microspheres and finally fibroblasts were seeded. The typical
spreading morphology of fibroblasts was exhibited on the microspheres, and
implantation of the fibroblast/bFGF-loaded microspheres in critically sized dermal
defects (which would require skin grafting) showed favorable healing—the epi-
dermal layer was fully restored and was integrated with native tissue [86]. In
another study, the same group utilized the same microsphere fabrication technique,
but incorporated epidermal growth factor (EGF) instead of bFGF and mesenchy-
mal stem cells (MSCs) instead of fibroblasts [87]. The MSC-laden microspheres
were suspended in a type I collagen/MatrigelTM gel, which was subsequently
studied for skin tissue regeneration. In vivo experiments showed quick and good
healing with sweat gland-like structures restored.

Similarly, Leong et al. [88] also used gelatin type A to fabricate hydrogel
microspheres using a water-in-oil emulsion; however, the focus was to directly
encapsulate and deliver non-ADCs instead of ADCs. Using chondrocytes as the
model non-ADC type, a chondrocyte–gelatin type A suspension was stirred in soya
oil and cooled down in an iced water bath. Chondrocyte-encapsulated gelatin
microspheres of mainly 75–100 lm diameters were retrieved after two washes in
phosphate-buffered saline (PBS) and suspended in an alginate hydrogel. Upon
incubation at 37 �C, these gelatin microspheres melted, suspending chondrocytes
within the microcavities for growth; the microspheres were hence termed
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temperature-cured dissolvable gelatin microsphere-based cell carrier (tDGMC)
[88]. Dense islets of rounded and viable cells with little dead cells were observed
by 21 days in culture, and merging of cell islets throughout was noticed by day 35.
This technique can be used to culture other non-ADCs as well; the dense cell islets
can be obtained by dissolving the alginate hydrogel to yield microsized injectable
cell islets.

The double emulsion technique is more complicated as the innermost phase has
to be thoroughly removed, but it allows the fabrication of hollow microspheres,
which translates to less biomaterial, better diffusion, and more space for cell
attachment and growth. Su et al. [89] proposed a novel microcarrier for ADCs that
was derived from such a technique. Hollow gelatin spheres were firstly fabricated
from the double oil-in-water-in-oil emulsion and then modified with a surface
crosslinking process and removal of uncrosslinked material, resulting in a hollow
open structure named ‘‘shell-structure cell microcarrier’’ (SSCM). Human fetal
osteoblasts were used as the model ADC type—the cells were able to adhere onto
and proliferate on both the external and internal walls of the microcarrier at a higher
efficacy than control gelatin microspheres and express the osteogenic phenotype.

Another group aimed to develop neuronal cell-laden porous (sponge) micro-
spheres for neural tissue engineering. Poly(3-hydroxybutyrate-co-3-hydroxyval-
erate) (PHBV) microspheres were fabricated using double water-in-oil-in-water
emulsion (W1/O/W2) and freeze-dried to remove the aqueous solvent [90]. Murine
neuronal cell line PC12 cells, neural progenitor cells (NPCs), and primary cortical
neurons were viable and supported on the microspheres, exhibiting extensive
spreading morphology and neuronal proteins. NPC differentiation was promoted,
while axon and dendrites of cortical neurons were observed to be discriminated as
a sign of neuronal maturation and functionality. PHBV was proposed as a suitable
biomaterial for neuronal cell-laden microspheres because of their biodegradability
and slow degradation, which matches the relatively slow growth of neuronal cells.
Poly(lactic-co-glycolic acid) (PLGA) porous microspheres were also fabricated
using a similar emulsion method, except that the pores were created by gas
foaming [91]. The W2 phase consisted of ammonium bicarbonate that formed
ammonia and carbon dioxide gas bubbles upon evaporation, creating a highly
porous structure in the microspheres.

To exploit the ECM-like architecture of fiber meshes, substantial progress on
fibrous microcarriers has also been made. One of the most recent developments is
the simple fabrication of hybrid nanofibrous network-containing hydrogel
microparticles [92]. A nanofibrous PCL network is firstly fabricated by electros-
pinning and soaked in the photoinitiated crosslinkable PEGDA solution containing
fibroblasts; subsequently, through photomasking for PEGDA polymerization and
removal of excess solution as well as dissolution of non-encapsulated PCL
nanofibers using chloroform, controllable shapes of polymerized PEGDA gels
containing nanofibers and cells can be produced. The hybrid microcarrier was
characterized for both protein and cell delivery, which were deemed favorable.
Specifically, cell adhesion within the hydrogel was achieved without the
need for chemical modification to include cell adhesion moieties on PEGDA
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gels—fibroblasts exhibited a spreading and elongated morphology along the
nanofibers of the hybrid microcarrier, whereas a rounded morphology was noted in
the simple PEGDA gel.

4.3.2 Post-fabrication Modification for Cell Adhesion

For ADCs, proper cell adhesion is critical in determining the success of their
delivery vehicles; otherwise, they may undergo anoikis and decrease the efficacy
of cell delivery. Therefore, many studies have explored the post-fabrication
incorporation of cell-adhesive moieties in cell delivery vehicles.

One of the major shortcomings of synthetic biomaterials is their biologically
inertness, i.e., they do not support cell adhesion, which affects their survival and
phenotype. They can be functionalized through coatings or grafting of ECM
proteins and ligands known to promote cell adhesion, e.g., fibronectin and laminin
[59]. One of the most popularly incorporated bioactive ligands is the RGD
sequence derived from fibronectin. It is known that RGD is the minimal recog-
nition and binding sequence of cells’ integrins to fibronectin and can support
adhesion and spreading of cells [93, 94]. Differentiated SMCs were demonstrated
to express the contractile phenotype in PEGDA hydrogels coated with fibronectin
or laminin, or functionalized with linear RGD sequences [95]. Cyclic RGD have
been shown to have higher affinity and selectivity toward cell binding, as well as
greater stability against enzymatic degradation [96]. Patel et al. [97] functionalized
the synthetic polynorbornene hydrogel by grafting linear and cyclic RGD motifs
and comparing between the two forms using HUVECs. The group found that
cyclic RGD was significantly more efficient in promoting cell adhesion—not only
was the minimal concentration of the cyclic form (0.05 %) required for cell
adhesion 50 times lower than that required for linear RGD, the cyclic RGD-
conjugated gel supported cell spreading within 15 min, while the other required at
least 90 min to achieve a similar state.

Larger ECM molecules such as gelatin and elastin can also be coated onto the
biomaterials following the formation of the vehicle structure. Human fibroblasts
and osteoblasts (both of which are ADCs) were viable and functional throughout
the culture period on novel gelatin-coated gellan gum microspheres [98]. A water-
in-oil emulsion involving preheated FDA-approved gellan in peanut oil yielded
microspheres upon cooling, onto which gelatin was then grafted. PCL sponges
were permeated with elastin using carbon dioxide gas foaming and crosslinked
with glutaraldehyde to create a mechanically suitable and cell-supportive scaffold
for cartilage tissue engineering [99]. In vitro studies concluded that the integration
of elastin not only increased the water content in the sponges, it was also able to
support chondrocytes better than pure PCL sponges. As mentioned previously,
laminin was coated onto electrospun fibers to present cell-adhesive moieties to
implanted neural cells, mimicking the native laminin-rich environment [56]. The
basic bioactive sequence isoleucine–lysine–valine–alanine–valine (IKVAV) that
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interacts with neural cells and increases their adhesion and proliferation can also
be isolated from laminin and conjugated onto biomaterials, such as self-assembled
peptides [100, 101].

4.3.3 Controlling Cell Functionality Through Micropatterns

The materials’ surface topography is able to directly interact with cells and
influence cell adhesion and growth in a specific manner. As this is especially
crucial for cells that require alignment to function, e.g., neurons, endothelial cells
and SMCs, the effect of submicron levels of surface modification on cell behavior
has gained attention and been incorporated in various biomaterials [102]. The
patterns are popularly achieved through photomasking, casting, and lithography
techniques, which allow the width and depth to be tuned to control cell behavior
and growth.

Endothelial cells in the native vascular environment are stretched and aligned
along the longitudinal axis of blood vessels, i.e., parallel to blood flow. When
organized in this orientation on manufactured biomimetic scaffolds, endothelial
cells were able to retain their morphology and cell-specific gene expressions and
possess athero-resistant qualities with less adhesion of platelets and monocytes
[103]. Nikkhah et al. [104] recently demonstrated the importance of topography in
directing endothelial cell adhesion and attachment with the maintenance of its
functionality in vascularization. Longitudinal tubes of photoinitiated crosslinkable
gelatin methacrylate hydrogel were fabricated with micropatterns by exposing
selective areas to light using a mask (photomasking) [104]. HUVECs were of an
elongated and spreading morphology and reorganized themselves to align along the
length of the tubes by day 5, forming a 3D stable cord-like structure in 15 days. On
the other hand, HUVECs on the unpatterned gelatin methacrylate gel block were
randomly aligned, therefore affirming the effect of topography on cell behavior and
functionality. Another study by Liu et al. [105] micropatterned the collector via
lithography, hence fabricating electrospun fibrous meshes with specific grooves and
ridges. Fibroblasts seeded on the micropatterned fibrous meshes were observed in
higher numbers in the ridges and secreted ECM with similar patterns. Uttayarat
et al. [106] used spin casting to fabricate microsized grooves in the lumen of
polyurethane (PU) fibrous tubes to guide endothelial cell orientation in a vascular
tube. The cells were observed to reach a confluent monolayer with alignment along
the micropatterned topography, while retaining cell phenotype.

To guide neuronal cell growth and their neurite outgrowth as neural replace-
ments (for example, at the interface of neurons and prosthetic equipment for
successful and conserved transmission of stimulus), micropatterning serves as a
favorable and simple microsized guidance. As demonstrated by Tuft et al. [107],
photomask-fabricated indents (slopes instead of defined edges of grooves) on a
methacrylated substrate on which neurite and Schwann cells were subsequently
seeded and shown to be aligned. Not only can surface topography guide cell
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alignment, proteins (i.e., biochemical cues) can also be specifically patterned to
influence cell adhesion and their orientation. For example, neuronal cells were
strictly confined on 5–10-lm-thick lines of cell-adhesive collagen patterned
through microcontact printing on tissue culture polystyrene (TCPS) surfaces,
which were backfilled with cell-repelling poly-L-lysine-g-polyethylene glycol
[108]. The cells and their nuclei were also aligned parallel to the lines. On 5-lm-
thick collagen patterns, neurite extension was significantly enhanced compared to
non-patterned surfaces; neurite outgrowth was further stimulated by adding
soluble retinoic acid in the cell culture medium.

4.3.4 Biomaterial-Free Cell Delivery

Ultimately, biomaterials have to be removed prior to implantation in order to
completely eliminate the possible risks of biomaterial-related problems—
mismatch of degradation rate to that of tissue development, immune responses,
and toxic degradation products. Yet, direct injection of therapeutic cells may not
be an efficient and effective cell delivery method since cells are not retained within
the target site (leakage) and survive poorly without proper homing [109, 110]. This
can be achieved by transplanting biomaterial-free microtissues, which have been
cultured in vitro using biomaterials as a temporary scaffolding system. In other
words, cells can be firstly cultured on biomaterials in the laboratory for a prede-
termined duration until they form microsized pieces of tissue comprising cells held
together by their secreted ECM; subsequently, they can be removed from the
biomaterial-based scaffolding system for implantation in the target site.

A confluent monolayer of cells, known as cell sheets, can be easily engineered
in tissue culture plates by making use of responsive biomaterial surfaces to force
the detachment of cells from the biomaterial surface without disrupting the cell–
cell interactions and ECM holding the cells together. This strategy was pioneered
by Kushida et al. [111]: Temperature-responsive poly(N-isopropylacrylamide)
(PIPAAm) was coated on TCPS surfaces, and cells were grown on this coating. At
the physiological temperature of cell culture, i.e., 37 �C, the coating is mildly
hydrophobic, which is suitable for cell adhesion and culture; upon lowering the
temperature to below 32 �C (its lower critical solution temperature, LCST), the
coating becomes hydrophilic and the cells are upheaved from the surface. This
produces a biomaterial-free cell sheet held together by the cells’ secreted ECM,
which is removable from the attached surface without any enzymatic treatment
that would have also broken down the ECM [112, 113]. The PIPAAm coating is
currently commercially available as UpCell

�
and has been utilized in fabricating

cell sheets of various cell types, including mesenchymal stem cells [114] and
fibroblasts [115]. A monolayer of mesenchymal stem cells implanted into infarcted
myocardia of rats was able to reverse the thinning of the scarred myocardial wall
while promoting vascularization and differentiating into vascular cells, with the
overall effect of improving function of the infarcted heart [114]. Other cell sheet
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fabrication strategies include the use of magnetic force and polyelectrolytes [116].
Ito et al. [117] developed a magnetic nanoparticle—RGD-conjugated magnetite
cationic liposomes (MCL)—that coated surfaces by applying magnetic force
beneath the surface; fibroblasts as model cells were able to adhere to the RGD-
conjugated surface coating, and upon removal of the magnetic force, the cell
monolayer was detached. Kito et al. [118] successfully utilized a similar MCL
strategy to retrieve an iPSC monolayer for implantation to induce angiogenesis in
ischemic tissues, except that MCLs were labeled in the cells instead of on a surface
coating. Likewise, cells can be detached from RGD-conjugated polyelectrolyte
coatings via altering the polarization [119, 120].

The difficulty in handling an extremely fragile monolayer of cells is a severe
limitation of cell sheets in the clinical setting. Furthermore, being monolayer, it is
difficult to scale up to form and replace a 3D macrosized tissue defect since
stacking multiple layers of monolayers is a laborious process. Biomaterial-free 3D
systems are favorable for cell delivery as they can deliver a large amount of cells
without unwanted leakage to non-target sites and circumventing any biomaterial-
related problems. As an example, the engineered PTCC system for hyaline car-
tilage tissue engineering (mentioned in Sect. 4.2.1, Gong et al.) was further
improvised by Su et al. [121] by replacing temperature-responsive agarose with
ionic-responsive alginate as the gel bulk. Alginate, which crosslinks in the pres-
ence of calcium divalent ions, can be completely and quickly removed by
immersing the scaffold in a sodium citrate-containing solution, whereby citrate
ions act as calcium-chelating agents. After 35 days of culture, the extensive and
dense ECM network secreted by chondrocytes was able to support the construct
such that alginate was removed without a collapse in structure (compared to a
conventional cell-laden hydrogel without microcavities), thereby leaving behind a
hyaline cartilaginous construct free of biomaterials. Implantation into rabbit
osteochondral defects in the knee joint showed good integration with host tissue
and expression of hyaline cartilage phenotype with no visible fibrosis.

4.4 Conclusion

Cells interact with the surroundings; the biochemical and mechanical cues they
receive from the surroundings are translated and lead to modification of cell
behavior. Without proper cell adhesion in certain cells (ADCs), not only will the
cell phenotype be affected, a specific apoptotic process named anoikis may also
occur. Therefore, the importance of biomaterial properties and design cannot be
further emphasized. In this chapter, the four basic cell delivery structures hydro-
gels, fibrous meshes, sponges, and decellularized ECM and their recent develop-
ments in cell delivery have been discussed. While hydrogels are more naturally
suited for soft tissues and for delivery of non-ADCs, they have been modified to
possess cell adhesion moieties that allow ADCs to be successfully delivered using
hydrogels as well. Fibrous meshes, with their similarity to ECM architecture, have

4 Engineering Biomaterials for Anchorage-Dependent 123



been widely used for the delivery of many cell types. Developing aligned fibers for
guiding cell growth and behavior has been the recent focus of electrospun meshes.
Sponges are highly porous scaffolds in which ADCs adhere to walls of the pores;
therefore, porosity and the interconnectivity of pores are important design factors.
Finally, decellularized scaffolds, derived from biological tissues, offer site-specific
ECM proteins to guide the newly seeded cells. They have been solubilized and
converted into sponges and hydrogels of controllable shapes and sizes.

Cell delivery vehicles have been greatly improvised to better mimic the
microenvironment of cells thus far. In order to create an ideal cell delivery vehicle,
both biomaterials and structure have been researched on. Biomaterials are blended
and copolymerized in order to offset the shortcomings and combine the advantages
of the individual biomaterials. Also, modification of surfaces with cell adhesion
moieties and ECM molecules and surface topography has become an established
technique to maintain functionality of delivered cells. While some hydrogels are
injectable, other structures (sponges and fibrous meshes) have also become
injectable by downscaling them into microsized particles. Furthermore, biomate-
rials have been exploited as temporary scaffolding systems for in vitro culture to
create micro- or macrosized biomaterial-free tissues for implantation, hence
eliminating risks of biomaterial-related complications in vivo. This variety of
improvisations to conventional cell delivery vehicles has brought us one step
closer from the bench to the bedside.
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Chapter 5
Tissue Engineering Applications
for Peripheral Nerve Repair

Hakan Orbay and Weibo Cai

5.1 Introduction

Peripheral nerves are prone to physical injuries due to their relatively superficial
location in most parts of the body. The physical trauma usually comes in the form
of transportation and construction accidents, natural disaster and war damage, and
other trauma, as well as iatrogenic side effects of surgery. Approximately, 2.8 % of
trauma patients suffer from an accompanying peripheral nerve injury, and the
number of patients with upper extremity paralysis reaches up to 360,000 per
annum in the USA. Therefore, peripheral nerve repair and regeneration have
always been a popular and challenging topic of clinical research [1].

The first attempts to repair peripheral nerves by Galen date back to second
century [2]. Sporadic descriptions of nerve coaptation sutures were reported later
by Paul von Aegina in the seventh century and Rahzes and Avicenna in the ninth
century [3]. The treatment techniques have evolved to a great extent over the
following centuries; however, even with the most advanced techniques, peripheral
nerve injuries often result in residual sensory and functional losses [3–5].

5.2 Classification of Peripheral Nerve Injuries

Peripheral nerve injuries are classified according to the Sunderland’s scale [6]
which includes five degrees with an increasing severity of the injury: First-degree
injury (also called neuropraxia) defines the injuries that cause a block in the action
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potential conduction, but axonal continuity is preserved. Complete healing is
expected. Second-degree injury is associated with a loss in axonal continuity
without damage to the surrounding glial and connective structures. Complete
healing is expected since the regenerating axons can be properly oriented under the
guidance of the original glial tubules in the distal nerve stump. Third-degree
injuries include the endoneurial structures, and thus, although nerve continuity is
maintained, the orientation of the regenerating axons to the proper target can be
poorer than in second-degree lesions. Fourth-degree injuries refer to nerve injuries
which cause the disruption of all nerve fibers and supporting structures except the
epineurium. Regeneration can occur spontaneously; however, complete recovery
is unlikely due to scar formation and improper orientation of regenerated axons.
Finally, in fifth-degree injuries, complete nerve transection occurs. Healing is
impossible unless nerve continuity is reconstructed surgically.

5.3 Conventional Treatment of Peripheral Nerve Injuries

Treatment for the simple cuts is direct cooptation, but severe injuries resulting in a
wide gap require an autologous nerve graft or a nerve conduit to bridge the gap [7].
After the implantation of nerve graft, the axons within the graft are removed by
phagocytes and Schwann cells with initial phagocytosis [4, 8]. In the next step,
Schwann cells, which are responsible for the synthesis of the myelin sheath in the
peripheral nerve tissue, proliferate and develop bands of Büngner. These are
columns of cells lining the endoneurial tubes, eventually helping the regenerating
axons to progress in the direction of denervated targets [5, 9].

Even though the autologous nerve grafting is currently the gold standard
treatment for nerve defects, the drawbacks of the technique are as follows: limited
donor tissue and donor site morbidity that may present as numbness and neuroma
pain in the donor site [3, 4, 8]. Due to the limited regeneration capacity of human
peripheral nerve tissue, the completion of the axonal regeneration is a time-con-
suming process even under ideal conditions, and a long period of rehabilitation is
essential to obtain the maximum functional recovery [4, 5]. Functional recovery
rates typically approach only 80 % for nerve injuries treated by autologous nerve
grafts [1].

5.4 Tissue Engineering of Peripheral Nerves

Discovery of multipotent stem cells and the advancements in biomaterial engi-
neering have enabled engineering of peripheral nerves in the laboratory medium.
Tissue-engineered nerve grafts have attracted a large volume of interest as an
alternative to autologous nerve grafting for the treatment for peripheral nerve
defects considering the above-mentioned drawbacks of the latter technique.
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Similarly, to the other fields of regenerative medicine, peripheral nerve tissue
engineering has raised great expectations within the general public, as well as in
the scientific community, regarding its potential clinical application in the treat-
ment of damaged nerves. However, in spite of the significant scientific advance-
ments, clinical application of tissue-engineered nerve grafts is still very limited. To
optimize the engineering strategy and accelerate the process of clinical translation,
we should bring together the main pillars of tissue engineering which are as
follows: scaffolds; growth factors, genes, and drugs; and support cells [8].

5.4.1 Nerve Scaffolds

5.4.1.1 Structure of Nerve Scaffolds

As mentioned above, the axons in the autologous nerve grafts do not integrate into
the structure of the regenerated nerves, but they are degraded in the early steps of
nerve regeneration, subsequently leaving a hallow lumen through which the
regenerating axons progress distally. Therefore, using hallow nerve scaffolds
instead of nerve grafts for bridging wide nerve gaps may help to decrease the
donor site morbidity related with autologous nerve grafting [4, 8]. Figure 5.1 gives
a summary of the structure of nerve scaffolds and the way that they can be used for
peripheral nerve tissue engineering.

Scaffolds should be non-cytotoxic, non-immunogenic, non-allergenic, and non-
carcinogenic as well as being sufficiently porous to allow the diffusion of nutrients
while inhibiting the invasion of scar tissue [5, 10]. The fabrication technique
(cutting holes on the wall, rolling of meshes, fiber spinning, adding a pore-forming
agent, or injection molding followed by solvent evaporation) affects the perme-
ability by altering the porous structure of neural scaffolds [11, 12]. Permeability of
neural scaffold is also affected by the hydrophilic property of the scaffold material
[1]. For a routine clinical application, the neural scaffold has to be easily fabri-
cated, sterilized, and moreover has to satisfy many biomechanical and biological
requirements such as biocompatibility and biodegradability [1]. On biomechanical
side, a neural scaffold must be flexible to allow bending without kinking; too stiff
scaffolds are easily dislocated, while too flexible scaffolds fail to provide sufficient
mechanical support for axonal regeneration [1]. On biocompatibility side, the
surface properties (including pH and surface charge) are the determining factors in
terms of interactions between the neural scaffolds and nerve cells and the ability of
the scaffold to blend in the implantation site and promote cell–substrate interaction
[1, 10]. For example, the longitudinally oriented surface texture of the neural
scaffold has been shown to help directional outgrowth of axons and uniform
alignment of Schwann cells in vitro, resulting in improved nerve regeneration [1].
Similarly, multichannel neural scaffolds have greater surface areas for cell
attachment and local release of growth factors, thus theoretically can support the
nerve regeneration across a larger nerve gap. The data published thus far support
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the hypothesis that multichannel neural scaffolds reduce the dispersion of regen-
erating axons through the scaffold lumen; however, they displayed no significant
benefit over single-lumen scaffolds [1, 13] probably because a complex multilayer
internal structure may at the same time interfere with the permeability and flexi-
bility of the neural scaffold [13].

5.4.1.2 Surface Properties of Nerve Scaffolds

In in vivo, the cells are located in three-dimensional microenvironments where they
are surrounded by other cells and by the extracellular matrix, whose components,
such as collagen, elastin, and laminin, are organized in nanostructures (i.e., fibers,
triple helixes, etc.). This complex tissue network regulates the morphology,
migration, and proliferation of Schwann cells, stimulates the release of nerve
growth factors from Schwann cells, and also provides binding sites and direc-
tionality to the growing axons [14]. It is therefore essential to develop scaffolds that
create synthetic microenvironments, providing 3D support, so as to control and
direct the cellular behavior and to promote specific cell interactions [5].

Fig. 5.1 The types of neural scaffolds are shown on the left-hand side of the diagram, and the
components of tissue-engineered nerve grafts are shown on the right-hand side. Adapted with
permission from [1]

136 H. Orbay and W. Cai



Attempts to imitate the natural extracellular matrix by adding macromolecules
(proteoglycans, collagen, elastin, laminin, fibronectin) to the internal environment
of nerve scaffolds experienced a limited success [14–17]. However, nanomaterials
provide a new dimension of interaction with biological systems that takes place on
a subcellular level with a high degree of specificity [5, 18, 19]. For example,
nanodiamond monolayers provide an excellent growth surface on various mate-
rials for functional neuronal networks and bypass the necessity of protein coating
[20]. Furthermore, carbon nanotubes enhance nerve regeneration by rendering the
scaffold more conductive [89].

The source of the scaffold is another aspect that effects the cell–scaffold and
tissue–scaffold interactions. A scaffold may be derived from natural or synthetic
materials [21].

5.4.1.3 Natural Nerve Scaffolds

Natural scaffolds are made from tissues that already exist in human body or from
materials that exist naturally outside human body [5]. Natural biomaterials are
attractive sources for nerve tissue engineering since they constitute cell-friendly
matrices that stimulate adhesion, migration, growth, and proliferation of neuro-
genic cells. These materials also exhibit similar properties to the soft tissues that
they are replacing, and they do not elicit foreign body reaction upon implantation
and therefore have an excellent biocompatibility [1, 22]. The concerns about
natural materials are as follows: the necessity of a careful purification process and
inconsistent homogeneity of products between the lots [22].

• Acellular Allogeneic or Xenogeneic Tissues

Acellular tissues from same or different species can be obtained by various
physical, chemical, and enzymatic decellularization methods [23–25]. These
methods aim to remove the immunogenic components and preserve the extracel-
lular matrix components that are essential for the mechanical integrity of the
tissue. Acellular tissues are especially useful in the repair of non-critical peripheral
nerve gaps with a small length and diameter [1].

Acellular allogeneic and xenogeneic nerve tissues [25–32], tendon [33], and
vein and muscle [34, 35] have been used by different groups in order to repair
peripheral nerve defects. Avance1 (AxoGen Inc. Alachua, FL) is a commercially
available acellular allogeneic nerve graft product which is fabricated from a
donated cadaveric nerve through decellularization. Preliminary clinical applica-
tions of this product yielded favorable results [28]. However, the major concern
about the use of acellular nerve scaffolds is the lack of axonal growth-stimulating
bioactive components just like any other synthetic nerve scaffold. Recently, an
increasing amount of effort has been directed toward incorporation of support cells
or growth factors into the acellular allogeneic or xenogeneic-based neural scaffolds
[30–32, 36]. The resultant tissue-engineered nerve grafts allow a better nerve
regeneration than the acellular neural scaffolds alone.
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• Extracellular Matrix Components

Extracellular matrix is a network of proteins and fibers surrounding the cells
that together form a complex 3-D structure crucial for proper biological func-
tioning of the cells. Three main components of extracellular matrix, collagen,
laminin, and fibronectin, have important roles in nerve regeneration.

Collagen has been extensively investigated as a potential scaffold for neural
tissue engineering (Fig. 5.2) [37–41]. The properties of collagen scaffolds can be
varied by using different concentrations of collagen or it can be denatured to
gelatin that has also been used as a scaffold material [42]. The source of the
collagen can be mammals such as rats, bovines, and humans; therefore, there is a
risk of immune response if xenogeneic transplantation is used.

Fig. 5.2 SEM views of a
collagen nerve scaffold
(Revolnerv� tube) with a
smooth internal and external
texture. Scale bars, 1 mm
(a) and 100 lm (b). Adapted
with permission from [37]
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• Chitin, Chitosan, and Other Natural Polysaccharides

Chitin is a natural polysaccharide that is commonly found in the outer shells of
crustaceans, insect exoskeletons, and fungal cell walls. It is extensively used in
biomedical applications. Chitosan is closely related to chitin and can be obtained
from chitin via deactylation [22]. The molecular structure of chitosan has got a
strong resemblance with the molecular structure of glycosaminoglycan; therefore,
it can interact with the extracellular matrix molecules in a similar way. The
favorable biological properties of chitin and chitosan made them useful materials
for nerve tissue engineering [1, 43–46].

• Silk Fibroin and Other Natural Molecules

Silk fibroin, keratins, and other matrix proteins extracted from human hair,
wool, nail, and feather have been used as natural materials for the production of
nerve scaffolds [47–49].

5.4.1.4 Synthetic Nerve Scaffolds

Synthetic scaffolds can be made from non-degradable materials such as silicone
[50, 51] and poly-2-hydroxyethyl methacrylate-co-methyl methacrylate (PHEMA-
MMA) [52] or from biodegradable polymers such as poly-3-hydroxybutyrate [53,
54], polyglycolic acid (PGA) [55, 56], poly L-lactic acid (PLA) [57, 58], poly-
lactide-co-glycolide (PLGA) (Fig. 5.3) [59–61], and poly-lactide-co-caprolactone
(PLC) [62, 63].

The main advantage of synthetic nerve scaffolds is their tunable chemical and
physical properties. However, their incompatibility with cell adhesion and tissue
integration poses a challenge to nerve tissue engineering. Therefore, synthetic
materials are often chemically modified to render them more biocompatible [1].

• Non-degradable Synthetic Materials

The early neural scaffolds were made of non-degradable synthetic materials
such as silicone, rubber, acrylic polymer, polyethylene, elastomer, etc. Even
though they achieved variable levels of success, their clinical use is currently
limited because of the long-term complications such as chronic nerve compres-
sion, chronic foreign body reaction, and the necessity of a second surgical pro-
cedure to remove the scaffold [64, 65].

• Biodegradable Synthetic Materials

As the concerns rose over the use of non-degradable synthetic materials as
nerve scaffolds, biodegradable synthetic scaffolds, which degrade within a rea-
sonable time span after implantation, were developed. Ideally, the neural scaffolds
should remain intact throughout the axon regeneration and then gradually degrade
with minimal swelling and foreign body reaction [1]. In case of a 10-mm gap of
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the rat sciatic nerve, the minimum time period that a biodegradable nerve scaffold
must remain intact for sufficient nerve regeneration is 3 months [5]. Both the
premature and delayed degradation of nerve scaffold might result in increased scar
formation that further delays nerve regeneration [5, 66].

Further chemical modifications can be used to increase the biocompatibility of
degradable scaffolds via adding sites for cell or extracellular matrix adhesion to
allow cells to infiltrate into the scaffold lumen (Fig. 5.4) [19, 67, 68].

5.4.2 Growth Factors

Growth factors act in coordination with extracellular matrix to control the survival,
proliferation, migration, and differentiation of various cell types involved in the
nerve regeneration [69]. Incorporation of growth factors, such as nerve growth
factor, glial cell line-derived neurotrophic factor, and brain-derived neurotrophic
factor (BDNF), into the tissue-engineered nerve grafts has been actively attempted

Fig. 5.3 PLGA conduits
(a) and structure of the
scaffold under scanning
electron microscopy (SEM)
(b). Scale bar, 100 lm.
Adapted with permission
from [61]
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in order to avoid the possible side effects and morbidity associated with cellular
therapy [70–76]. However, growth factor therapy has fallen short of expectations
because of the unpredictable side effects, unknown optimal dosage, and short half-
life of the growth factors [5, 74, 75, 77].

5.4.3 Cell Sources for Peripheral Nerve Tissue Engineering

Due to the in vivo inefficiency of growth factors, some researchers implanted cells
into the lumen of neural scaffolds in an attempt to provide a continuous supply of
growth factors to the nerve defect area [35, 78–81]. Moreover, engineering a
complete peripheral nerve is not possible without the in vitro culture and seeding
of cells onto the nerve scaffolds. The major cell types used were as follows:
Schwann cells, embryonic stem cells (ESCs), neural stem cells (NSCs), mesen-
chymal stem cells (MSCs), and induced pluripotent stem cells (iPSCs) (Table 5.1).

These cell lines could be implanted into the scaffolds via direct injection or
coculturing methods before or after in vitro differentiation [33, 82]. The markers
for successful neural differentiation are as follows: GFAP, p75NGFR, and S-100
for Schwann cells [83–86] and nestin and NeuN [84, 87] for neural progenitor
cells.

• Schwann Cells

Schwann cells can be obtained from allogeneic, syngeneic, or autologous
sources. Their function is to create a suitable environment for axonal growth by
expressing cell adhesion molecules, secreting nerve growth factors, and forming
an endoneurial myelin sheath that acts as a guide for the regenerating axons
[3, 34]. This central role of Schwann cells in peripheral nerve regeneration made

Fig. 5.4 SEM image shows
Schwann cells on PCL/
gelatin nanofibrous scaffolds
after 12 days of coculture.
Nanofibers encourage the
attachment of Schwann cells.
Scale bar, 200 lm. Adapted
with permission from [19]
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them the most commonly used cell type for experimental nerve tissue engineering
applications. Schwann cell-enriched nerve scaffolds improved both the quality and
rate of axonal regeneration in rat sciatic nerve defect model [88, 89]. However,
among the obstacles in front of their clinical use are; suboptimal attachment of
Schwann cells to the nerve scaffolds and the difficulties in obtaining and in vitro
expansion of autologous Schwann cells [1, 81].

• ESCs

As an alternative to Schwann cells, ESCs can easily be expanded and have a
great potential to proliferate and differentiate into neurons under various protocols
(Fig. 5.5) [87, 90]. However, the ethical concerns on the use of ESCs for clinical
applications limit their use.

• NSCs

Neural stem cells, just like ESCs, are multipotent, highly mobile, and can easily
be isolated and cultured in vitro. These properties make NSCs an attractive
alternative source of support cells for nerve tissue engineering [91–93].

• MSCs

MSCs from various adult tissues (bone marrow, adipose tissue, etc.) became the
subject of interest because of various advantages over the other cell lines. It is
relatively easily to obtain MSCs through minimally invasive procedures such as
the aspiration of the bone marrow or liposuction. MSCs can easily be expanded in
a large scale by in vitro culture [94, 95].

Table 5.1 Cell lines used as support cells for nerve tissue engineering

Cell type Advantages Disadvantages

Schwann cells Non-immunogenic; major role in
myelination; secretes growth
factors

Harvest and expansion are time
consuming; harvest requires
invasive procedures

Olfactory
ensheathing
cells

Secrete neurotropic factors;
participate in myelination; non-
immunogenic

Limited survival in cell cultures;
limited donor site

Neural stem cells Non-immunogenic; promote axonal
regeneration

High risk of tumor formation in vivo

Bone-marrow-
derived stem
cells

Easy expansion, non-immunogenic Harvest requires invasive procedures;
low stem cell yield

Adipose-derived
mesenchymal
stem cells

Easy harvest and expansion; secret
growth factors

Action of mechanism needs to be
clarified;

Skin-derived stem
cells

Easy harvest and expansion; secret
growth factors; non-
immunogenic

Donor site morbidity
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Even though they do not possess the wide range of differentiation of ESCs, adult
MSCs are multipotent, secrete growth factors and other soluble mediators, and
moreover can serve as a vehicle for drug delivery and gene therapy [96]. Several
in vitro studies have shown that MSCs can be induced to differentiate into neural
lineages including Schwann cell-like cells (Fig. 5.6) [85, 97–101]; however, MSCs
promote nerve regeneration not only by direct differentiation but also via sponta-
neous fusion with host cells and possibly by secreting growth factors [102, 103].

• iPSCs

The latest and maybe the most significant advancement in stem cell field is the
reprogramming of adult somatic cells (e.g., skin fibroblasts) into pluripotent stem
cells by the introduction of genes Oct3/4, Sox2, c-Myc, and KLF4 [104]. These
cells are named iPSCs, and since they are derived from somatic cells, they bypass
the immune system of the host. Similar to ESCs, iPSCs possess an unlimited
expansion potential, and they can be differentiated into almost every tissue in
human body yet without any of the ethical concerns surrounding ESCs (Fig. 5.7).
However, iPSCs require a significantly more genetic manipulation than any other
stem cell type during the induction process that subsequently leads to some safety
concerns in clinical application [105].

Fig. 5.5 Phenotype characterization of ESCs differentiated into neural progenitors. Confocal
fluorescence microscopy imaging shows the cell phenotype 3 days after differentiation induction.
Images demonstrate double staining of NeuN (red) (a) and S-100 (green) (b) in neural progenitor
cells differentiated from ESCs. Merged image demonstrates the positivity of some of the cells for
both NeuN and S-100, implying that these neural progenitors can further differentiate into either
neuronal or glia/Schwann cells (c). A close-up view is seen in pane (d). Scale bars, 40 lm
(a, b) and 20 lm (c, d). Adapted with permission from [87]
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Fig. 5.6 Human MSCs can be differentiated into Schwann cell-like cells. This picture shows
immunofluorescence staining for S100, P0, p75NGFR, GFAP, L1, O4 in human MSCs (a–f), and
human MSC-derived Schwann cells (g–l). The untreated human MSCs slightly expressed S100
(a) but were negative for other Schwann cell markers before induction (b–f). However, after the
induction, cells became positive for all the other Schwann cell markers and exhibited an increased
immunoreactivity for S100 (g). Macroscopic view of the tissue within the nerve scaffold seeded
with MSC-derived Schwann 3 weeks after transplantation of the scaffold into a rat sciatic nerve
defect (black arrows) (m). Neurofilament-positive nerve fibers (red) observed in the newly
formed tissue in the scaffold, white arrows mark the coaptation sites (n). Scale bar, 100 lm.
Adapted with permission from [101]

Fig. 5.7 In vitro differentiation of iPSC into Schwann cells. Differentiated cells are positive for
GFAP (a) and S100b (b). Scale bar, 100 lm. Adapted with permission from [105]
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5.4.4 Toward Clinical Applications

The repair of critical-sized rat sciatic nerve defects by tissue-engineered nerve
grafts has been the experiment model that supplied the major percentage of pre-
clinical data on in vivo application of peripheral nerve tissue engineering. Studies
with different cell lines and scaffolds yielded similar results [34, 36, 80, 81, 84, 86,
106, 107]. Even though it constitutes a strong background for clinical translation,
the differences between the biology’s of small animals and human beings should
always be considered when interpreting the preclinical data.

Wakao et al. used a cynomolgus monkey peripheral nervous system injury model
to examine the safety and efficacy of bone marrow MSCs differentiated into
Schwann cells as a cell source for peripheral nerve tissue engineering [108]. Dif-
ferentiated MSCs were seeded onto a collagen sponge at a concentration of 2 9 106

cells, and collagen sponge was placed into the lumen of a PLC scaffold to repair a 20-
mm median nerve defect. For the evaluation, in addition to other techniques, they
have performed 18F-fluorodeoxyglucose positron emission tomography (18F-FDG-
PET) scanning for in vivo tracking of the injected cells. No abnormal accumulation
of radioactivity except in regions with expected physiological accumulation was
observed excluding a possible neoplastic transformation of the injected cells.

Hu et al. used rhesus monkey for two different experiments. In the first
experiment, acellular allogeneic nerve segments were seeded either with autolo-
gous bone marrow MSCs or autologous Schwann cells to repair a 40 mm defect in
the ulnar nerve of rhesus monkeys [30]. The concentration of the cells was
2 9 107 cells per graft, and the recovery with the MSC-seeded allografts was
similar to that observed with Schwann cell-seeded allografts and autologous nerve
grafts. This study demonstrated that MSCs could be a solid alternative to Schwann
cells as a cell source for peripheral nerve tissue engineering given the difficulties in
purifying sufficient quantities of Schwann cells for peripheral nerve regeneration.
In the second study, they used chitosan/PLGA-based, autologous marrow MSC-
containing tissue-engineered nerve grafts for bridging a 50 mm long median nerve
defect in rhesus monkeys (Fig. 5.8) [30]. They injected 1 9 108 cells per ml of
suspension. At 12 months after grafting, locomotive activity observation, elec-
trophysiological assessments, and gold retrograde tracing tests were carried out,
and the recovery of nerve function by tissue-engineered nerve was found to be
more efficient than the one by scaffold alone. In addition, the authors performed a
safety evaluation of MSC-based therapies. Blood test and histopathological
examination demonstrated that tissue-engineered nerve graft could be safely used
in the primate body. These two studies were milestone studies toward the clinical
application, considering the striking similarity in the anatomy and function of
forearm nerves between human and monkey hands.

Bone marrow MSCs seeded on a PLGA scaffold was used to repair a dog sciatic
nerve defect in two different studies [107, 109]. Both of these studies demonstrated
that repair of the peripheral nerve defects with tissue-engineered nerve grafts
yielded similar results with autologous nerve graft repair.
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The data obtained from the experiments using bigger animal models are more
clinically relevant. The results of these experiments will definitely help to deter-
mine the guidelines of human applications of tissue-engineered nerve grafts.
Nevertheless, more studies are warranted to find the appropriate cell type and
number of cells for peripheral nerve tissue engineering and possible side effects of
cellular treatment.

Among the preclinical studies, another one that deserves some emphasis is a
recent study that reported in vivo transplantation of differentiated adipose-derived
stem cells on a three-dimensional nerve scaffold composed of fibroblasts. This is
an important study in terms of omitting the peripheral nerve tissue engineering
problems related to scaffolds such as cell adhesion and biocompatibility [83].

5.4.5 Conclusion and Future Prospects

Unpredictable outcomes and morbidity associated with the traditional methods of
treatment of nerve defects encouraged surgeons to consider alternative methods for
peripheral nerve repair. Tissue engineering has recently emerged as a useful tool
for the treatment for a variety of diseases that were previously known to be
untreatable. The combination of bioengineered scaffolds and multipotent/plurip-
otent stem cells hold a great potential toward peripheral nerve tissue engineering.

Fig. 5.8 Intra-operative views of the repair of a median nerve defect in a monkey forearm. A 5-cm
median nerve segment was excised following the dissection of the nerve (a). The defect was bridged
by a chitosan/PLGA scaffold injected with an autologous BMSC suspension (b). Macroscopic view
of the regenerated nerve at 12 months after the operation. The white arrows mark the proximal and
distal coaptation sites, respectively (c). Histological examination confirmed the nerve regeneration
at 12 months: Meyer trichrome staining of transverse and longitudinal nerve sections depicts the
myelinated axons within the regenerated nerve (myelin seen in red) (d, e); double immunostaining
with anti-neurofilament 200 (green color) and anti-S100 (red color) of transverse nerve segments
shows neurofilament-200-positive axons encircled by S-100-positive myelin (f). Scale bars,
20 lm. Transmission electron micrographs show myelin around the axons as dense black circles
(g). Scale bar, 5 lm. Adapted with permission from [78]
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However, the clinical translation of peripheral nerve tissue engineering is a deli-
cate process that should proceed toward realistic expectations following a set of
carefully determined guidelines. Further refinement of the available techniques is
required for routine, safe, and efficient clinical application.

Even though the volume of the experimental data is encouraging, the clinical
success of peripheral nerve tissue engineering depends on the controlled regulation
of cell behavior and tissue progression in synthetic nerve scaffolds. To achieve this
goal, 3D imitation of the extracellular matrix structure and a sophisticated cell–
extracellular matrix interaction are crucial. In this regard, incorporation of
nanofibers into the scaffold had greatly enhanced the biocompatibility of scaffolds.
Altogether, addition of cells and growth factors into the lumens of scaffolds and
surface modifications should help the scaffolds to mimic the natural conditions and
improve the outcomes of surgical repair of peripheral nerve defects.
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Chapter 6
Structure, Function, and Development
of Blood Vessels: Lessons for Tissue
Engineering

Hamisha Ardalani, Amir H. Assadi and William L. Murphy

The establishment of blood vessel networks is a matter of life and death for tissues
and organisms. Failure to form a functional vascular network causes early death of
embryos, and also dysfunction of ECs contributes to many diseases, including
stroke, thrombosis, and atherosclerosis. Furthermore, there is a considerable
clinical need for alternatives to the autologous vein and artery tissues used for
vascular reconstructive surgeries such as lower limb bypass, arteriovenous shunts,
and repairs of congenital defects to the pulmonary outflow tract. So far, synthetic
materials, particularly in small-diameter applications, have not matched the effi-
cacy of native tissues. Therefore, substantial resources are being directed toward
research into the cellular, molecular, and physical factors that regulate the for-
mation, stability, and functional responses of the vasculature. While academic
research in the field of tissue engineering in general has been active, yet there has
been no clear example of clinical and commercial success. The recent transition of
cell-based therapies from experimental to clinical use, however, is a breakthrough
in the field of cardiovascular tissue engineering.

Here, we discuss the structure of blood vessels and key signaling molecules,
which play significant role in vasculogenesis, angiogenesis, and maturation of
nascent blood vessels in Sects. 6.1 and 6.2, respectively. The discussion is fol-
lowed by a description of promising approaches specific to tissue-engineered
blood vessels and a brief introduction to some clinical results in Sect. 6.4. But
before we explain about tissue engineering approaches, finding the appropriate
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sources of ECs is of utmost importance, which is discussed in Sect. 6.3. The
unique regulatory, reimbursement, and production challenges facing personalized
medicine are also discussed in the last Sect. 6.5.

6.1 Structure of Blood Vessels

Delivery of nutrients and other molecules as well as blood and immune cells to all
tissues in our body is done by blood vessels. Nascent vessels consist of a tube of
ECs that mature into three specialized structures: capillaries, arteries, and veins.
ECs and mural cells that are surrounded by extracellular matrix (ECM) comprise
the walls of vessels.

To form mature blood vessels, immature blood vessels formed by vasculogenesis
and angiogenesis must mature at two levels: the level of vessel wall as well as network
level. Vessel wall maturation is the result of mural cell recruitment, development of
surrounding matrix and elastic laminae, and organ specific specialization of ECs,
mural cells, and matrix. Optimal patterning of network by branching, expanding, and
pruning to meet local demands leads to network-level maturation [1, 2].

6.1.1 Capillaries

The most abundant vessels in our body are capillaries. Capillaries consist of ECs
covered with a sparse layer of pericytes that is surrounded by basement membrane
(BM). Because of their wall structure and large surface-area-to-volume ratio, these
vessels form the main site of exchange of nutrients between blood and tissue.
Depending upon the organ or tissue, the capillary endothelial layer could be
continuous (as in muscle), fenestrated (as in kidney or endocrine glands), or dis-
continuous (as in liver sinusoids). The endothelia of the blood–brain barrier or
blood–retina barrier are further specialized to include tight junctions and are thus
impermeable to various molecules [1].

6.1.2 Arterioles and Venules

Arterioles and venules are small-diameter blood vessels in the microcirculation
that extend and branch out from an artery and vein, respectively, which lead to
capillaries [1]. These vessels have an increased coverage of mural cells compared
with capillaries. Pre-capillary arterioles are completely invested with vascular
SMCs that form their own BM and are circumferentially arranged, closely packed
and tightly associated with the endothelium. Extravasation of macromolecules and
cells from the blood stream typically occurs from postcapillary venules [2, 3].
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6.1.3 Arteries and Veins

Arteries are blood vessels that carry blood away from the heart. This blood is
normally oxygenated, with the exception of the pulmonary and umbilical arteries.
Veins are blood vessels that carry blood toward the heart. Most veins carry
deoxygenated blood from the tissues back to the heart; exceptions are the pul-
monary and umbilical veins, both of which carry oxygenated blood to the heart.
Larger vessels, arteries and veins, consist of three specialized layers as shown in
Fig. 6.1: tunica intima, the tunica media, and the tunica adventitia. The tunica
intima is made of a monolayer of ECs with an underlying BM. The tunica media is
generally composed of a dense population of concentrically organized SMCs and
is separated from the tunica intima by an internal elastic lamina. The tunica
adventitia forms the external layer and contains fibroblast cells, collagenous ECM,
nerves, and vasa vasorum [4]. The vascular wall ECM composed of structural
proteins like collagen and elastin and adhesion proteins like fibronectin and
laminin, as well as glycosaminoglycans (GAGs), proteoglycans, growth factors,
cytokines, and matrix-degrading enzymes and their inhibitors [5, 6].

6.2 Important Signaling Molecules in Vasculogenesis
and Angiogenesis

Understanding important signaling molecules at each level of development of
arteries, veins and capillaries and their maturation could help us to engineer blood
vessels that are a more faithful mimic of the natural system. Here, we review
briefly the important molecules and pathways in vasculogenesis, angiogenesis, and
maturation. Tissue engineering strategies may benefit from generating materials
that can guide these biological events in the formation of vascular networks. How
scientists and researchers use this information to engineer the blood vessels is
discussed in Sect. 6.4.

Fig. 6.1 Schematic representation of various layers in blood vessels
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6.2.1 Formation of Immature Vasculature by Vasculogenesis
and Angiogenesis

During embryonic development, angioblasts migrate to various regions of the
developing embryo and differentiate into ECs in response to local cues such as
growth factors and ECM components. The ECs then form a vascular plexus, which
is a network built by connections (anastomoses) between blood vessels. This
process is called vasculogenesis and it is not limited to the embryonic period, as a
similar process can also occur in adults through the recruitment and participation
of bone marrow-derived endothelial progenitor cells [3, 7, 8].

Angiogenesis is another mechanism of blood vessel formation that occurs
through the sprouting of existing blood vessels. Angiogenesis is a sequential,
multistep process that begins with activation of a quiescent endothelium by pro-
angiogenic factors such as vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and angiopoietin-2 (Ang2) that are often produced by hyp-
oxic or tumorigenic tissues [3, 8]. Hypoxia up-regulates expression of a number of
genes involved in vessel formation, patterning, and maturation, including nitric
oxide synthase, VEGF, and Ang2. Nitric oxide, which is a product of nitric oxide
synthase, dilates vessels and make them more responsive to VEGF because they
becomes more leaky. Ang2 also facilitates sprout formation in the presence of
VEGF. The sprouts anastomose to form vascular loops and networks [3].

Angiogenesis is also dependent on degradation of the BM, a thin layer of ECM
between the epithelial cell layer and the endothelial cell lining of blood vessels.
Degradation of BM is due to up-regulation of matrix metalloproteinases (MMPs)
such as MMP2, MMP3, and MMP9, and suppression of protease inhibitors such as
tissue inhibitor of metalloproteinase-2 (TIMP2). BM degradation is followed by
migration of an endothelial tip cell from the leading edge of a vascular sprout; this
leading edge defines the direction of the newly growing sprout [2, 6, 7].

6.2.2 Endothelial Cell Branching and Proliferation

High levels of proangiogenic factors (such as VEGFA and VEGFC) and of VEGF
receptor 2 (VEGFR2) or VEGFR3 signaling select ‘‘tip cells’’ (TCs) for sprouting
during angiogenesis. By contrast, Delta-like 4-notch signaling laterally inhibits TC
fate in adjacent ECs. TC sprouting behavior is facilitated by the vascular endo-
thelial cadherin-mediated loosening of EC–EC junctions, matrix metalloproteinase-
mediated degradation of ECM and the detachment of pericytes. Guidance of TC
sprouting is due to the gradients of proangiogenic growth factors and various
environmental guidance cues, such as semaphorins and ephrins. During sprout
elongation, TCs are trailed by endothelial ‘‘stalk cells’’ (SCs), which maintain
connectivity with parental vessels and initiate partitioning-defective3 (PAR3)-
mediated vascular lumen morphogenesis. Expression of VEGFR1 and activation of
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notch, Roundabout homologue 4 and WNT signaling in SCs repress TC behavior to
maintain the hierarchical organization of sprouting ECs. However, TCs and SCs
may also shuffle and exchange positions during angiogenic sprouting. Upon contact
with other vessels, TC behavior is repressed and vessels fuse by the process of
anastomosis, which is assisted by associated myeloid cells. The ECs adjacent to the
tip cells begin to proliferate and elongate to form capillary sprouts, which then
assemble to form a vessel lumen. After the activation and proliferation stages, a
nascent blood vessel must mature to become functional [6–11].

6.2.3 Stabilization of Immature Vasculature

After the activation and proliferation stages, a nascent blood vessel must mature to
become functional. The nascent vessels are stabilized by recruiting mural cells and
by deposition of an ECM, in a process known as arteriogenesis. There are at least
four molecular pathways that regulate this process, including the following:

1. Platelet-derived growth factor PDGFB and PDGF receptor (PDGFR)-b.
2. Sphingosine-1-phosphate-1 (S1P)-endothelial differentiation sphingolipid

G-protein-coupled receptor-1 (EDG1).
3. Ang1-Tie2.
4. Transforming growth factor TGF-b1.

Recruitment of mural cells such as pericytes and smooth muscle cells (SMCs)
to the developing immature vasculature by platelet-derived growth factor B
(PDGFB) and transforming growth factor-b1 (TGF-b1) stabilize the vessel wall
[2, 7, 12, 13]. The contact between ECs and mural cells is strengthened by bio-
active lipid spingosine1 phosphate (S1P) through activating the guanine nucleo-
tide-binding-coupled receptor, and S1P receptor 1(S1PR1 or EDG1) signaling [7,
14]. Tie receptors (Tie1 and Tie2) and their ligands Ang1 and Ang2 are also
critical for vessel formation and stabilization. Main sources of Ang1 and Ang2 are
the mural cells and ECs, respectively. Ang1 stabilizes nascent vessels by facili-
tating communication between ECs and mural cells. Ang2 acts as an antagonist of
Ang1 in the absence of VEGF and destabilizes vessels in the presence of VEGF
[15].

TGF-b1 is a multifunctional growth factor that promotes vessel maturation by
stimulating ECM production and by inducing differentiation of mesenchymal cells
to mural cells. It is expressed in a number of cell types, including ECs and mural
cells, and depending on the context and concentration, could be pro- or anti-
angiogenic. Recent in vitro studies indicate that the TGF-b1–ALK1 pathway is a
positive regulator of endothelial cell migration and proliferation by inducing ECs
and fibroblasts to express Id1, a protein required for proliferation and migration.
On the other hand, the TGF-b1–ALK5 pathway is a positive regulator of vessel
maturation by inducing the plasminogen activator inhibitor (PAI1) in ECs. PAI1
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promotes vessel maturation by preventing degradation of the provisional matrix
around the nascent vessel. Thus, the degree to which TGF-b signals through ALK1
versus ALK5 can determine the pro- or anti-angiogenic effect of TGF-b [2, 10].
Figure 6.2 shows important signaling molecules that are involved in vasculogen-
esis, maturation of blood vessels and angiogenesis.

6.2.3.1 Role of Basement Membrane in Stabilization of Immature
Blood Vessels

As mentioned earlier, BM degradation happens during the complicated multistep
angiogenesis process. Direct contact between the BM and the EC layer provides
important signals that control the stability of EC layer and facilitate EC tube
stabilization. Vascular basement membrane matrices are largely composed of
structural components, including laminin (particularly laminin IV), collagen IV,
and fibronectin. Other proteins provide bridging functions such as nidogens 1 and
2, and the heparan sulfate proteoglycan perlecan, which facilitate the co-assembly
of BM components [16–18]. It has long been known that ECs have the capacity to
synthesize most if not all of these proteins, so it was generally assumed that BM

Fig. 6.2 Schematic of important signaling molecules that are involved in vasculogenesis,
maturation of blood vessels, and angiogenesis, modified from Ref. [6]
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assembly occurred through ECs alone. However, in a variety of tissues, most
notably the skin, it is clear that BM assembly requires more than keratinocytes and
was strongly stimulated by the presence of fibroblasts in collagenous matrices
underlying the keratinocyte layer. Thus, by analogy with these findings, it is likely
that vascular basement membrane assembly may require heterotypic cell–cell
contacts, which was originally suggested by Davis and Senger [19]. A recent study
by Stratman et al. demonstrates that pericyte recruitment to EC-lined tubes in vitro
and in vivo is necessary to stimulate vascular basement membrane matrix
assembly, a key step in vascular maturation and stabilization [20].

Collectively, the matrix serves as a store for various growth factors and
proenzymes involved in vessel development. The balance between proteases (such
as MMP2, MMP3, MMP9, and urokinase plasminogen activator) and their
inhibitors (such as tissue inhibitors of metalloproteinases and PAI1) controls BM
and ECM degradation and could influence EC and mural cell migration [7, 20, 21].
These proteases also lead to the release of various proangiogenic growth factors,
such as VEGF and basic fibroblast growth factor (bFGF), which are sequestered in
the matrix. Protease activity can also generate anti-angiogenic molecules by
cleaving plasma proteins (such as angiostatin from plasminogen), matrix mole-
cules (such as tumstatin from collagen type IV), or the proteases themselves (such
as PEX from MMP2). Thus, branching patterns of vessels are tightly regulated by
spatial and temporal concentration profiles of growth factors and protein fragments
that transport and bind to the matrix [2, 4].

6.3 Sources of Endothelial Cells and Their Progenitors

One potential source of ECs are embryonic stem cells, which are pluripotent and
thus capable of differentiating into all cell types of the endoderm, ectoderm, and
mesoderm. Although ESCs have the advantages of greater proliferative capacity
and pluripotentiality when compared to other endothelial cell precursors, these
properties also raise a concern. Specifically, the inadvertent administration of an
undifferentiated (and thus pluripotent) ESC to a patient would risk teratoma for-
mation. Accordingly, the clinical development of this cell therapy will require
robust differentiation and purification protocols, supported by data showing the
safety of these cells. The therapeutic use of these cells is further complicated
because they are allogeneic and therapeutic engraftment may require immuno-
suppression, which carries additional risk. Finally, the clinical use of these cells
may be influenced by the ethical debate surrounding the isolation of cells from
human embryos. Accordingly, there is great interest in a new form of pluripotential
cell that can obviate some of these concerns. Induced pluripotent stem cells
(iPSCs) can be ‘‘reprogrammed’’ from adult somatic cells using a variety of
methods, established primarily by Yamanaka and Thomson. iPSCs have the
potential to generate patient-specific tissues for disease modeling and regenerative
medicine applications. However, before iPSC technology can progress to the
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translational phase, several obstacles must be overcome. These include uncertainty
regarding the ideal somatic cell type for reprogramming, the low kinetics and
efficiency of reprogramming, and karyotype discrepancies between iPSCs
and their somatic precursors. In this section, we describe different sources of ECs
and common endothelial cell markers that have been investigated so far by
researchers, from embryonic and iPSCs to adult cells.

6.3.1 Embryonic Stem Cell-Derived Endothelial Cells

• From Embryoid Bodies (EB)
Mouse embryonic stem cells (mESCs) can differentiate into hemangioblasts
after forming embryoid bodies (EBs). Hemangioblasts that form blood islands
contain endothelial and haematopoietic progenitors [22]. Formation of a vessel-
like network is the result of further differentiation of the EBs [23]. Moreover, it
has been shown that endothelial cell markers differentiated from EBs are
expressed in the same order that is expressed in endothelial differentiation
during embryonic development [24].
During human EB differentiation, endothelial cell markers such as CD31, CD34,
VE-cad ,and GATA-2 show increasing trends in their expression [25, 26]. CD31,
CD34, and VE-cad reach a maximum at days 13–15 and GATA-2 around day 18.
Other endothelial markers such as VCAM1, FLT-1, FLT-2; vasculogenic growth
factors such as VEGF, Ang1, Ang2, and PDGF; and transcription factors such as
GATA1 and GATA3 are up-regulated as well [27]. Like mouse ESCs, human
ESCs (hESCs) can spontaneously differentiate and organize within EBs into
three-dimensional vessel-like structures, in a pattern that resembles embryonic
vascularization. The capillary area in the human EBs increases during subsequent
maturation steps, starting from cell clusters that later sprout into capillary-like
structures and eventually organize in a network-like arrangement. These isolated
CD31+ cells from human EBs (days 13–15), express endothelial markers and can
form vascular tubes in vitro and in vivo [28].

• On feeder layer and ECM
Seeding ES cells on feeder cells or within an ECM can also induce differenti-
ation into haematopoietic and endothelial lineages. For example, mouse endo-
thelial progenitors (Flk-1+ cells) were isolated following the differentiation of
ESCs on collagen. The isolated Flk-1+ cells in mouse systems are precursors for
haematopoietic, endothelial, and SMCs and can also give rise to contracting
cardiac cells, thus acting as cardiohemangioblasts [29, 30]. Culturing of human
embryonic stem cells (hESC) on collagen IV resulted in two types of cell
population that differ by size. The smaller cell population showed an upregu-
lation of specific endothelial markers, such as CD31, CD34, Tei2, and GATA2.
Cord-like organization of the cells (20 % ECs) was observed by re-plating the
smaller population of cells on collagen IV with VEGF supplementation.
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Moreover, addition of PDGFB induced differentiation into SMCs [31]. Seeding
hESCs on stromal feeder cells (bone marrow and yolk sac) could lead to dif-
ferentiation into CD34+ cells (1–2 %). Interestingly, about 50 % of the CD34+

cells also express CD31. The CD34+ cells were isolated and differentiated into
haematopoietic cells [32].

6.3.2 Adult-Derived Endothelial Cells

Human umbilical vein endothelial cells (HUVECs) show relatively higher pro-
liferative potential among the isolated CD31+ ECs that originate from veins and
arteries of different tissues [28]. Isolation of CD34+ and Flk-1+ cells from
peripheral blood using magnetic beads is another source of adult ECs [16]. These
isolated progenitor cells could differentiate into ECs and incorporate into neo-
vascularization sites in mouse and rabbit hindlimb ischemic models [34]. CD34+

cells, mobilized from the bone marrow following treatment with granulocyte
macrophage colony stimulating factor, improved ventricular function and neoan-
giogenesis in ischemic nude rat myocardium [35]. CD133+ cells purified from
bone marrow were also shown to enhance human myocardial perfusion and global
function [36]. Another important source of adult ECs is the umbilical cord blood,
which contains more CD133+ and CD34+ cells than adult peripheral blood and has
higher proliferation capacity [37].

6.3.3 Induced Pluripotent Stem Cell-Derived
Endothelial Cells

Yamanaka et al. have shown systematic differentiation of cardiovascular cells
from mouse iPSCs. Induced pluripotent stem (iPS) cells were generated from
mouse skin fibroblasts by introducing four transcription factors (Oct3/4, Sox2,
Klf4, c-myc), and then, the same approach was applied on ES cells to induce
cardiovascular differentiation. They showed that Flk1+ cells could differentiate
into artery, vein, and mural cells [38]. Rufaihah et al. have differentiated human
iPSCs (hiPSCs) into endothelial cells (hiPSC-ECs) to assess their ability to
improve perfusion in a murine model of peripheral arterial disease [39, 40]. In
brief, endothelial differentiation was initiated by culturing hiPSCs for 14 days in
differentiation media supplemented with bone morphogenetic protein 4 and VEGF.
They purified the heterogenous mixture of cells by FACS using an antibody
directed against CD31. The purified hiPSC-ECs generated capillary-like structures
when grown in Matrigel and incorporated acetylated-LDL cholesterol. These cells
expressed endothelial markers such as FLK-1 (KDR), CD31, CD144, and eNOS.
When exposed to hypoxia, the hiPSC–ECs produced angiogenic cytokines and
growth factors. Subsequently, they transduced the cells with a double-fusion
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construct comprising firefly luciferase for BLI and green fluorescence protein for
histochemistry. The hiPSC–ECs were administered on days 0 and 7 after femoral
artery ligation into the ischemic hindlimb of immunodeficient mice. Over a two-
week period, BLI revealed reduction of cells, but some hiPSC–ECs survived in the
ischemic limb for at least 2 weeks. At that time, and for up to 4 weeks, perfusion
was improved by over 30 % by comparison to the vehicle-treated group, as
assessed by laser Doppler imaging. This effect was associated with a 60 %
increase in the total number of capillaries in the ischemic limb of mice receiving
hiPSC–EC injections by comparison to the vehicle-treated group. This preclinical
work provided proof-of-concept for the use of hiPSC–EC in peripheral arterial
disease [41].

Figure 6.3 shows development of therapeutic cells from human-induced plu-
ripotent cells. Readily accessible somatic cells (e.g., skin fibroblasts) are harvested
from a patient and expanded in culture. Cells are exposed to reprogramming
transcriptional factors, in the form of cell permeant peptides and modified mRNA.
The resulting iPSC colonies are differentiated into vascular progenitor cells, that
are administered directly to patients with vascular disease, or which are incor-
porated into matrices as a biological conduit such as cylindrical bioengineered
matrix or decellularized cadaveric vessels for surgical implantation. These bio-
engineered conduits would serve to replace autologous saphenous vein in patients
that have insufficient or diseased veins [41].

Fig. 6.3 Development of therapeutic cells from human-induced pluripotent cells
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6.4 Engineering Blood Vessels from Stem Cell-Derived
Endothelial Cells: Recent Advances and Applications

In the last three sections, we introduced the structure of blood vessels, important
cell signaling molecules in vasculogenesis/angiogenesis, and different cell sources
for ECs. Now, we will describe the tissue engineering approaches are available for
making macrovessels and microvessels.

6.4.1 Approaches to Macrovessel Tissue Engineering
(e.g., Heart Valve)

The approaches to engineer macrovessels can be divided into several distinct
categories, although there may be some overlapping features. Successful appli-
cation of these approaches, either individually or in combination, is expected to
enhance therapeutic opportunities by building functional tissue and organ systems
for regenerative medicine.

1. Formation of a tissue in vitro by seeding cells on a biodegradable scaffold and
maturing a tissue (to be implanted in vivo) in a bioreactor.

2. Cell-seeded natural biodegradable scaffolds.
3. Guided tissue regeneration via implanted degradable tissue that is remodeled by

endogenous cells.
4. Implantation of decellularized valvular material.
5. Other approaches such as microfabrication techniques and scaffold-free

approaches.

In all of the mentioned approaches, choosing the right cell among the spectrum
of stem cells to differentiated cells and also the right scaffold is of utmost
importance [42]. The scaffold should provide the initial requisite mechanical
strength to withstand in vivo hemodynamic forces until vascular SMCs and
fibroblasts reinforce the ECM of the vessel wall. Hence, the choice of scaffold is
crucial for providing guidance cues to the cells to behave in the required manner to
produce tissues and organs of the desired shape and size. Several types of scaffolds
have been used for the reconstruction of blood vessels. They can be broadly
classified as biological scaffolds, decellularized matrices, and polymeric biode-
gradable scaffolds. A review written by Pankajakhshan et al. focuses on the
different types of scaffolds that have been designed, developed, and tested for
tissue engineering of blood vessels [43].
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6.4.1.1 Bioreactor Approach

The bioreactor approach should provide a desirable physiological, metabolic, and
mechanical environment for blood vessel formation in vitro. To develop well-
developed and effective construct for implantation and remodeling one approach
would be to optimize the cellular component, the scaffolds, and the in vitro process
conditions. Novel scaffolds are also under investigation. Multiple studies have
emphasized that dynamic conditioning using bioreactors that provide a flow regime
that mimics that of the intended application enhances construct tissue properties
[44, 45]. Oxygen tension might be a key parameter for the achievement of sufficient
tissue quality and mechanical integrity in tissue-engineered heart valves [46, 47].
A mesenchymal stem cell-seeded, valve-shaped construct has been assembled from
layered collagenous scaffolds. Autologous fibrin-based engineered heart valves
showed favorable results both in vitro and in vivo [48, 49]. Culturing vascular cells
on polymer scaffolds and subjecting the scaffold to pulsating flow is another
approach that is studied by Niklason et al. [50]. In fact, they seeded bovine aortic
SMCs into hollow tubular polyglycolic acid (PGA) scaffolds and then injected
bovine aortic ECs into the lumen. Compared with native arteries, the engineered
arteries demonstrate similarities in wall thickness and collagen content after eight
weeks of culture in a bioreactor. A key issue moving forward will be the real-time
noninvasive and nondestructive assessment of mechanical properties of engineered
heart valves both in vitro and utilization of such techniques in vivo to ensure quality.

6.4.1.2 Decellularized Vascular Material

Removal of all viable cells while preserving the ECM integrity is the goal in
producing decellularized xenogeneic tissue. This method provides valuable mate-
rial for heart valve tissue engineering. Decellularized materials have the advantage
of preserving ECM components that may support cell adhesion and molecular
sequestering, as well as desirable mechanical properties. However, ECM disruption
by the decellularization process and immunogenicity are concerns inherent in the
use of decellularized ECMs. For instance, decellularization resulted in substantial
microscopic disruption of the ECM, which may negatively impact the durability of
heart valve leaflets [51]. Moreover, evaluation of the relative immune responses of
different valve components of decellularized porcine aortic valve compared with
native and glutaraldehyde fixed valves showed that collagen I elicited a strong
response but elastin induced a minimal response [52]. Recellularization of these
valves has been reported in an aortic valve replacement model in juvenile pigs [53].
Another study investigated the function, histological changes, potential of in vivo
re-endothelialization of decellularized aortic valve allografts in orthotopic position
in sheep. The valves exhibited trivial regurgitation and normal morphology with no
signs of graft dilatation, degeneration, or rejection [54]. Toxicity that is introduced
to scaffold by the chemicals used in the decellularization process is another concern
in decellularized natural ECMs. A clinical study investigated the safety and
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effectiveness of the Ross procedure (pulmonary to aortic valve autograft) using a
decellularized, fibronectin-coated pulmonary valve allograft or xenograft seeded
with autologous vascular ECs from a forearm or saphenous vein to reconstruct the
right ventricular outflow tract. These valves showed excellent hemodynamic per-
formance during midterm follow-up [55]. In contrast, recurrent right-sided heart
failure after the Ross procedure was reported in a study done by Hiemann et al. [56].

6.4.1.3 Cell-Seeded Natural Biodegradable Scaffold

The cell-seeded natural biodegradable scaffold approach involves isolating and
growing ECs on polymer scaffolds in vitro, followed by in vivo implantation. This
method has been tested in an ovine model, where expanded pulmonary arterial cells
were grown on polyglactin/poly (lactic-co-glycolic acid) tubular scaffolds for one
week before transplantation into pulmonary arteries of lamb. Over a period of
24 weeks, the vascular grafts showed growth and development of endothelial lining
and the production of ECM components, such as collagen and elastin fibers [57].

6.4.1.4 Microfabrication Technique

Another approach for the in vitro induction of endothelial networks in engineered
tissue constructs is to prefabricate scaffolds to include channels that later could be
lined with ECs. Microfabrication techniques are currently under way to engineer
such network structures that will mimic the capillary network, expanding from a
main vessel (like arteries), and merging back to a single vessel (like veins). In such
systems, endothelial cells are seeded into the channel network and their attachment
and behavior under flow are analyzed. Inkjet printing can be used to pattern cells
into tubular structures. This technique, as well as other cell-printing techniques
such as laser-guided direct writing, could be used in the future for the assembly of
complex vascularized tissues. In one such approach, Tien and coworkers devel-
oped a method to prefabricate hollow channels within collagen gels. ECs were
then seeded along the interior of the channel such that they formed a vessel-like
structure that permitted flow of solution through the tube lumen. The authors
demonstrated endothelial barrier function and appropriate barrier breakdown upon
exposure to inflammatory cytokines [58].

6.4.1.5 Cell-Synthesized ECM-Scaffold-Free Approach

Although biomaterials-based solutions are promising, there are challenges that
need to be solved. Some of the key issues that may affect the long-term behavior of
the engineered tissue construct, and directly interfere with its primary biological
function, are scaffold choice, immunogenicity, degradation rate, toxicity of
degradation products, host inflammatory responses, fibrous tissue formation due to
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scaffold degradation, and mechanical mismatch with the surrounding tissue. To
address these problems, fabrication techniques for production of scaffold-free
engineered tissue constructs have recently emerged. Norotte et al. reported a fully
biological self-assembly approach, which was implemented through a rapid
prototyping bioprinting method for scaffold-free small-diameter vascular recon-
struction. Various vascular cell types, including SMCs and fibroblasts, were
aggregated into discrete units, either multicellular spheroids or cylinders of
controllable diameter (300–500 mm). These were printed layer-by-layer con-
comitantly with agarose rods, used as a molding template. A unique aspect of the
method is the ability to engineer vessels of distinct shapes and hierarchical trees
that combine tubes of distinct diameters. The technique is rapid and scalable [59].

In another study done by L’Heureux et al. the SMCs and fibroblasts were
cultured in medium containing sodium ascorbate for increased ECM deposition.
After 1 month of in vitro culture, the sheet of SMCs in their own ECM was
wrapped around a tube, covered with a sheet of fibroblasts in their own ECM, and
then, the luminal surface was seeded with ECs. This construct reportedly had burst
strength of over 2,000 mm Hg. In addition, the SMCs expressed desmin, and the
ECs strongly inhibited platelet adhesion in vitro. However, when these grafts were
implanted in dogs as a canine femoral arterial interposition graft, they had a
patency rate of approximately 50 %. In addition, the grafts required 3 months for
production. This approach has been further tested in three patients undergoing
hemodialysis. The vessels constructed from autologous dermal fibroblasts and ECs
were implanted as arteriovenous fistulas for dialysis access and were allowed to
mature in vivo before use. During five months of implantation, no failures were
observed, and the grafts functioned well. Although the results are encouraging, this
approach requires long culture and maturation periods that would limit the
application of these vessels in urgent cases [60, 61].

6.4.2 Approaches to Microvessel Tissue Engineering
(e.g., Capillaries)

Incorporation of a microcirculation into engineered tissues presents multiple
challenges, including the formation of microscale vascular conduits for blood flow,
a functional endothelium that regulates vascular activity, and specialized cell types
that perform the physiological function of the tissue of interest. Several approaches
have been developed to address these challenges, including the following:

1. Incorporation of biomolecular cues within the material.
2. Seeding of vascular or vascular-inducing cells in the scaffold.
3. Use of microfabrication technologies to engineer branched microfluidic chan-

nels within biocompatible materials.

Here, we discuss each of the above-mentioned approaches in more detail.
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6.4.2.1 Incorporation of Biomolecular Cues Within the Material

Growth factor incorporation in three-dimensional (3D) engineered tissues is cru-
cial for angiogenesis and vascularization. In order to establish a functional
microvascular network, coordinated delivery of several key factors such as VEGF,
FGFs, PDGFs, TGFs, angiopoietins, ephrins, placental growth factors and various
chemokines are beneficial. Presentation of a single factor such as VEGF is not
typically sufficient to form functional conduits and can, in contrast, lead to
induction of tortuous and leaky vessels. Thus, spatial and temporal regulation of
growth factor signaling may help ensure accurate vessel growth and remodeling
[62, 63].

The need for materials that could be chemically and mechanically tailored to
incorporate and release bioactive molecule, while meeting biocompatibility and
biodegradability standards, has led to further use of hydrogels as scaffolds for
engineered tissue constructs. Hydrogels are hydrated materials made from a cross-
linked network of hydrophilic polymers. The integration of factors that induce
rapid endothelial cell ingrowth and that stabilize the vascular network as it forms
could support the success of these hydrogels [6]. We discuss growth factor-
releasing hydrogels and protease-sensitive hydrogels in Tissue Engineering
Approaches to Deliver Growth Factors and Protease-Sensitive Hydrogels,
respectively. ECM peptides that induce vasculogenesis/angiogenesis in hydrogels
are discussed in ECM Peptides Used in the Hydrogel Backbone to Induce Angi-
ogenesis and Vasculogenesis. These discussions are followed by the effect of
hydrogel stiffness and porosity on angiogenesis/vasculogenesis (Hydrogel Stiffness
and Porosity).

Tissue Engineering Approaches to Deliver Growth Factors

Strategies for biomaterial presentation of growth factors in tissue engineering can
be conceptually divided into two areas:

1. Chemical immobilization (covalent or noncovalent) of the growth factor into or
onto the matrix; and

2. Physical encapsulation of growth factors in the delivery system.

The first approach typically involves chemical binding or affinity interaction
between the growth factor-containing polymer and a cell or a tissue. The second
approach is achieved by the encapsulation, diffusion, and pre-programmed release
of growth factor from substrate into the surrounding tissue. There are several
methods for each approach that are described in detail in a review by Mooney and
coworkers [64].

Investigators have developed a wide range of ECM-mimicking biomaterials to
immobilize growth factors or growth factor mimics, including hydrogels con-
taining ligands from fibronectin, laminin, collagen, elastin or the GAGs heparin
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sulfate, chondroitin sulfate, hyaluronic acid, or a variety of synthetic hydrogels
[64]. In a study by Hubble and coworkers, a rationally designed combinatorial
approach was used to discover a sulfated tetra-peptide that binds to VEGF.
SY(SO3)DY(SO3) was identified as the top binder to VEGF, which mimics
heparin binding to VEGF as a potential improvement over natural heparin [65].
Koch et al. similarly used a synthetic homo-bifunctional polymer cross-linker,
disuccinimidyl disuccinate poly (ethylene glycol), to attach VEGF to collagen
matrices [66]. PEG-ephrinA1 immoblized to hydrogel surfaces induced endothe-
lial cell tubulogenesis with luminal diameters in the range of 5–30 lm, creating
structures resembling early-stage capillaries [67]. In another study, PEG-VEGF
not only increased endothelial cell tubulogenesis, but also increased endothelial
cell motility 14-fold and cell–cell connections 3-fold in a three-dimensional,
biodegradable hydrogel [68].

Saik et al. developed MMP-sensitive PEGDA hydrogels immobilized with
ephrin A1 ligands, which stimulate a wide range of receptors that induce vascu-
larization. The efficacy of ephrin A1 ligand conjugation was demonstrated 14 days
after implantation, by comparing vascular network parameters such as vessel
density, branch points of MMP-sensitive, PDGF-BB-containing PEGDA hydro-
gels with or without immobilized ligand. The biodegradable, bioactive hydrogels
immobilized with ephrin A1 ligand produced a denser vasculature in the mouse
cornea pocket relative to the nonligand-containing scaffold [69].

Transfecting cells to overexpress angiogenic growth factor genes is another way
to promote prolonged, local growth factor delivery [70, 71]. In one example,
mononuclear cells, which give rise to endothelial progenitor cells, were transfected
to overexpress VEGF. Transfection with a VEGF-encoding gene stimulated their
differentiation into ECs for vasculogenesis, while also enhancing local angio-
genesis [70]. Myoblasts have also been transfected to express VEGF and bFGF to
improve vascularity in engineered muscle tissue [72].

Protease-Sensitive Hydrogels

Cell-induced proteolysis is often required for 3D cell migration and invasion,
because the porosity of the ECM may lead to barrier function and thus inhibit
migration [73]. Whereas many synthetic biomaterials have been designed to
degrade by ester hydrolysis, such nonenzymatic hydrolysis of matrices is not cell
mediated and is less directly responsive to cell-mediated remodeling and tissue
morphogenesis. Cell-induced proteolysis is a reciprocal interaction between ECM
and the cells, as the ECM stimulates the cells and the cellular proteases remodel
the ECM and release associated bioactive components from it. For example,
Phelps et al. seeded NIH3T3 fibroblasts in poly (ethylene glycol)-diacrylate
(PEGDA)-based degradable scaffold and incorporated some responsive elements,
such as protease-labile cross-links, cell adhesive peptides, and conjugated VEGF.
They demonstrated that both adhesive ligands and MMP-degradable sites were
necessary for cells to spread. Furthermore, implantation of VEGF-conjugated
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scaffolds into a mouse model of hindlimb ischemia resulted in rapid vasculari-
zation of the biomaterial that remained stable for at least 4 weeks [74].

Exciting progress has been made in mimicking the proteolytic recognition of
natural ECMs in synthetic polymer gels. Protease-sensitive peptides can be cate-
gorized in two main general groups: Plasmin-sensitive peptides and MMP-sensitive
peptides. For example, a fibrinogen-derived (R chain, residues L94I119) peptide
sequence that is combined with RGD cell adhesion site is a plasmin-sensitive
peptide. (LRGDFSSANNR ; DNTYNR ; VSEDLRSRI, ; indicating the plasmin
cleavage site) [75]. Alison et al. evaluated plasmin substrate sites reported in
fibrinogen as potential substrate sites in the cross-linker peptide. After considering
solubility and hydrophobicity and some other practical parameters, they came up
with the engineered peptide sequence CYKNRDC. Because of a negative influence
of the aspartate (D) residue on the reactivity of the cysteine � thiol toward vinyl-
sulfone, this residue was eliminated from the final cross-linking peptide design [71].

Sequence (GGGPQG ; IWGQGK) is an MMP-sensitive peptide that can
be incorporated in the backbone of the PEG block polymers with acrylate
terminal groups, which allows cross-linking of precursors into networks.
GGGPQG ; IWGQGK is a mutated version of a1(I) collagen chain for increased
degradation kinetics with various MMPs [76]. Anseth and coworkers incorporated
a cysteine-containing bifunctional peptide, CPE ; NFFRGD into PEG hydrogels
by thiol-acrylate photopolymerization. This peptide has the RGD motif for cell
adhesion and the sequence of PENFF for MMP-13-sensitive cleavage [77]. The
resulting hydrogels provided a platform that mimics the native upregulation and
downregulation of cell adhesive proteins by the cell-secreted enzymes in the ECM
for differentiating human mesenchymal stem cells (hMSCs). A review written by
Zhu provides more information about other enzyme-sensitive peptides that have
been used in the proteolytically degradable PEG hydrogel [78].

ECM Peptides Used in the Hydrogel Backbone to Induce Angiogenesis
and Vasculogenesis

Cell adhesion to traditional biomaterials, such as polyethylene, polytetrafluoro-
ethylene or silicone rubber, is based upon nonspecific adsorption of proteins from
the body fluids to the material surface. A subset of these adsorbed proteins,
including fibronectin, fibrinogen, and vitronectin, promote cell adhesion by
interacting with the corresponding adhesion receptors on the cell surface. To
achieve similar cell adhesion in a more well-defined synthetic context, several
investigators have tested ECM protein-derived cell adhesive peptides as a com-
ponent of biomaterials. These peptides are based on the primary amino acid
sequence or structure of the receptor-binding domains of proteins such as fibro-
nectin and laminin. Early work demonstrated an important possible advantage of
working with short adhesion peptides, rather than the complete parent protein, as
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the peptides could be displayed in a manner that enhanced peptide availability to
cell-surface receptors [63]. Cell adhesive peptides are mainly derived from four
ECM proteins, including fibronectin (FN) (e.g., RGD, KQAGDV, REDV and
PHSRN), laminin (LN) (e.g., YIGSR, LGTIPG, IKVAV, PDGSR, LRE, LRGDN
and IKLLI), collagen (e.g., DGEA and GFOGER), and elastin (e.g., VAPG). RGD
is the most commonly used cell adhesive peptide, perhaps due to its long history of
use and its effectiveness in promoting cell adhesion. RGD peptides are typically
used in either linear (RGD) or cyclic (cRGD) form. Research has demonstrated
that cRGD peptides have the advantage of increasing the affinity to integrin avb3

and enhancing biological activity up to 240 times in comparison with linear RGD
analogues [79]. This enhanced effectiveness of cRGD is biomimetic, as the RGD
sequence in the cell-binding domain of FN is exposed at the tip of a loop with a
spatial constraint that results in increased affinity for cell binding. Thus, incor-
poration of cRGD peptides into PEGDA hydrogels can better mimic the native
RGD loop structure and benefit cell adhesion [80].

In another study, Hubble et al. showed that within the adhesion protein fibro-
nectin, the tetra-peptide REDV is a more specific ligand for integrin receptor a4b1,
which is present on the endothelial cell but not the blood platelet. It would be
beneficial to use this specificity to develop vascular grafts that support endothelial
cell adhesion and migration, while rejecting the adhesion of blood platelets [63].

Hydrogel Stiffness and Porosity

The physical properties of hydrogels can be regulated by the chemistry of the
polymeric backbone, its hydrophilicity, polymer concentration, and cross-linking
density. Increasing the cross-linking density and/or monomer concentration gen-
erally results in increased stiffness and reduced degradation rates because of a
larger number of bonds that need to be cleaved during degradation of the material.
The stiffness of hydrogels can be adjusted by varying the percentage of polymer
used in the solution before the cross-linking procedure and can be controlled by
adjusting the cross-linking agent and the cross-linking density during hydrogel
formation. Increasing the number of bonds in the polymer also limits the ability of
water molecules to diffuse in and out of the material. Thus, the degree of cross-
linking of polymer networks can be used to tailor both the structural stability and
the porosity of the material [81]. As a result, the degree of cross-linking is an
important aspect in regulating the transport of solutes through hydrogel structures
[82]. A recent study by West and colleagues showed that hydrogel stiffness affects
the degree of endothelial tubule formation. In stiffer hydrogels, tubule formation
was reduced and cell clusters remained short and rudimentary, as cells failed to
migrate as much as they do in softer matrices [62]. Ghajar et al. studied the effect
of matrix density on the regulation of 3D capillary morphogenesis and demon-
strated a key role for both matrix stiffness and ligand density [83].
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6.4.2.2 Seeding of Vascular or Vascular-Inducing Cells in the Scaffold

Encapsulation of ECs and supporting cells within biomaterials are common
strategies that have attracted a great deal of attention. This encapsulation strategy
benefits from cell signaling, differentiation, and migration as well as the dynamic
interactions between cells that provide the biochemical environment beneficial for
the ensuing tissue remodeling. For example, to mimic skin tissue vascularization,
Black et al. co-cultured HUVECs, human-derived fibroblasts and keratinocytes
(skin cells) housed within a collagen-based scaffold [84]. Biochemical coordina-
tion between the ECM generated by the fibroblasts and growth factors such as
VEGF and TGF-b secreted by neighboring cells in the presence of HUVECs
promoted the development of a vascular network both in vitro and in a mouse
model [85, 86]. Furthermore, recent studies highlight the benefits gained from the
addition of epithelial cells—those that line the body cavities such the gut and
lungs—to stabilize and regulate the size and formation of capillaries within the
vascularized model. Thus, various cell types can play complementary roles in
tailoring vascularization.

The idea of implanting a co-culture of ECs with ECM-forming fibroblasts or
bone-forming osteoblasts in vivo was validated by Alajati et al. HUVECs and
osteoblasts were encapsulated within a scaffolding material composed of VEGF
and FGF-2 in Matrigel (a murine tumor–derived ECM), fibrin, and thrombin, and
the biomaterial was implanted subcutaneously in a severe combined immunode-
ficiency (SCID) mouse model for up to 20 days. The result was a durable perfused
vascular network in vivo [87]. In another study, HUVECs were used to promote
the human MSC differentiation into an endothelial lineage, promoting the for-
mation of 3D vascular structures for up to 2 weeks in a Matrigel-based ECM [88].
A mature vascular network was also formed by combining HUVECs and human
MSCs in a polymeric scaffold in vivo 4–7 days after implantation, thus acceler-
ating the functional remodeling of the implant when used as a bone graft [89].

All in all, the scaffold is a crucial component that regulates the dynamic vas-
cularization process. Scaffolds used in this area are either natural biodegradable
materials, such as collagen and Matrigel, or synthetic biodegradable scaffolds,
such as poly-L-lactic acid (PLLA) or poly-D,L-lactic-co-glycolic acid (PLGA).
However, because of shortcomings seen in their mechanical strength, durability,
immunogenicity, and other application-specific requirements, researchers continue
to develop more suitable scaffolds for endothelial-cell-based vascularization for
specific applications.

6.4.2.3 Use of Microfabrication Technologies to Engineer Branched
Microfluidic Channels Within Biocompatible Materials

Microengineered scaffolds containing channels can be used to seed ECs to form a
confluent endothelium on the walls of the vascular channels [90]. Microengi-
neering techniques can be categorized into two different groups based on the
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dimensionality of the produced structures: (1) techniques that produce planar
structure such as photolithography and molding; and (2) techniques that produce
3D structure such as direct ink writing and omnidirectional printing. Photoli-
thography is a process that uses light illumination through a mask to generate
structures from light-sensitive materials, while molding is a process that uses a
hollowed-out pattern to which a deposited material conforms. Photolithography
and molding are both planar. A 3D structure can result from stacked 2D structures
that comprise channels with rectangular cross sections instead of channels with
circular cross sections [6]. Raghavan et al. developed a novel approach to control
endothelial tubulogenesis by spatially patterning cells within micromolded colla-
gen gels. ECs cultured within microscale channels that were filled with collagen
hydrogel organized into tubes with lumens within 24–48 h of seeding. These tubes
extended up to 1 cm in length and exhibited cell–cell junction formation
characteristic of early-stage capillary vessels [91]. In another study, a 3D tissue
construct composed of endothelialized hollow vascular structures was produced
using a self-assembled monolayer (SAM)-based cell deposition technique and a
hydrogel photocross-linking method to provide a robust hydrogel-based scaffold
for endothelial cell attachment [92].

Direct ink writing and omnidirectional printing within a gel reservoir can create
3D vascular structures in vitro. In a recent study by Chen et al., a printing approach
was used to generate a micropatterned sugar-based sacrificial layer around which
cell-laden hydrogels could be built. The sugar-based layer was then dissolved,
creating a 3D microarchitecture consisting of microvascular networks. Moreover,
Chrobak et al. validated the hypothesis that the existent flow and shear conditions
within such microscale channels are favorable for endothelium sustainability [58].

Zheng and co-workers created microvessels that replicated some aspects of
angiogenesis using silicone molds together with casting gels made out of collagen.
The researchers report that the microvessels were lined with continuous endo-
thelium and did not leak. Moreover, when activated with appropriate biochemical
signals, the vessels produced new branches and recruited mural cells, which
normally associate with blood vessels and affect their functions. As such, the
device not only allows the researchers to shape the network, but also permits the
biological elements (cells and their products) to reshape or remodel the system
dynamically [90]. Despite these substantial advances, new technologies are
required to more accurately recreate the complexity of native tissues and enable
formation of robust, functional microcapillary networks [93].

6.4.3 Mechanisms for Connecting MicroVessels
to MacroVessels

The in vitro formation of mature vessel networks ready to anastomose with the
host vasculature shortly after implantation has the potential to dramatically
improve the rate of oxygen and nutrient delivery and waste product removal and
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thus increases the viability of larger implanted tissues. Rapid (*1 day) anasto-
mosis of engineered vessels with host vasculature is likely necessary for the
survival and function of tissue specific cells, especially for oxygen-sensitive cells
such as cardiomyocytes, hepatocytes, and various stem cells, all of which are of
tremendous interest in the field of regenerative medicine [94]. Limited studies
suggest that during embryonic vasculogenesis and angiogenesis, anastomosis is
accomplished via connection of extended cellular processes followed by lumen
propagation through intracellular and intercellular vacuole fusion, with macro-
phages playing an accessory role. However, it is not known whether this is the only
mechanism for connecting vessels. Without a basic understanding of the cellular
mechanisms of anastomosis, it is difficult to develop strategies for accelerating this
critical step for perfusing engrafted tissues [95]. This section will describe the
different mechanisms that are involved in anastomosis, based on a limited range of
insights published to date in this area.

6.4.3.1 Engineered Blood Vessel Networks Connect to Host
Vasculature via Wrapping-and-Tapping Anastomosis

Cheng et al. showed that implanted vascular networks anastomose with host
vessels through a previously unidentified process of ‘‘wrapping and tapping’’
between the engrafted ECs and the host vasculature. At the host-implant interface,
implanted ECs first wrap around nearby host vessels and then cause BM and
pericyte reorganization and localized displacement of the underlying host endo-
thelium. In this way, the implanted ECs replace segments of host vessels to divert
blood flow to the developing implanted vascular network. The process is facili-
tated by high levels of matrix metalloproteinase-14 and matrix metalloproteinase-9
expressed by the wrapping ECs. These findings open the door to new strategies for
improving perfusion of tissue grafts and may have implications for other physi-
ological and pathological processes involving postnatal vasculogenesis. They
found that tip cell connections and vacuole fusion were not integrally involved in
host-implant vascular anastomosis, but instead, the engrafted endothelial networks
wrapped around host vessels at the host-implant interface and then replaced
sections of the underlying vessel wall to tap into the host blood supply [95].

6.4.3.2 Tensional Forces in the Collagen Matrix Control Directional
Capillary Sprouting and Anastomosis

Formation of capillary anastomoses is associated with tensional remodeling of the
collagen matrix and directional sprouting of outgrowing capillaries toward each
other. To analyze whether directional sprouting is dependent on cytokine gradients
or on endothelial-cell-derived traction forces transduced through the ECM, Korff
and Augustin designed a matrix tension generator that enables the application of
defined tensional forces on the ECM. Using this matrix tension generator, causal
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evidence is presented that tensional forces on a fibrillar ECM such as type I
collagen, but not fibrin, were sufficient to guide directional outgrowth of endo-
thelial cells [96].

6.4.3.3 High Density of Co-transplanted Fibroblasts Promote Rapid
Anastomosis of Endothelial Progenitor Cell-Derived Vessels
with Host Vasculature

Chen et al. have shown that both endothelial progenitor cell-derived endothelial
cells (EPC–ECs) and a high density of fibroblasts significantly accelerate the rate
of functional anastomosis, and that pre-vascularizing an engineered tissue may be
an effective strategy to enhance transport of nutrients in vivo. In this study, Chen
et al. developed three-dimensional engineered vessel networks in vitro by
co-culture of ECs and fibroblasts in a fibrin gel for 7 days. Vessels formed by cord
blood EPC–ECs in the presence of a high density of fibroblasts created an inter-
connected tubular network within 4 days, compared with 5–7 days in the presence
of a low density of fibroblasts. Vessels derived from human umbilical vein ECs
(HUVECs) in vitro showed similar kinetics. Implantation of the pre-vascularized
tissues into immune-compromised mice, however, revealed a dramatic difference
in the ability of EPC–ECs and HUVECs to form anastomoses with the host
vasculature. Vascular beds derived from EPC–ECs were perfused within 1 day of
implantation, whereas no HUVEC vessels were perfused at day 1. Further, while
almost 90 % of EPC–EC-derived vascular beds were perfused at day 3, only one-
third of HUVEC-derived vascular beds were perfused. In both cases, a high
density of fibroblasts accelerated anastomosis by 2–3 days [94]. This study and
others described above emphasize the critical need to select suitable cell types
and engineer surrounding microenvironments that optimize vascular network
formation and anastomosis with the host in vivo.

6.5 Challenges for Future Translation of Engineered
Tissue Vessels to the Clinic

Balloon angioplasty, stent placement, graft bypass surgery, and use of pharma-
cological agents are current treatment options for vascular diseases. Vascular
grafts that are being used in patients can be divided into three categories, in order
of decreasing diameter. Large- and medium-caliber synthetic grafts are used in the
thoracic and abdominal cavities with good long-term outcomes. Almost 1,200,000
small-caliber grafts (\6 mm) are used every year for vascular access, to relieve
lower limb ischemia and for coronary bypass surgery. Autologous veins or arteries
are being used to replace small-caliber arteries, but in 30–40 % of patients these
are not available due to prior harvesting or preexisting conditions. Using synthetic
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grafts, which provide poor outcomes, is often the only option left for those
patients. It is reported that *50 % of these synthetic grafts will occlude within
5 years, potentially leading to amputation [97].

Considering the need for vascular graft that is been estimated to be about
1.4 million in the US alone [98], there is a need for engineered blood vessels that
are nonthrombogenic, withstand adequate burst pressure, show appropriate
remodeling responses and are vasoactive [99]. Thus, for successful clinical
translation of biomaterials that we discussed in Sect. 6.4, it is essential that
researchers identify parameters that can be controlled to promote and regulate
angiogenesis and vasculogenesis. The long-term in vivo function of various
engineered vascular networks and tissue-engineered vessels still need to be further
investigated.

Moreover, it is important that the engineered tissue vessels elicit the least
inflammatory response. Ideally, a tissue-engineered vessel should not be immu-
nogenic, nor should it induce thromboembolic complications or excessive and
prolonged inflammation. Unfortunately, few biomaterials exist which can be con-
sidered biologically inert. For example, Teflon

�
(expanded polytetrafluoroethylene;

ePTFE) and Dacron (polyethylene terephthalate—PET) vascular grafts function
well in large-diameter graft applications without endothelial cell coverage but when
used in peripheral applications, one half of these grafts occlude within the first five
years of implantation [52, 97]. Moreover, preexisting pathology or existing risk
factors could affect the long-term success of the implants. For example, implan-
tation of a vascular graft in an atherosclerosis-prone patient results in decreased
patency. So designing new approaches that account for the pathological status of
the tissue, organ, or patient on the engineered tissue vessel could increase the rate of
translational success of tissue-engineered vessels [97, 100].

It is also important to keep in mind efforts to link in vivo with in vitro research
successfully in tissue engineering. In vitro culture of tissues and vascular cells
provides the basis for our understanding of endothelial cell biology, cell-shape
regulation, and blood vessel responses to physical forces. However, most in vitro
models lack the three-dimensional complexity, blood flow, cell–cell interactions,
and proper extracellular (matrix) environment that are typical of living tissues
[101]. In vitro systems that more faithfully mimic the ‘‘context’’ of the native
vasculature may lead to more informative in vitro studies.

After an initial period of hype and hope, we are now closer to clinical appli-
cation. The prospects of using scaffolds, cells, and biochemical or biomechanical
stimuli to create functional tissues such as valves and arteries are a power pre-
viously unimaginable. However, critical challenges remain for translation of blood
vessel tissue engineering strategies. While the field continues to address these
challenges, and to further understand the intricate biology of the endothelium,
novel biomaterials and cell sources will be critical. In view of emerging advances
in biomaterials synthesis/design and stem cell biology, tissue-engineered blood
vessels at both the macroscale and the microscale may soon impact thousands of
patients in need of tissue regeneration and repair.
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Chapter 7
Engineering Gene-Activated Matrices
for the Repair of Articular Cartilage
Defect

Junfeng Zhang and Zhen Huang

Abbreviations

AAV Adenovirus-associated virus
BMP Bone morphogenetic protein
FGF Fibroblast growth factor
GAM Gene-activated matrix
IGF Insulin-like growth factor
iPS Induced pluripotent stem cells
MSC Marrow mesenchymal stem cells
PEI Polyethyleneimine
PLGA Poly(lactic-co-glycolic acid)
TGF-b Transforming growth factor-b
3D Three dimensional

7.1 Introduction

Cartilage is a slightly elastic connective tissue unique to humans and vertebrates,
which is mainly present in the articular surface of bones, costal cartilage, the
trachea, the ear, spinal disks, etc. [1]. Cartilage tissue is widely distributed in
fetuses and young children, and it is gradually replaced by bone tissue over time.
Cartilage is composed of chondrocytes, fibers, and a matrix. Depending on the
matrix, cartilage can be categorized into hyaline cartilage, elastic cartilage, or
fibrocartilage [2]. Articular cartilage is a type of hyaline cartilage that covers the
surfaces of moving joints and disperses the load exerted on the subchondral bone
by acting as a buffer. Articular cartilage mainly consists of thick and large

J. Zhang (&) � Z. Huang
State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences,
Nanjing University, Nanjing 210093, China
e-mail: jfzhang@nju.edu.cn

W. Cai (ed.), Engineering in Translational Medicine,
DOI: 10.1007/978-1-4471-4372-7_7, � Springer-Verlag London 2014

183



chondrocytes and a rich cartilage matrix, and it does not contain blood vessels,
lymphatic vessels, or nerves [3]. No structure can be observed in articular cartilage
under a light microscope. The main components of the cartilage matrix are water,
proteoglycan, and collagen; other components include fat, protein, inorganic salts.
Water and small molecules can flow freely within the cartilage matrix, imparting
elasticity and compressibility to the cartilage. Exerting a load on a joint com-
presses the articular cartilage, initiating water flow to provide nutrition to the
articular cartilage. Articular cartilage is a highly specialized tissue that can protect
the bones in the joint area from the effects of load and impact, such that activities
can be performed without friction between the articular surfaces [4].

Articular cartilage, especially in moving joints, can be damaged by various
causes, such as physical injury or osteoarthritis [5, 6]. Cartilage defects often cause
joint swelling and pain and limit activity, producing symptoms similar to those of
meniscal tear. Cartilage damage can be classified in terms of the extent of the
damage: matrix damage, partial cartilage defects, and full-layer cartilage defects
[7]. Following body tissue or organ damage, the newly formed cells and matrix in
the surrounding area recover and replace the defect cells and the matrix. The repair
process for damaged cartilage tissue is similar to that for other tissues, but cartilage
has poor repair ability, and its original cartilage structure and function are not
restored in most cases [8–11]. The histological and biological characteristics of
cartilage limit its response to damage for the following reasons: (1) Cartilage tissue
does not have undifferentiated cells to repair damage and defects; (2) unlike other
tissues, cartilage defect sites other than full-layer cartilage defects do not contain
blood vessels, making it difficult for undifferentiated mesenchymal cells to enter the
damaged site and enable the healing process; and (3) the chondrocytes embedded in
the dense collagen—proteoglycan matrix hinder the proliferation and migration of
cells. For all of these reasons, articular cartilage damage is a common clinical
disease. More than 400,000 articular cartilage repair surgeries were performed in
the United States in 2007 alone, at a total cost of $50 to $60 million [12].

Traditional articular cartilage defect repair methods can be divided into two
main categories: articular surface reconstruction and biological grafting. The first
category mainly consists of arthroscopic grinding, drilling into the articular surface,
and microfracture. Microfracture is an extremely important method that is used to
repair a full-layer defect by puncturing the subchondral bone [13–16]. Bone mar-
row and blood ooze from the hole and form blood clots. The clots provide a scaffold
into which bone marrow mesenchymal stem cells can migrate and differentiate into
chondrocytes and bone cells. The body itself responds to microfracture as a damage
event and produces a new alternative cartilage for patients. However, the limitation
of this surgery is that the efficacy depends on the patient’s age and weight and the
size of the defect [17]. In addition, studies have shown that the microfracture
technique does not completely heal the cartilage damage because the resulting
cartilage is fibrocartilage rather than hyaline cartilage [18]. Fibrocartilage has less
mechanical strength and is denser than hyaline cartilage; therefore, it breaks more
easily under the pressure of repeated daily activities [19]. Biological grafting
mainly includes osteochondral transplantation, periosteal/cartilage membrane
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transplantation, and bone cell transplantation. Autologous chondrocyte transplan-
tation is currently the most commonly used biological grafting technique. This
technique has been increasingly attracting attention since its initial introduction by
Brittberg because the transplanted chondrocytes can secrete and synthesize a new
extracellular matrix at the defect site, which has the potential to form hyaline
cartilage tissue [20]. Autologous chondrocyte transplantation is mostly applied to
local traumatic articular cartilage defects. The transplanted chondrocytes prolif-
erate, thereby further regulating the repair process via signal transduction. Follow-
up results have shown that autologous chondrocyte transplantation has been able to
repair cartilage defects completely for most patients [21, 22]. The drawback of the
technique is that the treatment results are sensitive to joint mechanical instability,
excessive loads, and the patient’s age [23]. The technique also needs to be devel-
oped further to ensure that the transplanted chondrocytes are confined to the defect
site for matrix secretion.

7.2 Application of Tissue Engineering to Cartilage Repair

Developments in tissue engineering have advanced cartilage construction tech-
niques [24]. Tissue-engineered cartilage is constructed as follows. Seed cells are
extracted, isolated, and cultured in vitro [25]. Growth factor(s) are added to induce
considerable proliferation. The seed cells are then transplanted onto biocompati-
ble, biodegradable, and resorbable tissue engineering scaffolds to form a cell—
scaffold complex, which is subsequently transplanted into the body at the joint
defect sites. As the cells grow and proliferate, an extracellular matrix is formed
and the scaffold is degraded and absorbed; until finally, new tissue with cartilage
function forms to repair the tissue structure and restore its function. Developments
in modern biology have spurred the increasing use of growth factors to treat
articular cartilage defects [26, 27]. Studies have shown that various growth factors,
such as transforming growth factor-b (TGF-b), insulin-like growth factor (IGF),
fibroblast growth factor (FGF), and bone morphogenetic protein (BMP), promote
articular cartilage repair [28–31].

The combined use of cell culture, biomaterials, and growth factors in tissue-
engineered cartilage has been experimentally successful [32]. Tissue engineering
techniques for repairing tissue defects use an ideal matrix scaffold with two
components: a growth factor release carrier and a scaffolding structure for cell
proliferation and repair, which effectively reconstructs the tissue. Many studies
have shown that an appropriate growth factor can be used for chondrocytes that are
cultured in vitro to promote chondrocyte proliferation and maintain the cell phe-
notype; a three-dimensional (3D) scaffold provides the structure for chondrocyte
proliferation [33, 34]. The growth factor must be continuously present over the
requisite time period to facilitate tissue reconstruction [35]. Therefore, the growth
factor is embedded in a biodegradable 3D scaffold and is continuously released as
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the scaffold gradually degrades. Lee et al. embedded TGF-b1-coated microspheres
in a scaffold, which effectively controlled the growth factor release to enhance
cartilage formation in an in vitro culture [36]. Holland et al. studied the release rate
of a TGF-b1 composite scaffold for repairing human articular cartilage damage in
a simulated environment [37]. The results showed that the TGF-b1 complexed
with an acidic gel under normal pH conditions in the body. The complex disap-
peared under acidic conditions (which would prevail in cases of tissue damage and
inflammation, for example), significantly accelerating the release rate of the
uncoated TGF-b1. This phenomenon can be prevented by combining the growth
factor with a scaffold in experiments to release TGF-b1 at a specified constant rate.
The cross-linking reaction time and the degree of cross linking of the 3D scaffold
can be controlled to form scaffolds with different pore diameters and therefore
release different rates of the embedded growth factor. All of these results show the
considerable application potential of the growth factor composite scaffold in the
application of tissue engineering techniques to repair cartilage defects. However,
considerations of the large molecular weight of the growth factor and its short half-
life in the body have continued to delay practical clinical studies on the application
of the recombinant growth factor composite scaffold [38, 39]. The process of
coating the growth factor onto microspheres requires a large amount of organic
reagent, surfactants, and a high-temperature reaction [40, 41]. These conditions
can degrade the growth factor, ultimately reducing its biological activity and
increasing its immunogenicity instead. In addition, the difficulty in controlling the
growth factor dose has also limited the use of the growth factor in clinical trials.

7.3 Gene-Activated Matrix

Several research initiatives are currently dedicated to developing a controlled
release system to directly transfer the growth factor; however, a simpler technique
is to convert the seed cells at the production site of the related proteins using gene
transfer technology. A biological matrix containing genetic components is called a
gene-activated matrix (GAM). A GAM combines the advantage tissue engineering
and gene therapy to act as a cell growth scaffold in tissue engineering, provide a
site and space for the growth and proliferation of seed cells, and act as a gene
transfer carrier itself. A GAM can also enable the local transfer of a therapeutic
gene [42]. In the defect area, the seed cells or cells in the tissue surrounding the
GAM can capture the released genetic components or adhere to the matrix surface
that has adsorbed the plasmid DNA. The therapeutic gene fragment is then
obtained via endocytosis, such that the aforementioned cells act as local biore-
actors for the expression and synthesis of the growth factors, which play autocrine
and paracrine roles for the surrounding cells to ultimately realize the repair of the
defect site.
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7.3.1 Gene Transfer Method to Repair Articular Cartilage

There are two main modes for gene transfer in articular cartilage repair, (as shown
in Fig. 7.1): the direct in vivo method and the indirect ex vivo method. In the
in vivo method, the gene vector (Fig. 7.1a) or the gene vector and the cells
(Fig. 7.1b) are directly injected into the joint cavity; in the ex vivo method, the
gene modification of seed cells is carried out in vitro, and these cells are then
retransplanted into the body (Fig. 7.1c). Selecting one of the methods depends on
many conditions including the gene and vector to be used. Recently, the ex vivo
method has been most commonly used: The genetically modified cells are cultured
on an in vitro matrix or embedded in a gel matrix, before being transferred to the
cartilage defects for in situ repair [43]. This method can increase the cellular
structure of the defect site; the gene is only transferred in situ, away from other
non-specific tissues, thereby reducing edge effects.

7.3.2 Vector Types for Cartilage Gene Transfer

7.3.2.1 Viral Vectors

In recent years, viral vectors and non-viral vectors have been commonly used for
cartilage gene transfer. The adenovirus vector is most commonly used for its high

Fig. 7.1 Two different modes for gene transfer in articular cartilage regeneration: the direct
in vivo method and the indirect ex vivo method
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transfection efficiency [44]. This vector can facilitate the stable and efficient
transfection of a variety of cells but has a high immunogenicity in in vivo repair.
The adenovirus vector also exhibits high toxicity at high doses. The toxicity of the
adenovirus-associated virus (AAV) is milder than that of the adenovirus and has
not been found to cause disease in humans thus far [45]. There is no viral protein
expression in infected cells, but the transfection efficiency is not ideal. Adachi
et al. used a retrovirus to transfect chondrocytes and stem cells in vitro, which
were then embedded in a type I collagen gel and transplanted into the cartilage
defect [46]. After 4 weeks, good histological results were obtained for the tissue
repair in both groups. Nixon et al. used an adenovirus to transfect an IGF-1 gene
that promotes secretion of a cartilage matrix into chondrocytes, bone marrow stem
cells, and synovial cells, which were then filled into an articular cartilage defect
[47]. The results showed that the aforementioned cells successfully prolonged the
IGF-1 gene expression time and promoted the secretion of the cartilage matrix;
however, a high initial virus titer was required, which had adverse long-term
effects on the cartilage tissue. Note that in the aforementioned studies, all of the
vectors used for gene transfection were viral vectors, which were chosen for their
high transfection efficiency and ease of manipulation; however, the high immu-
nogenicity of the viral vectors is as yet unresolved, which has limited their
application to the clinical cartilage gene transfer system [48].

7.3.2.2 Non-viral Vectors

A technique has been developed that successfully uses non-viral vectors to elu-
cidate gene structure, function, and expression. The preparation of a safe and
efficient non-viral vector can profoundly impact the future development of gene
therapy and biotechnology. Several polymers have been used for DNA transfer
since the early 1970s; liposome is the most remarkable example of these polymers
[49]. In 1987, Felgner et al. synthesized a cationic liposome, lipofectin [50]. The
lipofectin/DNA complex is easy to manipulate and was the first vector used for
in vivo chemical gene transfer. The peptide vector, in the form of the polylysine
peptide vector, also has a strong affinity to DNA [50]. Consequently, the polyly-
sine peptide vector/DNA complex can enhance the rate of cellular uptake. Poly-
ethyleneimine (PEI) can inhibit lysosomes; in the acidic environment of
endocytosis, PEI is protonated with an increased positive charge, which provides
greater protection for DNA and facilitates plasmid escape from the lysosomes
[51]. Consequently, PEI is widely used as a DNA transfer vector. Non-viral
vectors are easy to manipulate for transfection and have a low immunogenicity and
a high safety level; however, these vectors have a low transfection efficiency, and
there target gene is only transiently expressed (typically for less than a week) [52].
Therefore, non-viral vectors are generally used only for in vitro mesenchymal stem
cell differentiation and are difficult to use in vivo. Currently, an improved approach
is being used in which the scaffold itself serves as a plasmid DNA transfer vector.
The application of GAMs was developed to improve the poor efficiency of
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non-viral vector via maintaining the high local gene concentration and sustainingly
delivering therapeutic DNA to surrounding cells. The first report to be described
for bone used scaffold comprising a collagen sponge impregnated with plasmid
DNA encoding for the BMP-4 gene with or without another plasmid encoding a
portion of the parathyroid hormone gene, PTH1-34. It was designed to deliver
DNA to infiltrating reparative cells when implanted into an osseous defect. By
expressing the transgene, the infiltrating cells generate an autocrine and paracrine
osteogenic environment. Satisfactory therapeutic effect was observed in experi-
mental defect models in rats and dogs [53, 54].

Another example is that poly-cationic polymers (chitosan and gelatin) can bind
to the negatively charged plasmid DNA; this matrix is itself biodegradable, and its
degradation products can form complexes and coat plasmid components to form a
DNA/polymer complex. Meanwhile, the plasmid DNA attached to the matrix
surface is also continuously released as the matrix degrades, thereby improving the
transfection efficiency and ensuring the continuous expression of the target growth
factors. Guo et al. prepared a gene-activated chitosan/gelatin scaffold embedded
with a TGF-b1 plasmid to effectively promote the proliferation of rabbit articular
chondrocytes in vitro while maintaining the cartilage phenotype [55]. This gene-
activated scaffold has the potential to become a new cartilage repair scaffold.
Building Guo et al. work, Diao et al. transplanted bone marrow mesenchymal stem
cells into the aforementioned scaffold to promote the differentiation of directional
mesenchymal stem cells and the synthesis of a cartilage extracellular matrix; the
active cartilage repair matrix, which had been constructed in vitro, was then
transplanted into rabbit articular cartilage defects to repair the cartilage defects
in vivo; favorable therapeutic results were obtained [56].

Chen et al. used two plasmids, TGF-b1 and BMP-2, together for the bidirec-
tional differentiation of bone marrow mesenchymal stem cells into chondrocytes
and osteoblasts; an osteochondral transplantation complex was constructed on the
same scaffold. The authors simulated a bone and cartilage-like tissue for both bone
repair and cartilage function in vitro, which was subsequently used to repair a full-
layer osteochondral defect; the tissue in the surface hyaline cartilage and the
subchondral bone were simultaneously repaired successfully [57]. The schematic
diagrams of constructing the bilayered GAM and the therapeutic effect are shown
in Fig. 7.2.

7.3.3 Cell Types in the GAM

The cells used with a GAM for cartilage repair must have a stable source and a
specified tissue repair potential. Currently used cells include adult chondrocytes,
bone marrow mesenchymal stem cells, embryonic stem cells, newly discovered
inducible pluripotent stem cells.
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7.3.3.1 Adult Chondrocytes

Adult chondrocytes are relatively simple to isolate and cultivate; these cells can be
used to directly synthesize a cartilage-specific extracellular matrix [58]. A primary
monolayer culture of chondrocytes can express a specific extracellular matrix, such
as type II collagen and proteoglycans, which can be maintained for several weeks
after passage. However, there is a limited source of adult chondrocytes, which tend
to lose their phenotypes after multiple passages and culturing in vitro and to dif-
ferentiate into fibroblasts, which cannot secrete a cartilage matrix. Consequently, the
synthesis and secretion of type I and type III collagen increase, and the adult
chondrocytes gradually lose their originally well-differentiated phenotypes, i.e., the
tendency to dedifferentiate. The loss of phenotype has limited the large-scale in vitro
proliferation of chondrocytes, making it difficult to obtain cartilage tissue with
normal function after in vivo transplantation. Adult chondrocytes are usually used in
conjunction with a scaffold or cell carrier, the surface features of which are used to
maintain the normal matrix-secreting function of the chondrocytes. Autologous
chondrocyte transplantation has been successfully carried out in clinical practice,

Fig. 7.2 a Diagrammatic representation of the procedures for the construction of the bilayered
gene-activated composite osteochondral graft using mesenchymal stem cells loaded into TGF-b1-
activated CG scaffold layer and BMP-2-activated HCG scaffold layer. pTGF-b1 plasmid TGF-b1;
pBMP-2, plasmid BMP-2; MSC mesenchymal stem cell; CG chitosan–gelatin; HCG hydroxy-
apatite/chitosan–gelatin. b Osteochondral defects were created in the middle of each patellar
groove of adult rabbits with a cylindrical drill. The bilayered gene-activated composite
osteochondral graft was filled in the contralateral defect. Macrophotographs of the osteochondral
repair in vivo were taken at 4, 8, and 12 weeks after the operation. Reproduced from [57]
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and satisfactory early treatment results have been obtained [59]. Animal experi-
ments have shown that transplanting a chondrocyte/scaffold complex, which has
been constructed in vitro, into large rabbit cartilage defects can promote the pro-
cesses of repair and reconstruction [60]. The emergence and development of a 3D
culture technique have enabled an extracellular matrix microenvironment to be
simulated in the body. Chondrocytes, which have been cultured in vitro, can
maintain a stable phenotype with a well-differentiated state and can even transform
dedifferentiated chondrocytes in a monolayer culture into a well-differentiated state.

7.3.3.2 Bone Marrow Mesenchymal Stem Cells

Bone marrow mesenchymal stem cells (MSCs) are precursors to various mesen-
chymal cells such as osteoblasts, chondroblasts, and bone marrow stromal fibro-
blasts [61]. MSCs have a multi-directional differentiation potential with a high
degree of evolutionary conservation. For over two decades, studies on the growth
and differentiation of bone marrow MSCs have shown broad applications for stem
cells that have been isolated and cultured from bone marrow by cartilage tissue
engineering [62]. Currently, the isolation and application of MSCs is an important
research subject in tissue engineering worldwide; experiments have shown that
MSCs have a strong in vitro proliferative capacity and can be induced to differ-
entiate into chondrocytes and form cartilage tissue in vivo. MSCs can be easily
obtained via a simple bone marrow puncture: A couple dozen millimeters are
sufficient to extract the number of cells needed in clinical trials. MSCs can be
introduced into cartilage defects by two methods. The first method is the direct
transplantation of MSCs into joints. Wakitani et al. were the first to transplant a
complex of autologous bone marrow MSCs (which were cultured in vitro) and a
type I collagen gel to repair rabbit articular cartilage full-layer defects [63]. The
hyaline cartilage formed after only 2 weeks; by week 24, the articular cartilage and
the subchondral bone defects were repaired, but the repaired tissue was thinner
than the healthy tissue, and there was a gap between the repaired tissue and the
healthy cartilage tissue. In the second method, chondrocytes that are induced
in vitro or genetically modified chondrocytes are retransplanted into the defect
area. Butnariu-Ephrat et al. used a high-density in vitro culture to induce MSCs
into chondrocytes, which then formed a chondrocyte/2 % high molecular weight
hyaluronic acid complex that was autologously transplanted to repair sheep
articular cartilage defects [64]. A hyaline cartilage-like tissue similar to the normal
articular cartilage structure formed after only 3 months.

7.3.3.3 Embryonic Stem Cells

Embryonic stem cells have an unlimited proliferative capacity and versatile dif-
ferentiation; consequently, embryonic stem cells have a higher potential than adult
stem cells to become new tissue engineering seed cells [65]. Embryonic stem cells
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have been successfully induced to differentiate into chondrocytes in vitro and have
even been used in attempts to construct cartilage tissue [66]. However, embryonic
stem cell lines are difficult to obtain and establish. There are many challenges
associated with the use of embryonic stem cell lines including safety, ethical, and
immune rejection issues [67]. Therefore, there is currently only limited application
of embryonic stem cells in tissue engineering.

7.3.3.4 Induced Pluripotent Stem Cells

Induced pluripotent stem (iPS) cells is a newly developed stem cell technology in
which differentiated adult cells (such as skin cells) are introduced into a series of
genes (Oct-3, Sox2, c-Myc, Klf4, and Nanog) and are then re-encoded into stem cells
with multi-directional differentiation potential [68]. In this technique, isolated
autologous adult differentiated cells are first re-encoded into stem cells, which dif-
ferentiate into specific tissue cells under certain culture conditions. The specific
tissue cells are then used for tissue engineering. All of the methods for obtaining
induced pluripotent stem cells reported before March 2009 used a virus to transplant
various genes into skin cells to promote cell transformation [69]. Both the viral vector
and the transplanted gene pose cancer risks, which has greatly limited iPS applica-
tion. Recently, breakthroughs have continued to be made with the iPS technique,
such as bypassing the use of dangerous viral vectors to reduce the number of types of
introduced genes and clean up the transplanted genes after the ‘‘usage time,’’ thereby
avoiding the various risks introduced by foreign genes [70]. It has been reported that
iPS has been successfully induced in chondrocytes [71]. Thus, a series of dangerous
or potentially dangerous risks has been circumvented, and we anticipate that the
unlimited potential of iPS will be tapped for cartilage damage repair.

7.3.4 Cartilage Tissue Engineering Scaffold

An ideal scaffold is crucial for the successful construction of tissue-engineered
cartilage. An ideal scaffold should meet the following criteria: (1) Good biocom-
patibility, which is required for seed cell adhesion, proliferation, growth, and dif-
ferentiation; (2) A 3D structure with an optimal porosity of over 90 %; (3) Good
biodegradability, with non-toxic degradation products that can be absorbed by the
human body; (4) An effective matrix–cell interface for cell adhesion and growth,
which, more importantly, can activate cell-specific gene expression and maintain
the normal cell phenotype; (5) Plasticity and a prescribed mechanical strength to
support new tissue. According to different sources, biologically active materials in
tissue engineering can be classified into natural and synthetic materials. Natural
biological materials generally have cell signal recognition capabilities; can promote
cell adhesion, proliferation, and differentiation; generally have no toxic side effects;
and possess good biocompatibility and biodegradability [72]. Polysaccharides and
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protein materials are commonly used because they are the main components of the
extracellular matrix and can effectively simulate the microenvironment necessary
for cell growth. Common natural polysaccharide materials include chitosan, chitin,
chondroitin sulfate, and hyaluronic acid [73]. The proteins used as biological
materials mainly include collagen, gelatin, and fibrin. These materials offer the
advantage of carrying considerable biological information that enables cells to
produce or maintain various functions [74]. These materials are directly derived
from plants and animals and thus have good biocompatibility. The microstructure,
the mechanical properties, and the degradation time of synthetic polymer materials
can be predesigned and controlled [75]. Currently, poly(lactic-co-glycolic acid)
(PLGA), which exhibits good biocompatibility, controlled degradation ability, etc.,
has been approved by the United States. FDA is a tissue engineering scaffold and is
widely used [76]. However, PLGA also has many disadvantages for practical
applications, such as insufficient hydrophilicity, weak cell adhesion, and the
potential for inflammatory reactions of the acidic degradation products [77].
Composite materials are currently being intensively researched in tissue engi-
neering: Two or more types of biological materials with complementary charac-
teristics are combined in specified proportions following a particular method to
produce a 3D material with an optimal structure and properties that compensate for
the drawbacks of the individual materials themselves. Continuing advances in
molecular biology, material science, and other disciplines have produced new
materials such as electroplating chitosan/polyethylene oxide ethylene, fibrin
polyurethane, and fiber bacterial cellulose. Experiments have shown that these
scaffolds can act as artificial cartilage scaffold [78]. However, an ideal material has
not been found thus far, and the search continues for a scaffold with enhanced cell
compatibility, a controllable degradation rate, and a prescribed mechanical strength
that can be used in current articular cartilage tissue engineering.

7.3.5 GAM Advantages for Cartilage Repair

GAMs offer several advantages for cartilage repair. (1) A GAM can be directly
applied inside the articular cavity, which prevents excessive degradation of the
genetic components by nucleic acid enzymes in the body’s circulatory system; the

Fig. 7.3 The hydrogel solution is injected into the cartilage defect and photopolymerized in situ
with light.
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resulting locally high DNA concentration enhances the transfection efficiency.
Local application also avoids ectopic transfection and is therefore safer. (2) The
GAM functions as a targeted drug delivery system by directly acting on and
targeting the cartilage repair cells; therefore, gene drug delivery into the joint
cavity is maximized, and the genetic components are concentrated in the target
area to several times or even hundreds of times the concentration of the systemic
administration [79]. Huang et al. complexed BMP-4 plasmid and PEI, and the
nanocomplex was encapsulated in a PLG scaffold. Researchers observed that this
delivery strategy allows gene expression for periods of up to 18 weeks and
achieved better therapeutic effect than blank scaffolds in a rat critical-sized defect
[79, 80]. Therefore, the interaction between the DNA and the target cells is pro-
longed, thereby significantly improving the treatment results and reducing the
amount of DNA used in the body and the rate of ectopic transfection. A GAM
functions efficiently at low toxicity and therefore promotes safety. (3) The articular
cartilage tissue cannot easily access large doses of cytokines from the blood cir-
culation system, and it is therefore especially important to maintain a suitable
concentration of cytokines in the defect area. In addition to facilitating the
adhesion, proliferation, and differentiation of chondrocytes, the genetic compo-
nents carried by the GAM can be locally expressed to secrete highly active
therapeutic agents and promote repair. (4) The cartilage repair process consists of a
single stage and does not require the long-term expression of the gene product. The
DNA in the GAM has specific release kinetics to meet the requirements of the
treatment window of the growth factor, thus avoiding excessive DNA dosing [81].
(5) A GAM may be incorporated into a 3D scaffold to provide filling support for
the cartilage defect area; the scaffold is not affected by the range, size, and depth of
the defect area and can be cut into any desired shape for direct injection into the
articular cavity. Injectable in situ cross-linkable gels are highly desirable clinically
as they can be performed using an arthroscopy, a convenient and less invasive
procedure (Fig. 7.3). A recent study demonstrated that an alginate hydrogel con-
taining BMP-2 plasmid and MSC could secrete biologically active BMP-2 protein
6 weeks after implantation. The protein levels were effective in inducing osteo-
genic differentiation as demonstrated by the production of collagen I and osteo-
calcin [82]. Injectable hydrogels containing plasmid encoding growth factors
appear to be a promising new strategy for minimal-invasive delivery of growth
factors in cartilage regeneration. (6) A variety of therapeutic genes can be com-
posited together to synergistically affect cartilage defect repair. Our studies using
gene therapy for cartilage repair applications have utilized growth factors such as
TGF-b and BMP-2, which can promote the regeneration of both cartilage and
subchondral bone [57]. From the results of H&E staining and immunohisto-
chemical staining of collagen I and Alcian blue staining in Fig. 7.4, it is observed
that the GAMs containing TGF-b or BMP-2 alone showed weakness in the repair
of either subchondral bone or cartilage and need more wound healing time.
Another study reported a combination of anabolic (IGF-1) and catabolic (IL-1
antagonist) to regulate tissue homeostasis using gene therapy. The catabolic pro-
teins inhibit expression of genes related to catabolic tissue response, while
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anabolic proteins stimulate matrix production [83]. These studies indicate that
multiple gene therapies have great potential in cartilage defect repair applications.

7.3.6 Issues in Using a GAM to Treat Cartilage Damage

GAMs have broad applications in the treatment of cartilage damage, but several
challenges still remain. (1) Safety considerations show that both viral vectors and
non-viral vectors pose risks of possible insertional mutations during the trans-
fection process, which may cause cancer and auxiliary virus production. Con-
ducting research and development to identify a safe vector without side effects is a
daunting task in gene therapy. (2) The target gene has a low transfection efficiency
and a short in vivo expression time. (3) Gene therapy for cartilage repair should
develop in the direction of multi-gene transfection. Existing gene therapy studies
mainly focus on single-gene diseases, whereas the complex pathological mecha-
nism of cartilage damage is often a synergy of multiple factors. (4) Excessive and
insufficient gene expressions are both harmful; therefore, further research is
required to regulate gene expression such that the target gene products are
expressed at an appropriate concentration and at an appropriate time and site.

7.4 The Prospects

Currently, many studies have demonstrated the effectiveness and feasibility of
using GAMs for repairing tissue damage. Further development of these studies on
the pathological mechanisms of tissue damage and the eventual resolution of the
aforementioned issues can enable the GAM technique to become an effective and
important method in the clinical treatment of orthopedic tissue damage.

Fig. 7.4 H&E staining and immunohistochemical staining of collagen I and Alcian blue staining
for hyaline cartilage at the indicated times during the osteochondral repair. Reproduced from [57]
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Chapter 8
Engineering Luciferases for Assays
and Imaging

Andreas M. Loening and Zachary F. Walls

8.1 Introduction

Luciferases are a group of oxidizing enzymes that produce light as a by-product of
the chemical reaction that they catalyze. This phenomenon has been observed
throughout history, with Aristotle (384–332 BC) writing the first detailed
descriptions of bioluminescence (or ‘‘cold light’’) arising from both marine sources
and insects [1]. Within the last several decades, bioluminescence has gained rapid
prominence in biomedical experimentation. Luciferases have enabled scientists to
shed light (both literally and figuratively) on fundamental biological processes and
design analytical tests for a host of salient molecules [2]. However, due to the
evolution of luciferases to suit specific applications in the natural world, their
properties are not always synchronous with the needs imposed by biomedical
research. Two of the most prevalent applications of luciferase, pyrosequencing and
molecular imaging, require luciferases that are thermostable and emit redshifted
wavelengths, respectively. The vast majority of wild-type luciferases, though, does
not possess these attributes, and has thus been subject to modification. Due to their
utility in biomedical applications, a substantial amount of effort has been spent
within the scientific community to manipulate these and other properties of
luciferases through protein engineering. What follows is an attempt to introduce
the motivation for modifying luciferases, various techniques used for engineering
of these enzymes, and highlights on the most relevant successes.
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8.2 Major Categories of Luciferases

A comprehensive review of luciferases is outside the scope of this chapter. What
follows is an abbreviated discussion of classes of luciferases and specific lucif-
erases that are currently commercially available and/or have undergone significant
protein engineering. The most salient details for these enzymes are collected in
Table 8.1. For more extensive reviews of luciferases in general, please see any one
of the several excellent reviews [3, 4].

8.2.1 Beetle Luciferases

Terrestrial organisms have included luciferases in their evolutionary trajectory for
a wide variety of applications, including defense, courtship, and the attraction of
prey. Within the terrestrial luciferases, the best studied and by far the most
commonly used in biomedical applications are the ‘‘beetle luciferases’’ found in
organisms within the order Elateroidea. Although many beetle luciferases have
been identified, including those from the click beetle (Pyrophorus plagiophthal-
amus) and the railroad worm (Phrixothrix hirtus), the most well-known and widely
studied is that from the North American firefly, Photinus pyralis. The P. pyralis
luciferase (generally referred to as firefly luciferase = FLuc) is a 62-kDa globular
protein and can be thought of as the prototype for the beetle luciferases. The beetle
luciferases are homologous, consistent with them evolving only once during the
history of this planet. They all catalyze the identical enzymatic reaction, producing
light by oxidizing their substrate D-luciferin in the presence of cofactors Mg2+, O2,
and ATP, but they can demonstrate slight differences in their emission wavelength.
The beetle luciferases have been the focus of many engineering pursuits, mainly
due to their earlier discovery, relatively redshifted emission compared to other
well-studied luciferases, and their necessity for ATP, a central element in cellular
metabolism, as a cofactor.

The oxidation of D-luciferin by beetle luciferases is a two-step enzymatic
process (Fig. 8.1) [5]. The first step involves the reaction of luciferin and ATP to
form luciferyl-adenylate. This step is similar to the one performed by many fatty
acyl-CoA synthetases, and some evidence suggests that beetle luciferases are
evolutionarily connected to these enzymes [6]. The second step of the reaction
involves oxidation of luciferyl-adenylate by molecular oxygen to form an inter-
mediate structure, which spontaneously breaks down into oxyluciferin and carbon
dioxide. The energy released by the destruction of the chemical bond takes the
form of a photon, and thus bioluminescence is produced.
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8.2.2 Coelenterazine Luciferases

A variety of luciferin/luciferase systems also exist in marine environments. These
marine luciferases most commonly emit light with a blue wavelength peak
(*480 nm), likely reflecting the end result of selective pressure originating from
the preferential transmittance of blue light by ocean water [7]. Within the marine
luciferases, the best studied and the only ones in widespread biomedical utilization
are those that utilize the substrate coelenterazine (or analogs of coelenterazine).

Coelenterazine is an imidazolopyrazine common in the marine food chain. In
contrast to the beetle luciferases, coelenterazine-utilizing luciferases have evolved
multiple times from a variety of different precursor enzymes to utilize this same
substrate. This likely reflects the relatively simple chemistry and low kinetic
barrier of the coelenterazine degradation scheme in comparison to D-luciferin.
Although some specific coelenterazine luciferases may require cofactors, in gen-
eral, these luciferases require only coelenterazine and oxygen, producing coelen-
teramide, carbon dioxide, and a blue wavelength photon of light. The ease with
which a new enzyme can arise that catalyzes this reaction is exemplified by the
observation that even albumin catalyzes the degradation of coelenterazine at a low
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Fig. 8.1 The oxidation of
luciferin by beetle luciferases
is a two-step process that is
initiated by the formation of a
luciferyl-adenylate
intermediate. This chemical
is then oxidized in the
presence of molecular oxygen
and light is generated as a
by-product
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level [8]. This multiplicity is advantageous for protein engineering as there exists a
number of very different starting points for developing novel luciferases.

The well-known coelenterazine luciferases can be categorized into three classes,
luciferases from the genus Renilla (e.g., Renilla reniformis luciferase), copepod
luciferases such as those from the family Metridinidae (e.g., Gaussia princeps,
Metridia longa), and more recently the luciferase from the decapod Oplophorus
gracilirostris. These different luciferases also demonstrate variable levels of spec-
ificity to coelenterazine versus analogs of coelenterazine, with G. princeps luciferase
being the most specific, and O. gracilirostris luciferase being the least [9].

The coelenterazine luciferase most widely studied is that from the soft coral
R. reniformis. This luciferase is often simply called ‘‘Renilla luciferase’’ (RLuc),
although there are other species within the Renilla genus that have had their
luciferases isolated (e.g., Renilla mülleri luciferase). Renilla luciferase is a 36-kDa
intracellular monomeric protein that is efficiently expressed in a variety of bac-
terial and mammalian expression systems [10].

The second most studied coelenterazine luciferase is the luciferase from the
copepod G. princeps, generally referred to simply as Gaussia luciferase (GLuc).
GLuc is a 20-kDa protein, and similarly to the other copepod luciferases, is a
secreted protein that harbors multiple disulfide bonds. These disulfide bonds have
made copepod luciferases challenging to express in functional form in bacterial
expression systems, although success has been obtained with insect [11] and cell-
free systems [12]. The primary sequence of copepod luciferases contains two
similar functional domains [13]. In the case of GLuc, these domains have dem-
onstrated an ability to catalyze coelenterazine degradation independently, albeit
with greatly decreased activity [14]. A potential limitation of the copepod lucif-
erases to keep in mind is that their enzymatic action appears to be cooperative [15]
and therefore light output is nonlinearly related to substrate concentration. How-
ever, in most assays, substrate concentration is relatively constant and luciferase
concentration is the variable being measured, so this positive cooperative effect is
rarely noticeable.

The coelenterazine luciferase from the decapod O. gracilirostris (OLuc) is a
secreted enzyme complex, consisting of a heteromeric structure containing two
35-kDa and two 19-kDa catalytic subunits [16]. This complexity has previously
limited its application to biomedical research. Recently, a monomeric luciferase
(termed NanoLuc) has been derived by protein engineering from the 19-kDa OLuc
catalytic subunit [17]. This OLuc variant should be more applicable to biomedical
applications and is described in more detail later in this chapter.

8.2.3 Other Marine Luciferases

Additional marine luciferases have been studied, but have found much more
limited use in biological assays and have not been extensively engineered. Two
luciferases from Cypridina ostracods have been cloned, one from Vargula
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hilgendorfii, and one from Cypridina noctiluca. These Cypridina luciferases emit
blue light when degrading their substrate Vargulin. Given their unique substrate,
they can be multiplexed in experimental use with D-luciferin and/or coelenter-
azine-utilizing luciferases. Although highly stable, these proteins are relatively
large (61 kDa), are secreted enzymes, contain a total of 17 disulfide bonds [18],
and their substrate vargulin is relatively unstable, all factors that would make the
Cypridina luciferases a more challenging starting point for protein engineering
than the coelenterazine or Beetle luciferases.

Several marine dinoflagellates express a luciferase, most likely used for quorum
sensing. This luciferase is relatively large at *140 kDa, and emits blue wave-
lengths. These properties have prevented a wide adoption of this luciferase, but its
unique substrate provides the possibility for multiplexing with other luciferases.
A 46-kDa active fragment of dinoflagellate luciferase has been developed and
utilized as a reporter in mammalian cells [19]. This truncated dinoflagellate
luciferase could be combined with firefly and Renilla luciferases, for example, to
monitor the expression of three different genes.

8.2.4 Bacterial Luciferase

Luciferase-expressing bacteria can be found in a variety of ecosystems. Most
possess symbiotic relationships with other organisms, providing a means for
communication, attraction of prey, or defense to the host in exchange for nutrients.
The bacterial luciferase is actually a cassette of five genes, two of which are
responsible for substrate oxidation leading to bioluminescence, and three that
synthesize the substrate from common biomolecules. Due to this level of com-
plexity, the bacterial luciferase is seldom used in biomedical research, although
efforts have been made to adapt it for the creation of autonomously luminescent
cells [20]. This achievement is attractive for certain longitudinal studies of specific
cellular populations because it obviates the necessity for repeated administration of
exogenous luciferase substrate.

8.3 Current Biomedical Uses

Due to the intrinsic difficulties of translating optical technologies into a clinical
setting (i.e., suboptimal wavelengths, necessity for exogenous genetic/proteina-
ceous material), luciferases have a limited role in the medical setting. They are
widely used, however, in biomedical research, and are gaining ground in the area
of diagnostic testing. One technique in particular named luciferase immunopre-
cipitation system (LIPS) has demonstrated considerable advantages over similar
systems that use fluorescent or colorimetric indicators. The LIPS procedure is very
similar to enzyme-linked immunosorbent assay (ELISA), with the exception that
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an antibody-luciferase fusion protein is used for the detection of antigens in assays.
Compared to similar immunodetection procedures, LIPS has proven to be more
sensitive and specific [21]. As with other applications that will be discussed below,
the use of luciferases for immunodiagnostics requires that the enzymes maintain
stability over time and in some cases at elevated temperatures. Thus, engineering
thermostable luciferases is crucial for the success of these techniques.

One of the biggest commercial successes of the beetle luciferases is pyrose-
quencing. This is a DNA sequencing technique that is predicated on three enzy-
matic reactions. The first reaction occurs during de novo DNA synthesis by DNA
polymerase. This reaction produces an inorganic pyrophosphate molecule, which
can then be converted into ATP by ATP sulfurylase (the second reaction). The final
reaction is described in more detail in the previous section and involves the use of
this ATP molecule by a beetle luciferase to produce a bioluminescent signal.
Therefore, each nucleotide successfully integrated into the growing complementary
chain of the template DNA can be quantitatively detected by light emission.
Pyrosequencing has been shown to be quicker and simpler than other sequencing
techniques and has become the method of choice for many sequencing needs [22].
As DNA polymerization is generally optimal at elevated temperatures, thermo-
stable luciferases are absolutely necessary for this application, and many luciferase
engineering studies have been performed to produce more pyrosequencing-friendly
beetle luciferase variants.

Additionally, luciferases are used extensively in basic laboratory biomedical
research as reporter genes. Traditionally, certain genes whose protein products are
detectable by an optical or radiological device (e.g., green fluorescent protein,
beta-galactosidase, thymidine kinase) have been used as surrogates to report on a
genetic activity of interest. Often this takes the form of driving the expression of a
reporter gene with the promoter of the gene of interest. In this manner, the tran-
scriptional activation of a gene can be interrogated using convenient and fast
readouts. Luciferases have proven to hold a special niche in this regard as they are
often more sensitive than other reporter genes and generally translate better to
small-animal in vivo studies. Moreover, due to the technique known as split-
protein complementation, discussed in greater detail in a subsequent section,
luciferases have been engineered to report on much more than gene expression.
Recent studies have seen the design of luciferases that can report on small
molecule kinase inhibition, DNA methylation, and caspase activity [23–25]. These
studies require luciferases that have been specially engineered to only produce
bioluminescence after these molecular events have occurred and demonstrate the
degree of creativity and ingenuity currently being applied to luciferase
engineering.

Small-animal in vivo imaging represents the final main application of engi-
neered luciferases. This application is in many ways an extension of reporter gene
assays, but imposes additional constraints upon the characteristics of the luciferase
used. It generally favors the use of luciferases whose wavelengths have been
shifted toward the red end of the electromagnetic spectrum due to the optical
window of mammalian tissue (discussed in greater detail in a subsequent section).
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These engineered luciferases have contributed greatly to our ability to translate
cellular studies into more physiologically relevant models and have provided a
potent tool for interrogating biological processes in a living system.

8.4 Rationale for Protein Engineering of Luciferases

Although there are a number of reasons for performing luciferase protein engi-
neering, a common reason is that the native luciferin/luciferase system is not
sufficiently robust for consistent use in a variety of laboratory solutions, cellular
compartments, or temperatures. Each luciferin/luciferase system has evolved
under the selective pressures of its native environment. For instance, Renilla
luciferase evolved to work in a salt water creature, in small membrane-bound
particles called lumisomes, associated with a green fluorescent protein, and at
ocean temperatures [26]. Thus, it stands to reason that mutations could be readily
identified to improve its performance and stability as a monomeric protein in
laboratory solutions at room or mammalian body temperature.

Additionally, luciferases are relatively ‘‘easy’’ to engineer compared to other
enzymes because their functional properties make mutants readily identifiable.
Large-scale assays can be performed utilizing common bioluminescence imaging
systems, or even the human eye for sufficiently bright luciferases [27].

8.5 Designing Selection Strategies for Protein Engineering
of Luciferases

An important philosophical point in the protein engineering of luciferases is the
definition of what constitutes ‘‘better.’’ Much as beauty is in the eye of the
beholder, what constitutes a ‘‘better’’ luciferase is entirely dependent on the end
application goal. Most comparisons between luciferases in the literature are made
with respect to which is ‘‘brighter’’ in a particular assay condition, with little or no
consideration given for the robustness of the improvement when the assay is
performed in different solutions/cellular compartments/temperatures or the actual
enzyme kinetics. For instance, a kinetically slow enzyme could look ‘‘better’’ than
a fast enzyme if the fast enzyme degrades the majority of the applied luciferin
before brightness is measured. A secreted luciferase may perform ‘‘better’’ than a
nonsecreted luciferase in the context of a cell culture when the entire cell culture
dish including media is assessed, but the loss of association between the cell of
origin and the location of bioluminescence will limit utility of a secreted luciferase
in small-animal bioluminescence imaging.

A closely related point is that many comparisons are based on assays (such as
cell culture assays) in which the bioluminescence signal is not normalized to the
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total amount of luciferase. This gives an advantage to luciferases that are more
stable, as more of the luciferase will accumulate over the course of the experiment,
and the experimental condition utilizing the more stable luciferase will appear to
be ‘‘brighter’’ even though both luciferases may have the same light output per
enzyme. Given the end goal of the assay, this stability may or may not be desired.
Increased luciferase stability impedes the ability of an assay to monitor transient
fluctuations in luciferase expression, and it takes longer to reach a steady state of
luciferase activity within the cell. As discussed in a following section, some
luciferase engineering has been directed into making the luciferase mRNA and/or
protein less stable for this very reason.

This all leads to the first law of directed evolution: ‘‘you get what you select
for.’’ The improved luciferase/luciferin combinations derived under artificial
selective forces in the laboratory are being improved with respect to activity in a
specific test. Screens must be designed carefully, or contain controls, to ensure that
the mutations picked up are being selected for the desired end application goals.
As an example, consider a random mutagenesis screen of a luciferase in E. coli. If
the selection method is simply which colonies are brightest the screen will select
for a number of different properties: increased thermostability at the incubation
temperature, improved codon utilization for bacterial expression, removal of
bacterial protease sites, improved folding in the bacterial expression system, better
matching of the emission spectrum to the sensitivity profile of the detector, etc.
Some of these ‘‘improvements’’ may be detrimental if the luciferase is utilized in a
different system such as mammalian cells. If a more targeted goal is desired, such
as faster enzyme kinetics, a more sophisticated screening system must be
employed.

8.6 Methods for Protein Engineering of Luciferases

The techniques and theories driving luciferase engineering are not substantially
different from those used to modify any other protein, but luciferase’s functional
capacity has made it a facile model for experimentation, and its prominence in
biomedical research has made it an attractive target.

Luciferase engineering can be broadly divided into two categories. The first
category is similar to canonical protein engineering, in which changes made to the
primary sequence affect the enzyme’s intrinsic properties (e.g., specific activity,
thermostability, emission wavelength).

The second category is more prominent, although not exclusive, to reporter
proteins such as the luciferases, and involves the dissection or interruption of the
protein’s primary sequence into two distinct domains. The purpose of alterations in
this second category is to prevent the enzyme from oxidizing its substrate in the
absence of some other biomolecule, thus serving as an analyte detector.

Within each category, various strategies have been employed to introduce
mutations. Random mutagenesis has been applied to luciferase engineering with
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substantial success [28–33]. Different techniques have been used to induce random
mutations, although the most common is error-prone PCR. In theory, this approach
yields an unbiased distribution of mutants across the coding region of the protein,
effectively maximizing the variable space. In practice, certain codons are more
susceptible to mutagenesis than others, and the altered residues are often less
randomly distributed than expected. Nevertheless, this technique yields a prodi-
gious number of mutated enzymes that can be subjected to high throughput
screens. In the case of luciferase engineering, the screens generally take the form
of bioluminescent output under various constraints. For example, one screen used
by several investigators to identify thermostable variants involves the incubation
of luciferase-expressing bacterial colonies at an elevated temperature followed by
application of the luminescent substrate and identification of the brightest colonies.
Constructs are then sequenced to identify the mutations contributing to the new
phenotype.

The other main technique for introducing mutations into luciferase is site-
directed mutagenesis. Unlike random mutagenesis, this method is usually based on
a specific hypothesis regarding how a certain mutation or mutation site will affect
the enzyme’s properties [10]. Site-directed mutations are most often initiated by
structural or sequence analysis and can be far more efficient than random
approaches. For instance, in the generation of the RLuc variant RLuc8 [10], only
*30 single-mutation RLuc variants were screened to generate a variant that was
fourfold brighter and two orders of magnitude more stable.

Combinatorial mutagenesis is a variation on both of these methods for intro-
ducing mutations. This semi-rational method entails the random incorporation of a
subset of site-specific mutations. Although this method has been used sparingly for
luciferase engineering [28], its results are encouraging and may see wider use in
the future.

8.6.1 Structure-Based Versus Sequence-Based

Sequence homology between the luciferase proteins of various species has driven
many of the studies that seek to enhance these enzymes’ properties. This has been
a motivating impulse for those seeking to induce bathochromatic shifts in the
beetle luciferases, as well as groups interested in improving protein stability in
both beetle and coelenterazine luciferases, although the precise rationale in each
case is slightly different. To provoke changes in peak wavelength of the beetle
luciferases, sequence homology is often assessed in an attempt to graft the attri-
butes of one luciferase onto another.

Sequence homology has also been used with great success for the creation of
more stable luciferase enzymes [10, 34, 35], although for this application,
homology is assessed between multiple species. One of the guiding principles of
protein evolution is that conservation is driven either by stability or function. By
selectively mutating residues within a luciferase so that they conform to a
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consensus sequence, one is choosing candidate mutations that have already been
screened by nature to be tolerated or even preferred within the context of the
proteins’ fold and are much less likely to be deleterious to the protein than a
residue picked at random. This consensus mutagenesis approach requires that a
number of homologous proteins already exist in the sequence database that, while
being similar enough to allow a valid alignment, are evolutionarily distinct enough
that a bias toward stabilizing mutations can be identified.

Structural considerations have also played a role in luciferase engineering.
Different tactics have been used in this respect, including mutagenesis of residues
involved in the active site, introduction of cysteine residues to form disulfide
bridges, and mutagenesis of solvent-exposed residues [28, 36–38]. These studies
use publicly available crystal structures of a handful of luciferases to develop
biochemical hypotheses regarding the contribution of individual amino acids to
stability and wavelength emission.

8.6.2 Codon Optimization

Although not strictly protein engineering as the primary sequence of the protein is
conserved, evaluation of codon usage is often a useful initial step in improving
expression levels of luciferase proteins. Several studies have generated codon-
optimized luciferase genes, primarily for mammalian expression, to help improve
transcriptional activity and mRNA stability [39–42]. This procedure is not specific
for luciferases and is generally performed when attempting to generate robust
expression of a nonmammalian gene in a mammalian system.

8.6.3 Protein Truncation/Extension

Certain studies have manipulated the stability or intracellular compartmentaliza-
tion of luciferases by truncating or appending additional residues to the primary
sequence. Again, this technique is not specific to luciferase engineering and has
been applied to many other proteins.

In general, these modifications are used to alter properties of the luciferase that
are of importance when used as a reporter gene (discussed in further detail later).
Adding the PEST sequence or ubiquitinylation-prone sequences to the luciferase
protein has the general effect of reporting on cellular dynamics and intracellular
protein transport [43–45]. Removal of N-terminal signal peptide sequences or
adding transmembrane domains have been utilized to maintain association of a
normally secreted protein to its cell of origin [41, 46].
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8.6.4 Substrate Alteration

An in-depth discussion of chemical modifications to luciferase substrates, chiefly
D-luciferin and coelenterazine, is beyond the scope of a chapter focused on protein
engineering of luciferases. However, it is important to note that an equally large
body of work has reported on the successful design of modified luciferase substrates
that have the potential to alter emission wavelength when oxidized, or prevent
oxidation prior to conversion by a molecule of interest. Thus, equivalent results in
terms of red shifts and molecular-sensing have been achieved by engineering of the
luciferase substrates rather than the luciferases themselves [28, 47, 48].

It bears mentioning, that a factor to consider when comparing between different
substrates is the autoluminescence rate of the luciferin under the assay conditions
employed. For instance, the coelenterazine analog coelenterazine-v (Fig. 8.2)
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Fig. 8.2 Native coelenterazine (top) and two derivatives, bisdeoxycoelenterazine (middle) and
coelenterazine-v (bottom), are all oxidized by Renilla luciferase. The wavelengths of the light
produced by the oxidation of each substrate, however, are significantly different [27, 28, 88–90]
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generates an order of magnitude higher background autoluminescence than coel-
enterazine [47]. Even if a luciferase is brighter with coelenterazine-v, the increase
in brightness is unlikely to make up for the order of magnitude decrease in sen-
sitivity for conditions in which very small amounts of luciferase are present.

8.7 Examples of Luciferase Protein Engineering

8.7.1 Intensity Improvements

Although only a single study in the literature has specifically sought to enhance the
intensity of beetle luciferase, many mutants have demonstrated increased light
output as a result of stabilizing or color-shifting mutations. Further complicating
the issue of comparing mutants between studies is the number of variables
involved in measuring luminescent output (e.g., luciferin concentration, ATP
concentration, acquisition time, photomultiplier tube wavelength sensitivity). For
the purposes of this chapter, activity values relative to the mutant’s parenteral
luciferase are reported when possible, as this accounts for variations in lumines-
cence measurements. Using this metric, the brightest, or most intense, mutant
described to date is a triple mutant of the P. pyralis luciferase (I423L, D436G,
L530R), which demonstrated a 12-fold increase in intensity over wild type [32].
Each mutation was discovered independently by random mutagenesis coupled
with screening of bacterial cell lysates, and then all three mutations were combined
to produce the final version. Also of note in this category of engineered luciferases
is a report of a double mutant of the P. hirtus luciferase (I212L, N351K), yielding
a 9.8-fold improvement in intensity over wild type [34]. These amino acid alter-
ations were introduced by site-specific mutagenesis based on sequence homology
to stabilizing mutations previously characterized in the luciferases of Luciola
cruciata and P. pyralis. While even this mutant is much less bright compared to its
compatriots in the luciferase gallery due to the low intrinsic activity of wild-type
P. hirtus, this study is of particular interest because of the long peak emission
wavelength of P. hirtus, an attribute which is examined in the following section.

Similar to the case for beetle luciferases, while a number of studies have
generated ‘‘improved’’ coelenterazine luciferases, improvements in light output
have generally been due to improvements in stability and therefore the amount of
functional protein, rather than mutations that improve the quantum yield or
kinetics of the enzyme. Utilizing a consensus sequence approach, an M185V
mutation was identified for Renilla luciferase that led to a threefold increase in
light output arising from improvements in both quantum yield and kinetics [10]. A
random mutagenesis screen identified the mutations K189V and V267I that led to
a threefold to fourfold improvement in light output compared to native Renilla
luciferase [49]. These improvements were attributed to a combination of improved
stability, improved kinetics, and decreased levels of substrate inhibition. These
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mutation sites had previously been studied with other amino acid substitutions
based either on a consensus mutation approach (V267) or due to their proximity to
the active pocket (K189), but these other substitutions at the same sites did not
yield improvements [27].

For the copepod luciferases, recognition that the N-terminal domain of M. longa
was not homologous to Gaussia luciferase led to an N-terminal-truncated M. longa
variant that demonstrated sixfold to tenfold improvements in light output compared
to the native luciferase, albeit with decreased thermal stability [50]. A semi-rational
mutagenesis strategy was performed on Gaussia luciferase by targeting hydro-
phobic regions presumed to constitute the enzymatic pocket, and substituting in
other hydrophobic amino acids [51]. Screening of the resultant single-mutation
variants and combining the beneficial mutations, led to a 4-mutation variant termed
‘‘Monsta’’ that exhibited *six-fold greater light output than GLuc, with this
improvement due to improved folding, turnover rate and quantum yield.

8.7.2 Stability Alterations

One of the major biomedical applications of the beetle luciferases is pyrose-
quencing. This technology is predicated on the necessity for ATP in order for
beetle luciferases to oxidize D-luciferin. However, like most proteins produced by
mesophilic organisms, beetle luciferases are unstable at elevated temperatures.
Thus, a need exists for this particular application (among others) for the production
of thermostable beetle luciferase mutants. A number of different groups have
tackled this problem with varying techniques and results. Similar to the discussion
of evaluating luciferase intensity, it is often difficult to compare reports of lucif-
erase stability from one study to the next for two reasons: (1) the enzyme’s activity
is highly dependent on environmental (i.e., buffer) conditions, and (2) different
studies report stability at different temperatures (thus, a mutant that is highly stable
at 37 �C may degrade quickly at 50 �C, but conversely, a mutant with good
stability at 50 �C may not be as robust as others at 37 �C). What follows is a brief
discussion of some of the most stable mutants described for discrete temperatures,
and the methods used to engineer them.

One of the earliest, and still among the most successful, attempts at creating a
thermostable beetle luciferase was carried out by Hall and colleagues on the
luciferase from Photuris pennsylvanica [52]. This study used error-prone PCR to
create random mutations in the luciferase gene, followed by cloning into a bac-
terial expression vector. Transformed bacteria were then plated and exposed to
elevated temperatures prior to treatment with D-luciferin. Bioluminescent capture
of the bacterial plates revealed individual colonies that expressed luciferase with
stabilizing mutations. Remarkably, they were able to identify one mutant that
retained activity after 5 h at 65 �C. The exact mutations of this enzyme, however,
are unknown to the general scientific community, as this mutant remains a pro-
prietary entity. A highly stable variant of the P. pyralis luciferase has been
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described with a half-life at 37 �C of 11.5 h (T214A, A215L, I232A, F295L,
E354K) [53, 54]. These mutations were discovered independently by random
mutagenesis and screens similar to the one described above, with the site-directed
combination of all 5 producing a synergistic effect. Of the reported mutants
evaluated at 42 �C, an octuple mutant of the luciferase from Luciola mingrelica
(S118C, C146S, R211L, T213S, A217V, E356K, S364C) has a half-life at that
temperature of nearly 10 h [31]. This mutant was discovered by directed evolution,
in which 4 rounds of random mutagenesis were employed, using the most ther-
mostable mutant identified from each round as the basis for further mutagenesis. In
contrast to the studies described above, a structure-based approach was used to
engineer a double mutant of L. mingrelica luciferase (G216N, A217L) with a
greater than 4.5 h half-life at 45 �C [35]. Using the known stabilizing, but activity-
compromising, mutation A217L, these investigators altered residues with spatial
proximity to 217 according to the crystal structure of the protein, in the hopes of
producing a mutant that was both stable and highly active.

This subset of luciferase engineering has seen the use of several methods that
are not as widely used as those previously discussed. Of note is one study that
identified an undecuple mutant of the P. pyralis luciferase (F14A, L35Q, M118L,
N138G, V182K, A215L, F295L, E354R, V366A, S420T, F465R) with a half-life
of more than 72 h at 40 �C using combinatorial consensus mutagenesis [55]. This
technique involves construction of a consensus sequence by aligning multiple
proteins (in this case, all sequenced beetle luciferases) and identifying the residues
at which the sequence of interest deviates from the consensus. Primers are then
designed to mutate the wild-type sequence to the consensus sequence. In contrast
to more canonical site-directed mutagenesis, however, combinatorial consensus
mutagenesis incorporates these selected mutations at random, and then a screen is
employed to select for mutants possessing the desired property (in this case
thermostability).

Another unique method of engineering thermostability into a beetle luciferase
was accomplished by creating disulfide bonds by mutating certain residues to
cysteines. This attempt was made based on the observations that most proteins
exposed to harsh extracellular conditions contain at least one disulfide bond. Using
the crystal structure of the luciferase from P. pyralis and in silico analysis of
putative disulfide sites, several mutations were made by site-directed mutagenesis
[56]. Although the most stable mutant identified (A296C, A326C) is not as robust
as some of the others discussed in this section, this study warrants mention as an
alternative method for luciferase engineering with respect to thermostability [57].

One final technique that deserves inclusion in a discussion of engineering beetle
luciferase thermostability is a site-directed mutagenesis of trypsin-cleavable sites
within the primary sequence of the luciferase from P. pyralis [58]. The sites
selected for mutagenesis were chosen from previous empirical studies coupled
with interspecies luciferase sequence homology to exclude from alteration residues
thought to be necessary for enzymatic activity. The most successful mutant,
R337Q, demonstrated substantial resistance to trypsin hydrolysis and improved
thermodynamic stability over wild type.
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Several publications have focused on improving the stability of Renilla lucif-
erase (RLuc). An early publication examining the effects of cysteines on stability
for a secreted form of RLuc found that a C124A mutation was *six-fold more
resistant to inactivation in their assay [59]. Although the authors postulated this
was due to reduced inadvertent disulfide bond formation, the stability improve-
ment could also be explained based on C124A being a mutation toward the
consensus sequence [27]. A later publication performing a consensus-sequence-
based approach on this RLuc/C124A variant identified an additional six stabilizing
mutations that when combined generated an RLuc variant (RLuc8) that was 200-
fold more resistant to inactivation in murine serum than the native luciferase and
four-fold brighter on a per-enzyme basis [10]. Little attention has been paid to
increasing the stability of the secreted copepod luciferases, as these already
demonstrate impressive stability to pH conditions and heat shock [60].

8.7.3 Emission Wavelength Shifts

In the field of small-animal bioluminescence imaging, wavelengths in the visible
red region of the electromagnetic spectrum reign supreme. This is due to the
relative optical window for mammalian tissue that exists between 600 nm (below
which wavelengths are absorbed predominantly by hemoglobin) and 1,200 nm
(above which wavelengths are absorbed by water). For luciferase-based imaging,
this means that despite the greater activity of the P. pyralis luciferase (557-nm
peak wavelength), the number of photons that reach the surface of the subject
being imaged could be fewer than those emanating from less active, but more
redshifted luciferase such as P. hirtus (623-nm peak wavelength). Unfortunately,
the P. hirtus luciferase is especially heat-labile and enzymatically slow, making it
a poor choice for most molecular imaging applications.

Among the most successful attempts at engineering redshifted beetle luciferase
enzymes is a single mutant of the luciferase from Lampyris turkestanicus (S284T)
that emitted a peak wavelength of 618 nm (compared to 555 nm of the wild-type
enzyme) [61]. This mutation was based on sequence homology to a redshifted
mutant of P. pyralis (S284T) with a similarly impressive bathochromatic shift
(615-nm peak wavelength) identified by random mutagenesis [62]. The most
redshifted variant of the P. pyralis luciferase described to date is a nonuple mutant
referred to as Ppy RE9 (T214A, A215L, I232A, S284T, F295L, R330G, I351V,
E354I, and F465R, 617-nm peak wavelength) that also uses the redshifted single-
mutant S284T as a point of departure [40]. Ppy RE9 was designed by incorporating
the stabilizing mutations T214A, I232A, and F295L, identified by random muta-
genesis [63], A215L, based on homology to a stabilized mutant of the L. cruciata
luciferase identified by random mutagenesis [64], the stabilizing mutation E354I,
identified by random mutagenesis [29], and stabilizing mutations I351V and
F465R, identified by selective mutagenesis of solvent-exposed amino acid residues
determined by crystal structure analysis [38]. The redshifted mutation R330G was
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identified by performing random mutagenesis on this stabilized mutant and
highlights the interconnectivity of luciferase attributes. A consistent theme running
throughout the luciferase engineering literature is that mutations that enhance one
attribute of the enzyme often come at the cost of another. Case in point, the authors
of the Ppy RE9 study describe how the incorporation of the R330G mutation in a
less stable version of the P. pyralis luciferase had significantly destabilizing
effects.

While the most successful examples of shifting the peak wavelengths of beetle
luciferases have been achieved by random mutagenesis as described above, sim-
ilarly encouraging studies have resulted from site-directed mutagenesis based on
sequence homology to red light-emitting luciferases such as P. hirtus. Such studies
have yielded a 608-nm-emitting P. pyralis luciferase (K356 insertion [65]) and a
616-nm-emitting L. turkestanicus (R353 insertion [66]).

An extensive study performed on Renilla luciferase variants utilizing a com-
bination of random mutagenesis with screening for color shifts and structural-
based semi-rational mutagenesis, led to Renilla luciferase variants with redshifts
up to 66 nm from the native luciferase (Fig. 8.3) [28]. The variant titled
RLuc8.6–535 was felt to be the most useful by the authors and demonstrated
improved properties compared to their previously described RLuc8 variant, with
comparable stability to RLuc8, as well as a sixfold increased light output on a per-
enzyme basis and a 49-nm redshift in comparison to RLuc. When combined with
the redshifted substrate analog coelenterazine-v, the redshifts were found to be
additive, with the combined total redshift being 89 nm in comparison to the native

RLuc8 RLuc8.6−535 RLuc8.6−545 RLuc8.6−547RLuc8.6−535 RLuc8.6−547

Coelenterazine−v

I163V
A123S/D162L/

A123S/D162E/F261WF262WF181YRLuc8N53QRLuc8

Bisdeoxycoelenterazine

I163L

Coelenterazine

Coelenterazine

Fig. 8.3 A range of emission spectra can be achieved with Renilla luciferase via mutation of the
luciferase and/or alteration of the substrate. The specific mutations utilized here have been
previously published in the literature [10, 27, 28]
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luciferase/native substrate combination. A subsequent protein engineering study
was performed to generate a redshifted RLuc variant without the increased sta-
bility that would be more appropriate for assessing transient changes in gene
expression [67]. The result, RLuc7–521, demonstrated equivalent stability to the
native luciferase, a 60 % improvement in light output on a per-enzyme basis, and a
40-nm redshift. When combined with coelenterazine-v, a total redshift of 73 nm
was achieved with respect to the native luciferase/native substrate combination.
Comparable mutations to those utilized to generate RLuc8.6–535 have been
incorporated into R. mülleri luciferase to yield equivalent redshifts in its emission
spectrum [47].

No studies have been performed on copepod luciferases to specifically alter the
emission spectrum, but the 4-mutation variant of Gaussia luciferase Monsta
(previously discussed in the intensity section) was found to have a 33-nm redshift
with respect to native GLuc [51].

8.7.4 Codon Optimization

As mentioned previously, although codon optimization is not technically protein
engineering, it is such a common first step for improving protein expression that
we have included examples of codon optimization here. Although these optimi-
zations are targeted toward improved protein expression in mammalian systems,
the resultant codon utilization is generally improved for bacterial expression as
well.

The firefly luciferase sequences that are most widely used have been exten-
sively modified with respect to their codon utilization. One of the first and most
notable changes to the gene’s nucleotide sequence resulted in a codon usage profile
specific for mammalian expression and the removal of a peroxisome-targeting
sequence present in the wild-type luciferase sequence [68]. This version, known as
luc+, was further improved by changing the gene’s sequence to remove tran-
scription factor binding sites and renamed luc2 [69]. This version of the firefly
luciferase gene is present in Promega’s widely used pGL4 reporter gene vectors.

Similar to the case for firefly luciferase, the most commonly used marine
luciferases have also undergone codon optimization, and these codon-optimized
forms have been used as the genetic starting point for most protein engineering
that has followed. Alterations of the DNA sequence of Renilla luciferase for
improved mammalian codon utilization and removal of binding sites for mam-
malian transcription factors resulted in 10- to 100-fold signal improvements in
signal in a mammalian expression assay [42]. Alteration of the DNA sequence of
Gaussia luciferase (GLuc) for improved mammalian codon utilization reported a
1,000-fold improvement in signal for a mammalian expression assay [41].
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8.7.5 Cellular Localization

Adding intracellular localization signals to luciferases has been performed to alter
their intracellular kinetics. Versions of firefly luciferase, Renilla luciferase, and
NanoLuc have all been generated as fusion proteins with the 41 amino acid PEST
degradation sequence to shorten intracellular half-life. In the case of FLuc, this
reduces the intracellular half-life from 3.5 h to 0.8 h [45]. Similarly, this modi-
fication reduces the intracellular half-life of NanoLuc from [6 h to 20 min [17].

As discussed previously, secreted luciferases are problematic for small-animal
bioluminescence imaging due to the decoupling of bioluminescence signal from
the location of protein expression, and work has been performed to transform these
secreted luciferases into forms that will remain in proximity to their cell of origin.
While removal of the signal peptide of Gaussia luciferase decreased levels of
secreted luciferase, it did not increase levels of cellular-associated luciferase [41].
Addition of a KDEL sequence to GLuc in an attempt to divert transit of the
expressed protein to the endoplasmic reticulum resulted in increased luminescence
in cell lysates, but did not alter the cell-associated signal in unlysed cells [41].
Addition of a CD8 transmembrane domain to the C-terminus of GLuc, to generate
a variant termed extGLuc, was successful in retaining the expressed luciferase to
the cell surface [46]. This approach has an advantage compared to the use of a
cytoplasmically retained luciferase (such as RLuc), in that an extracellular lucif-
erase obviates the need for the substrate to traverse the cell membrane and
therefore removes confounding effects caused by MDR1 P-glycoprotein-mediated
efflux of coelenterazine [70]. However, a carefully performed in vivo comparison
experiment between FLuc, RLuc, and extGLuc involving viral luciferase expres-
sion in the mouse liver found extGLuc signal to be undetectable [71]. This finding
reiterates the concern for a lack of robustness in many engineered luciferases and
the need to confirm the applicability of a given luciferase for each specific
biomedical use.

8.7.6 Luciferase-GFP Fusions

In nature, Renilla luciferase is normally associated with a green fluorescent protein
(Renilla GFP). In this context, the energy released from substrate degradation is
not directly released as a photon of light from the luciferase, but in a process
termed bioluminescence resonance energy transfer (BRET), the energy is used
instead to excite the adjacent fluorescent protein and then released as a photon of
light from the fluorophore. In Renilla, the combination of luciferase and GFP leads
to improved light output/quantum yield compared to the luciferase on its own [72].
In a similar manner, enhanced yellow fluorescent protein (EYFP) was combined as
a fusion protein with RLuc8 to generate a luminescent protein (eBAF-Y) that was
26-fold brighter than RLuc in mammalian cell culture conditions [73].
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In this fashion, Saito et al. generated a Renilla luciferase-fluorescent protein
fusion protein with even greater light output [74]. They first subjected RLuc8 to a
random mutagenesis screen and identified an S257G mutation that yielded a small
improvement in activity (note though that S257G has previously been described as
a destabilizing mutation in the context of native RLuc [10]). They then combined
this new luciferase with the yellow fluorescent protein variant ‘‘Venus,’’ to gen-
erate a luminescent protein they termed ‘‘Nanolantern.’’ Nanolantern demonstrated
a *five-fold improvement in light output compared to RLuc8, a *three-fold
improvement in light output compared to eBAF-Y, and a redshifted emission
spectrum (peak *530 nm) consistent with the principle light emitter in Nano-
lantern being the fluorescent protein. This improvement in light output may arise
from improved quantum yield of the BRET system compared to the luciferase,
and/or fluorescent protein-induced conformational changes to the luciferase that
improve the enzymatic properties of the luciferase. The authors went on to
demonstrate the utility of Nanolantern for imaging intracellular structures in living
cells, for video-rate bioluminescence imaging in a small-animal model, and for the
construction of Ca2+ and ATP sensors.

8.7.7 NanoLuc

As a prime example and excellent summary of many of the techniques stated
above, Hall and colleagues performed extensive mutagenesis and protein engi-
neering on the secreted decapod luciferase from the deep-sea shrimp O. gracili-
rostris (OLuc), turning it into a small, highly active, monomeric, intracellular
luciferase called NanoLuc [17]. OLuc is a heterotetramer containing two 35-kDa
and two 19-kDa subunits, with the luciferase activity associated with the smaller
19-kDa subunits. A consensus approach to semi-rational mutagenesis was not
available due to the lack of similar proteins in the protein databases. Based on fold
homology to intracellular lipid binding proteins, an N166R mutation was intro-
duced into the smaller 19-kDa subunit that lead to *three-fold increased lumi-
nescence intensity. They then performed a single round of random mutagenesis,
uncovering eight additional beneficial mutations that, when combined, led to a
30,000-fold increase in light output in their assay. Random mutagenesis was then
performed on this 9-mutation variant of the 19-kDa OLuc subunit and the variants
were subjected to a library of coelenterazine analogs. From this screen, they
identified a number of additional beneficial mutations, as well as a coelenterazine
analog (titled furimazine) that showed both decreased background autolumines-
cence and increased luminescence relative to coelenterazine in the presence of
their variants. They combined these beneficial mutations into a 14-mutation
variant and then performed another random mutagenesis screen with furimazine as
the substrate. Incorporating the additional beneficial mutations, the final product
was a 16-mutation variant of the 19-kDa OLuc subunit that the authors termed
‘‘NanoLuc.’’ In a final step, they performed codon optimization for mammalian
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cell expression. Based on western blot analysis, the superiority of NanoLuc
compared to OLuc was credited to improved stability and protein expression,
rather than enzymatic improvements in the luciferase. Gel permeation chroma-
tography demonstrated the monomeric nature of NanoLuc, and thermal and pH
stability were confirmed. NanoLuc (with furimazine) demonstrated *150-fold
more luminescence per enzyme than either FLuc (with D-luciferin) or RLuc (with
coelenterazine) under glow-type assay conditions. Given NanoLuc’s recent
development at the time of this publication, its robustness has yet to be confirmed
in the scientific literature, but it appears quite promising for cell culture experi-
ments. Given its narrow blueshifted emission peak (460 nm) compared to RLuc
and FLuc, very few photons will be generated within the optical window for
mammalian tissue (above 600 nm). As such, its suitability of bioluminescence
imaging in small-animal models remains to be determined.

8.7.8 Split-Lucs

As alluded to previously, a prominent area of luciferase engineering is related to a
technique known as split-protein complementation. This phenomenon has been
described in only a handful of other enzymes (of which the fluorescent protein
GFP is probably the most prominent). It revolves around the observation that the
luciferase can be split into two separate polypeptides, which by themselves possess
little to no luminescent activity, but when sufficiently colocalized, can perform the
bioluminescent reaction without reestablishing a covalent peptide bond between
the two entities. This property has been exploited extensively to image protein–
protein interactions, most commonly by creating gene fusion constructs between
the split halves and a pair of interacting proteins. It has been adapted to encompass
imaging of protein–DNA, protein–RNA, and DNA–DNA interactions, as well as
protein phosphorylation, small molecule inhibition, nutrient sensing, viral patho-
genesis, and protease activity.

As it applies to the discussion of luciferase engineering, a handful of studies
have attempted to determine the most optimal split site within the luciferase
enzyme. For most applications, this entails choosing a site that renders two
fragments with little to no activity, but retain the ability to reconstitute as much of
the intact enzyme’s bioluminescence as possible when colocalized. The first report
of split luciferase complementation, and the one which has served as a basis for
almost all subsequent investigations on split beetle luciferases, used the crystal
structure of the P. pyralis luciferase to estimate the most optimal split site [75].
The investigators split the protein within the flexible linker connecting the
disparate N- and C-terminal domains (437/438). This split site was used as a
starting point for a different approach performed several years later. In the sub-
sequent study, a library of semi-random, and frequently overlapping, luciferase
fragments were fused to the rapamycin-inducible interacting protein pair of FRB
(rapamycin-binding domain of mTOR) and FKBP (FK506-binding protein 12) and
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then expressed in bacteria [76]. When the bacteria were exposed to rapamycin,
FRB and FKBP were induced to interact with one another, bringing the split
luciferase halves into proximity with one another and facilitating luciferin
oxidation. This experimental design allowed the authors to both screen against
self-complementing pairs by omitting colonies that luminesced in the absence of
rapamycin, and screen for pairs whose complementation resulted in the highest
levels of photon emission by selecting the brightest colonies in the presence of
rapamycin. The study revealed slightly overlapping luciferase halves (416/398)
with more favorable properties than the original split luciferases. Another study
using a similar experimental design but a different library revealed a potentially
more favorable split site of 398/394 [77].

In contrast to the intermolecular interaction screen discussed above, a split site
for the P. plagiophthalamus luciferase was determined by intramolecular inducible
folding [78]. The split luciferases in this study were evaluated by inserting the
androgen receptor ligand binding domain and its dihydrotestosterone (DHT)-
inducible peptide-binding partner at various sites with the luciferase gene. Then, in
a fashion similar to the previous studies, individual colonies were screened in the
presence and absence of DHT to determine the most optimal split site (439/440). A
split site for the luciferase from Pyrearinus termitilluminans (415/394) was found
using a semirational approach in which overlapping fragments were systematically
evaluated by altering the split site with single amino acid resolution [79]. While
the strategy employed for this evaluation was similar to the ones described above,
the study represents the first time that a luciferase split site had been so rigorously
characterized.

A number of split coelenterazine luciferases appropriate for protein comple-
mentation assays have also been developed. Split Renilla luciferases were initially
developed without structural information to guide split selection sites [80, 81], but
more recent publications have selected split sites derived from homology-based
[82] or crystallographic structural information [83]. A number of split Gaussia
luciferases have also been developed. Due to an absence of homology or structural
information for the copepod luciferases, these split GLuc have been developed by
primary sequence analysis including predictions of unstructured regions [84] and
hydrophobicity [85].

8.7.9 Chemical Sensitivity/Altered Substrate Specificity

Independent of the luciferases engineered for sensitivity to small molecules via
split-protein complementation design, several variants have been constructed that
have intrinsic sensitivity to various chemicals due to mutations in their primary
sequence. Often, this involves altering the enzymatic specificity of luciferase. Due
to the extensive investigations of luciferase enzymology and the availability of
high resolution crystal structures, the engineering of luciferase with altered
chemical sensitivities is generally a very rational endeavor. Aminoluciferin is a
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derivative of D-luciferin in which the hydroxyl group of luciferin is replaced with
an amino group. This enables more facile functionalization of the substrate and is
often used as a starting material for substrate engineering studies. However as a
synthetic substrate, beetle luciferases do not oxidize aminoluciferin as efficiently
as they do D-luciferin. This problem was rectified by performing saturation
mutagenesis on active site residues of the luciferase from P. pyralis, as determined
by the crystal structure, followed by screening bacterial lysates in the presence of
aminoluciferin and its derivatives [86]. A library of mutants with improved
specificity for a variety of aminoluciferin derivatives were discovered.

A random approach was taken for engineering the luciferase from L. lateralis to
be less sensitive to the detergent benzalkonium chloride (BAC). BAC is used in
certain protocols for the extraction of intracellular ATP from mammalian cells.
Since ATP is a necessary cofactor of luciferase, it can be quantified by biolumi-
nescence detection. Unfortunately, BAC can interfere with luciferin oxidation, so a
random mutagenesis approach was taken, followed by a screen of bacterial lysates,
to identify a BAC-resistant double mutant (A217L, E490K) [87].

8.8 Conclusion

The field of luciferase engineering has seen a wave of extraordinary advances in
recent years, though by no means has it reached its apogee. Because of its functional
capacity, altering the properties of luciferase is a relatively straightforward
endeavor. Thus, luciferase engineering will remain a topic of interest to those
concerned not only with the native proteins’ biochemistry, but also to investigators
seeking to synthesize biomolecules with novel capacities. As we tried to demon-
strate in this chapter, luciferase engineering is limited largely by the creativity and
effectiveness of the screen. Similar to other fields such as phage display and cat-
alytic RNA, in which a large pool of variants must be sifted through to find the most
beneficial changes, luciferase engineering has few procedural bounds and relies on
the cleverness of the investigator to produce appreciable results.

Due to this fundamental reliance on the screen, however, the results of lucif-
erase engineering are not necessarily transferable from one application to another.
The selection of a luciferase remains an unavoidably empirical exercise. The
luciferase that proves to be optimal for detecting bacterial contamination in the
field may demonstrate little utility when assessing lymphocyte activation in a
living animal and vice versa. Therefore, the reader should be cautioned not to
assume that the examples cited herein can serve every need. And though several of
the mutants described above may perform well across many platforms, we hope
that the studies enumerated in this chapter can serve as guideposts for the
development of a panoply of new mutants, each exquisitely tuned for a precise
application.
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Chapter 9
Engineered Split Reporter Systems
for Molecular Imaging of Protein–Protein
Interactions in Living Subjects

Tarik F. Massoud and Ramasamy Paulmurugan

9.1 Significance of Protein–Protein Interactions

Proteins perform cellular functions primarily as components of complexes. We
now appreciate that the cell is not a simple aqueous solution, but instead a dense
gel of interacting proteins forming the basis of phenomena at almost every level of
cell function, in the structure of sub-cellular organelles, the transport machinery
across biological membranes, packaging of chromatin, the network of sub-mem-
brane filaments, muscle contraction, signal transduction, and regulation of gene
expression, to name a few [1, 2]. Other interacting protein complexes work as
components of cellular machines, such as ribosomes that read genetic information
and synthesize proteins. Indeed, a frequent theme pervading biological investi-
gation is that the great majority of proteins generally operate as constituents of
complexes that contain other macromolecules, and together, carry out specific
biological functions and that networks of such interactions (interactomes) connect
multiple, different cellular processes [3].

Protein–protein interactions (PPIs) have been the object of intense research for
many years because of their importance in development and disease. Many human
diseases can be traced to aberrant PPIs either through the loss of an essential
interaction or through the formation of an abnormal protein complex at an
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inappropriate time or location involving endogenous proteins, proteins from
pathogens, or both [4].

A meticulous characterization of PPIs is necessary for a thorough understanding
of cell function. This characterization includes, but is by no means limited to, the
determination of the three-dimensional structures of these molecules [5]. Exam-
ples of the structures of a few protein interaction motifs involved in cell signaling
provide an idea of the beauty and diversity of protein structure. In addition to
structural considerations, the dynamic and energetic properties of these systems
reveal the exquisite subtlety involved in biological specificity and control [5].
Noninvasive molecular imaging of PPIs in living subjects offers another dimension
for investigating and characterizing these all important intracellular events.

9.2 Methods to Study Protein–Protein Interactions

It is useful to generate many different classes of information about proteins [6]. For
any given protein, these classes of knowledge would include the following:
(1) structure and sequence, (2) evolutionary history and conservation pattern,
(3) expression profile, (4) intracellular localization, (5) forms of post-translational
regulation to which a protein is subject, and (6) the other cellular proteins with
which the protein associates. All the first five points together contribute to the
determination of the sixth, and determination of the profile of PPIs is an extremely
important step toward the ultimate goal of identifying the functional significance
of the activity of any given protein in a cell [6].

Techniques to provide classes of information regarding PPIs fall into three
categories [6]: first, there are techniques to identify every possible interacting set of
proteins for a given protein of interest. Current research aims to isolate and
structurally characterize all the proteins that exist in the cell. Importantly, PPIs are
now considered to be so vital to cellular function that one of the first experiments
performed on a protein may be a search for its interaction partners [2]. As of May
2013, 42,737 out of 83,860 proteins in the Protein Data Bank were of known
protein–protein complexes; this being up from 26,069 out of 49,279 proteins in
October 2008, from a variety organisms, of assemblies involving two or more
protein chains. Just how many complexes exist in a particular proteome is not easy
to deduce because of the different component types (e.g., proteins, nucleic acids,
nucleotides, and metal ions) and the varying life spans of the protein complexes
(e.g., transient PPIs, such as those involved in signaling, and stable interactions,
such as in the ribosome). Until recently, the most comprehensive information about
PPIs was available for the yeast proteome, consisting of approximately 6,200
proteins [7, 8]. In yeast, there are about nine protein partners per protein, although
not necessarily all direct or interacting at the same time. The human proteome may
have an order of magnitude more complexes than the yeast cell [7, 9].

The second set of techniques is used in circumstances where interacting pro-
teins have been defined, and the goal is to detail the biological function and impact
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of their interactions, i.e., to establish physiological significance [6]. In this case, it
is essential to be able to study the interaction under conditions that correspond as
closely as possible to the endogenous situation. In its current role, noninvasive
strategies for molecular imaging of PPIs in living subjects fit within this second
category of techniques, and the advantages of these approaches are discussed
below. Finally, there are techniques to devise high-throughput methodologies to
identify agents that modulate a known and well-characterized interaction in
desirable ways [10].

Several technologies, grouped together under the term ‘‘proteomics’’ (a term
introduced in 1995 by Wasinger et al. [11]), have emerged with the common
objective of studying protein function at the scale of an entire pathway, a whole
cell, or even a whole organism. Proteomic analyses encompass large-scale studies
of PPIs or complexes to establish comprehensive protein interactomes, the global
examination of protein expression profiles and, more recently, of protein post-
translational modifications [12]. Many experimental techniques, e.g., co-immuno-
precipitation, bimolecular fluorescence complementation, fluorescence resonance
energy transfer, label transfer, yeast two-hybrid screen, in vivo crosslinking of
protein complexes using photo-reactive amino acid analogs, tandem affinity puri-
fication, chemical crosslinking, quantitative immunoprecipitation combined with
knock-down, dual polarization interferometry, protein–protein docking, static light
scattering, MALDI mass spectrometry, strep–protein interaction experiments,
surface plasmon resonance, fluorescence correlation spectroscopy (many of these
techniques are reviewed elsewhere [1, 13] have been developed and studied using
intact cells and cell extracts to study PPIs and to facilitate these proteomic
endeavors. Each of these analytical systems has its own merits and demerits, as
reviewed previously [13, 14]. Clearly, one aim of proteomics is to identify which
proteins interact. While the molecular imaging and study of individual PPIs (that
have already been identified as such) might appear to fall outside the scope of
proteomic endeavors, it is also important to note their complementary roles. Indeed,
a prime challenge in the future is to conduct targeted studies of proteins of interest
(including noninvasive molecular imaging analysis) while considering the larger
context of whole organismal function and conversely to carefully validate sys-
tematic large-scale models of organismal function through individual test cases [6].

9.3 Advantages of Noninvasive Molecular Imaging
of Protein–Protein Interactions

The overall modification of existing in vitro and cell culture-based experimental
assays to study PPIs in living small animal models of disease is dependent on the
challenging task of adapting them so that signals can be noninvasively detected
from the exterior of living subjects upon the cellular or sub-cellular interaction of
two proteins of interest. Only over the last decade has it been possible to develop
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such methods as a result of the true explosion in availability of noninvasive small
animal imaging technologies and the rapidly expanding field of molecular imag-
ing, allowing signal detection from deep tissues within a living subject. We pre-
viously reviewed in detail the many advantages afforded by molecular imaging in
living subjects (such as assessment of whole-body phenomena, repeatability,
functionality, and quantification) [15]. One subset of molecular imaging tech-
niques comprises reporter gene expression imaging. This represents an ‘‘indirect’’
imaging method involving multiple components, entailing the use of a pre-tar-
geting molecule (an imaging reporter gene) that is subsequently activated upon
occurrence of a specific molecular event. Following this, a molecular probe
(a substrate or a ligand) specific for the activated pre-targeting molecule
(an enzyme or receptor) is often needed (but not for fluorescent reporter proteins)
and used to image its activation [16]. An important feature of reporter gene
imaging techniques is their particular versatility, which allows them to be adapted
for imaging diverse PPIs in intact living subjects, as outlined below, and as also
reviewed by our group [14, 17, 18], and others [19–27].

The ability to noninvasively image PPIs has important implications for a wide
variety of biological research endeavors, drug discovery, and molecular medicine.
In particular, the visual representation, characterization, quantification, and timing
of these biological processes in living subjects could create unprecedented
opportunities to complement available in vitro or cell culture methodologies, in
order: 1) to accelerate the evaluation in living subjects of novel drugs that promote
or inhibit active homodimeric, heterodimeric, or multimeric protein assembly, and
2) to characterize more fully known PPIs (e.g., the reasons for, and the factors that
drive their association) in the context of whole-body physiologically authentic
environments [28].

9.4 Split Reporter Gene Imaging of Protein–Protein
Interactions

The three general methods currently available for imaging protein–protein inter-
actions in living subjects using reporter genes are as follows: a modified mam-
malian two-hybrid system, a bioluminescence resonance energy transfer (BRET)
system, and split reporter protein complementation and reconstitution strategies.
Table 9.1 outlines the chronological developments of molecular imaging strategies
for the detection of PPIs in living animals to date.

Several areas of investigation are required to further refine the use of the
modified mammalian two-hybrid system for noninvasive imaging of PPIs confined
to the nucleus. As well as further quantitative and kinetic evaluations (e.g.,
characterizing the ability to follow interactions over time based on the half-life of
the reporter protein(s) that are transactivated), studies are needed to optimize the
choice of transactivator as well as the choice of promoters and levels of fusion
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Table 9.1 Showing chronological developments of molecular imaging strategies for detection of
protein–protein interactions in living animals

Years Authors Area of PPI study Imaging assay Reporter
used

References

2002 Ray et al. Development of new
assay

Two-hybrid system Fluc [68]

2002 Luker et al. Development of new
assay

Two-hybrid system TK and
Fluc

[69]

2002 Paulmurugan
et al.

Development of new
assay

Split reporter
complementation
and reconstitution

Fluc [31]

2003 Luker et al. PPI between p53 and
large T antigen of
SV40 virus

Two-hybrid system TK and
Fluc

[70]

2004 Paulmurugan
et al.

Rapamycin modulation
of FRB and FKBP12
PPI

Split reporter
complementation

Rluc [55]

2004 Massoud
et al.

Homodimeric PPIs Split reporter
complementation

Rluc [28]

2004 Kim et al. Protein nuclear transport Split reporter
reconstitution

Rluc [45]

2004 Luker et al. Development and
applications of new
split reporter
fragments

Split reporter
complementation

Fluc [22]

2005 Paulmurugan
et al.

Development of self-
complementing split
reporter fragments

Split reporter
complementation

Fluc [54]

2005 Paulmurugan
et al.

Development of a fusion
protein approach to
image drug
modulation of PPIs

Split reporter
complementation

Rluc [58]

2005 De et al. Development of a new
assay

BRET Rluc (and
GFP
variant)

[71]

2005 Kim et al. Detection of stress-
related corticosterone
level increases

Split reporter
reconstitution

Rluc [46]

2006 Kanno et al. Detection of protein
release from
mitochondria to
cytosol

Split reporter
reconstitution

Rluc [47]

2007 De et al. Further developments of
an assay

BRET Rluc (and
GFP
variant)

[72]

2007 Zhang et al. Detection of Akt kinase
activity

Split reporter
complementation

Fluc [52]

2007 Paulmurugan
et al.

Detection of mutiprotein
PPIs

Split reporter
complementation

Fluc and
Rluc

in text

2008 Choi et al. PPI between HIF-1 alpha
and VHL

Split reporter
complementation

Fluc [50]

(continued)

9 Engineered Split Reporter Systems for Molecular Imaging 237



proteins. This strategy will not be discussed further in this chapter; and a separate
chapter dedicated to BRET imaging can be found elsewhere in this book.

In certain circumstances, functional proteins can assemble from one or more
polypeptide fragments, with the occurrence and efficiency of assembly comman-
deered into a strategy to measure real-time PPIs. Indeed, synthetically separated
fragments of some enzymes can reconstitute functionally active protein particu-
larly if the interaction is helped along by fusion of the enzyme fragments to

Table 9.1 (continued)

Years Authors Area of PPI study Imaging assay Reporter
used

References

2008 Chan et al. Detection of HSP90
inhibitors

Split reporter
complementation

Rluc [59]

2008 Zhang et al. Enhanced detection of
Akt kinase activity

Split reporter
complementation

Fluc [53]

2008 Luker et al. Activation of the
chemokine receptor
CXCR4

Split reporter
complementation

Fluc [73]

2008 Pichler et al. Development of a
universal transgenic
reporter mouse for
PPI detection

Two-hybrid system Fluc [74]

2009 De et al. Further developments of
an assay

BRET Rluc (and
GFP
variant)

[75]

2009 Chan et al. Detection of protein
phosphorylation
mediated by protein
kinases

Split reporter
complementation

Fluc [51]

2010 Pan et al. Monitoring of rapamycin
pharmacodynamics

Two-hybrid system Fluc [76]

2010 Massoud
et al.

Development of a PET-
based split reporter

Split reporter
complementation

TK [65]

2011 Dragulescu-
Andrasi
et al.

Detection of deep seated
PPIs

BRET Rluc [77]

Fluc Firefly luciferase
Rluc Renilla luciferase
TK Herpes simplex virus type-1 thymidine kinase
GFP Green fluorescent protein
FRB FK506-binding protein (FKBP12) rapamycin-binding domain
FKBP12 FK506-binding protein
PPI Protein–protein interaction
BRET bioluminescence resonance energy transfer
HIF-1alpha hypoxia-inducible factor-1alpha
VHL von Hippel-Lindau tumor suppressor
HSP90 Heat shock protein 90
Akt Enzymes that are members of the serine/threonine-specific protein kinase family. Akt was
originally identified as the oncogene in the transforming retrovirus, AKT8
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strongly interacting moieties. Thus, in the ‘‘split protein’’ strategy, a single reporter
protein/enzyme is cleaved into N-terminal and C-terminal segments; each segment
is fused to one of two interacting proteins (X and Y). Physical interactions between
the two proteins X and Y reconstitutes the functional reporter protein leading to
signal generation that can be measured. This split protein strategy can work either
through protein-fragment complementation assays (PCA), or intein-mediated
reconstitution assays. In the former, noncovalent assembly of the reporter protein
occurs, and in the latter case, reconstitution of the full reporter protein occurs
through covalent bonding. To date, several reporter proteins (e.g., b-lactamase,
b-galactosidase, ubiquitin, dihydrofolate reductase, firefly luciferase [Fluc],
Renilla luciferase [Rluc], Gaussia luciferase [GLuc], Click beetle luciferase
[CBLuc], green fluorescent protein) have been adapted for split protein strategies by
finding various split sites for each reporter protein [29–32]. If a full-length reporter
can be imaged in living subjects, and this reporter can be appropriately split, then the
split reporter assay could possibly be used to noninvasively image PPIs. The
appropriate split point should lead to two fragments that do not have significant
affinity for each other and yet when brought together (through interaction of the two
proteins being studied for their mutual affinity) lead to detectable signal.

The principle of the PCA strategy for detecting PPIs was first demonstrated by
Pelletier et al. using the enzyme dihydrofolate reductase (DHFR) [33], following
inspiration from a 1994 paper by Johnsson and Varshavsky [34] describing what
they called the ‘‘ubiquitin split protein sensor.’’ In all PCAs, splitting a specific
reporter protein into two distinct fragments abolishes its function. Bringing the two
fragments back together in a controlled manner then restores functional activity
[35]. Selected fragments of many proteins can associate to produce functional
bimolecular complexes [36]; the PCA system can therefore be generalized for a
number of enzymes for the detection of PPIs, examples including DHFR, gly-
cinamide ribonucleotide (GAR) transformylase, aminoglycoside, and hygromycin
B phosphotransferases, all reviewed by Michnick et al. [35], Escherichia coli
TEM-1 b-lactamase [29, 37], green fluorescent protein and its variants [36], and
the molecular imaging reporters Fluc [31] and Rluc [30, 38]. A review of this
subject was also published recently by Shekhawat and Gosh [39].

9.4.1 Intein-mediated Reconstitution Assays

These assays are based on the restoration of the full reporter protein through
covalent bonding. Inteins have been defined as protein sequences embedded in-
frame within a precursor protein sequence and excised during a maturation process
termed protein splicing [40]. Protein splicing is a post-translational event
involving precise excision of the intein sequence and concomitant ligation of the
flanking sequences (N- and C-exteins) by a normal peptide bond [41]. Inteins are
intervening DNA sequences that are not present in the mature gene product as a
result of splicing at the protein level instead of at the RNA level. In 1998, it was
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discovered that the gene for the catalytic a subunit of the replicative DNA poly-
merase III from Synechocystis sp. PCC6803 (Ssp) is encoded in two segments
dnaE-n and dnaE-c [42]. Inteins represent a potentially powerful means of protein
manipulation, because two peptide bonds are broken, and a new peptide bond is
formed during the protein splicing process. Protein splicing is an exceedingly
complex self-catalyzed process that requires neither cofactors nor auxiliary
enzymes. It requires no source of metabolic energy and therefore involves bond
rearrangements rather than bond cleavage followed by re-synthesis. The elucida-
tion of the reaction steps involved in protein splicing has made it possible to
modulate the reactions by mutations and to design proteins that can undergo highly
specific self-cleavage and protein ligation reactions. An intein can be viewed as an
enzyme whose substrate is the adjacent amino acid residues in the two exteins to
which it is linked.

Ozawa et al. [43] initially demonstrated that Fluc can be split between amino
acid positions 437 and 438 and used with inteins (DnaE) in a reconstitution strategy
to detect insulin-induced interaction of phosphorylated insulin receptor substrate
1 (IRS-1) and its target N-terminal SH2 domain of phosphoinositide-3 kinase
(PI-3 K) in a cell culture assay. Upon interaction of the two proteins, the two DnaE
fragments are brought close enough to fold together and initiate splicing and linking
of the two Fluc halves with a peptide bond. The Fluc gene has to be rationally
dissected so that each half of Fluc is inactive. After ligating the Fluc fragments
together, the resultant mature Fluc recovers its bioluminescence activity [44].

We subsequently reasoned that it may be possible to split Fluc and use split
reporter complementation without inteins. We therefore studied PCA and intein-
mediated reconstitution of Fluc fragments and found that a complementation
strategy was as sensitive as the intein-mediated reconstitution strategy under the
conditions tested [31]. Thus, we demonstrated for the first time the feasibility of
imaging PPIs using split reporters in small living animals. We studied a PCA
based on split Fluc (cleaved into two fragments nFluc: residues 1–437; and cFluc:
residues 438–550), using the interaction of Id and MyoD as test proteins [31].

Subsequently, Kim et al. [45] developed a genetically encoded bioluminescence
indicator for monitoring and imaging the nuclear trafficking of target proteins
in vitro and in vivo. The principle is based on reconstitution of split fragments of
Rluc by protein splicing with a DnaE intein. A target cytosolic protein fused to the
N-terminal half of Rluc is expressed in mammalian cells. If the protein translocates
into the nucleus, the Rluc moiety meets the C-terminal half of Rluc, and full-length
Rluc is reconstituted by protein splicing. They demonstrated quantitative cell-
based in vitro sensing and in vivo imaging of ligand-induced translocation of
androgen receptor, which allowed high-throughput screening of exogenous and
endogenous agonists and antagonists of this receptor.

The same authors used a similar approach to noninvasive molecular imaging of
physical and emotional stress by developing a method for detecting physiological
increases in the endogenous corticosterone caused by exo- and endogenous stress
in living animals [46]. They constructed a pair of genetically encoded indicators
composed of cDNAs of glucocorticoid receptor (GR), split Rluc, and a DnaE
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intein. The GR fused with C-terminal halves of Rluc and DnaE was localized in
the cytosol, whereas a fusion protein of N-terminal halves of Rluc and DnaE was
localized in the nucleus. If corticosterone induces GR translocation into the
nucleus, the C-terminal Rluc meets the N-terminal one in the nucleus, and full-
length Rluc is reconstituted by protein splicing with DnaE. Cell-based methods
provided a quantitative bioluminescence assay of the extent of GR translocation
into the nucleus. The authors further demonstrated that the indicator enabled
noninvasive imaging in mice subjected to two different types of imposed stress: a
forced swimming and metabolic perturbation caused by 2-deoxy-D-glucose. This
stress indicator should be valuable for screening pharmacological compounds and
in studying mechanisms of physiological stress.

Kanno et al. [47] also developed a genetically encoded bioluminescence indi-
cator for monitoring the release of proteins from the mitochondria in living cells.
The principle of this method is based on reconstitution of split Rluc fragments by
protein splicing with a DnaE intein. A target mitochondrial protein connected with
an N-terminal fragment of Rluc and an N-terminal fragment of DnaE is expressed
in mammalian cells. If the target protein is released from the mitochondria toward
the cytosol upon stimulation with a specific chemical, the N-terminal Rluc meets
the C-terminal Rluc connected with C-terminal DnaE in the cytosol, and thereby,
the full-length Rluc is reconstituted by protein splicing. The extent of release of the
target fusion protein was evaluated by measuring activities of the reconstituted
Rluc. To test the feasibility of this method, the authors monitored the release of
Smac/DIABLO protein from mitochondria during apoptosis in living cells and
mice. Their method allowed high-throughput screening of an apoptosis-inducing
reagent, staurosporine, and imaging of the Smac/DIABLO release in cells and in
living mice. This rapid analysis may be used for screening and assaying chemicals
that would increase or inhibit the release of mitochondrial proteins in living cells
and animals.

The split-intein system generally suffers from slow kinetic response rates
posing problems for quantitative interrogation of reversible biochemical reactions,
drug-induced protein associations, or shifts in equilibrium states of interacting
proteins. The truly important aspects of studying PPIs in living cells or animals lie
in the ability to do so in real time. The inevitable delay in the ability to detect an
interaction using the split-intein strategy can be attributed to the time required for
the splicing reaction. While this may not be a factor for slow reactions occurring
over long time frames, numerous drugs, chemicals, and natural ligands exert their
effects in seconds to minutes. The system also exhibits a high false-positive rate on
account of the split-intein fragments being so small that at times it is believed they
act merely as simple linker proteins, thus limiting the quantification of protein
interactions.
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9.4.2 Protein-Fragment Complementation Assays
Using Split Firefly Luciferase

The most commonly used bioluminescence reporter gene for research purposes has
been the luciferase from the North American Firefly (Photinus pyralis; Fluc). Fluc
(61 kDa) catalyzes the transformation of its substrate D-Luciferin into oxyluciferin
in a process dependent on ATP, Mg++, and O2, leading to self-emission of light
from green to yellow wavelengths (560–610 nm, peak emission at 562 nm). In
2002, we demonstrated for the first time the feasibility of imaging PPIs using split

Fig. 9.1 Schematic diagram of the split reporter–based complementation strategy used to
optically image PPIs in living mice. The N-terminal half of firefly luciferase is attached to protein
X through a short peptide linker FFAGYC, and the C-terminal half firefly luciferase is connected
to protein Y through the peptide linker CLKS. Interaction of proteins X and Y recovers Fluc
activity through protein complementation (Fig. 9.1a). In vivo optical cooled CCD camera
imaging of mice carrying transiently cotransfected 293T cells for the induction of the
complementation-based split-luciferase system. All images shown are the visible light image
superimposed on the optical CCD bioluminescence image with a scale in p/sec/cm2/sr. Mice were
imaged in a supine position after IP injection of D-Luciferin. (Fig. 9.1b). A set of nude mice was
repetitively imaged after subcutaneous implantation of 293T cells transiently cotransfected with
various plasmids as described in Paulmurugan et al. [31]. One group of mice was induced
with TNF-a, and the other group was not induced. The images were one representative mouse
from each group immediately after implanting cells (0 h), and 18 and 36 h after TNF-a induction.
The induced mouse showed higher Fluc signal at site D (where interacting proteins result in
reporter protein complementation) when compared with the mouse not receiving TNF-a. The
Fluc signal significantly increases after receiving TNF-a. Reproduced with permission from
Paulmurugan et al. [31]
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reporters in small living animals [31]. We studied a PCA based on split Fluc
(cleaved into two fragments, nFluc: residues 1–437; and cFluc: residues 438–550),
using the interaction of Id and MyoD as test proteins (Fig. 9.1).

Subsequently, Luker et al. [48] described a systematic truncation library
yielding alternative complementary N- and C-fragments of Fluc (nFluc: residues
2-416; and cFluc: residues 398-550). These fragments were used to monitor rap-
amycin-mediated interaction of rapamycin-binding proteins FRB and FKBP12.
We similarly used the Fluc fragments previously tested with Id and MyoD to study
rapamycin-mediated interactions and found the complementation to be too weak
for optical imaging in living animals using the CCD camera (unpublished data).

Further studies on reporter complementation assays for imaging of PPIs in
living subjects led us to use a combinatorial strategy to identify a novel split site
for Fluc with improved imaging characteristics over previously published split
sites [49]. A combination of fragments with greater absolute signal and near-zero
background signal was achieved by screening 115 different combinations. The
identified fragments were further characterized by using five different interacting
protein partners and an intramolecular folding strategy (see below). Cell culture
studies and imaging in living mice were performed to validate the new split sites.
In addition, the signal generated by the newly identified combination of fragments
(nFluc 398/cFluc 394) was compared with different split-luciferase fragments then
in use for studying PPIs and was shown to be markedly superior with a lower self-
complementation signal and equal or higher post-interaction absolute signal. This
study also identified many different combinations of nonoverlapping and over-
lapping Fluc fragments that can be used for studying different cellular events such
as sub-cellular localization of proteins, cell–cell fusion, and evaluating cell
delivery vehicles, in addition to PPIs, both in cells and small living animals.

The developed split Fluc system was used to study the crucial role of tumor
hypoxia in tumorigenesis [50]. Under hypoxia, hypoxia-inducible factor 1 alpha
(HIF-1 alpha) regulates activation of genes promoting malignant progression.
Under normoxia, HIF-1 alpha is hydroxylated on prolines 402 and 564 and is
targeted for ubiquitin-mediated degradation by interacting with the von Hippel-
Lindau protein complex (pVHL). We developed a novel method of studying the
interaction between HIF-1 alpha and pVHL using the split Fluc complementation-
based bioluminescence system in which HIF-1 alpha and pVHL are fused to
amino-terminal and carboxy-terminal fragments of the luciferase, respectively. We
demonstrated that hydroxylation-dependent interaction between the HIF-1 alpha
and pVHL leads to complementation of the two luciferase fragments, resulting in
bioluminescence in vitro and in vivo. Complementation-based bioluminescence is
diminished when mutant pVHLs with decreased affinity for binding HIF-1 alpha
are used. This method represents a new approach for studying interaction of
proteins involved in the regulation of protein degradation.

In another application, protein phosphorylation mediated by protein kinases
was studied using a genetically encoded, generalizable split Fluc-assisted com-
plementation system [51]. This was developed for noninvasive monitoring of
phosphorylation events and efficacies of kinase inhibitors in cell culture and in
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small living subjects by optical bioluminescence imaging. The serine/threonine
kinase Akt mediates mitogenic and anti-apoptotic responses that result from
activation of multiple signaling cascades. It is considered a key determinant of
tumor aggressiveness and is a major target for anticancer drug development. An
Akt sensor (AST) was constructed to monitor Akt phosphorylation and the effect
of different PI-3 K and Akt inhibitors. Specificity of AST was determined using a
nonphosphorylable mutant sensor containing an alanine substitution (ASA). It was
found that the PI-3 K inhibitor LY294002 and Akt kinase inhibitor perifosine led
to temporal- and dose-dependent increases in complemented Fluc activities in
293T human kidney cancer cells stably expressing AST (293T/AST) but not in
293T/ASA cells. Inhibition of endogenous Akt phosphorylation and kinase
activities by perifosine also correlated with increase in complemented Fluc
activities in 293T/AST cells but not in 293T/ASA cells. Treatment of nude mice
bearing 293T/AST xenografts with perifosine led to a twofold increase in com-
plemented Fluc activities compared with that of 293T/ASA xenografts. Our system
was used to screen a small chemical library for novel modulators of Akt kinase
activity. It is foreseen that this generalizable approach for noninvasive monitoring
of phosphorylation events will accelerate the discovery and validation of novel
kinase inhibitors and modulators of phosphorylation events.

Zhang et al. [52] have also described a new reporter molecule whose biolu-
minescence activity within live cells and in mice can be used to measure Akt
activity. Akt activity in cultured cells, and tumor xenografts was monitored
quantitatively and dynamically in response to activation or inhibition of receptor
tyrosine kinase, inhibition of PI-3 K, or direct inhibition of Akt. The results
provided unique insights into the pharmacokinetics and pharmacodynamics of
agents that modulate Akt activity, revealing the usefulness of this reporter for rapid
dose and schedule optimization in the drug development process. Having con-
structed a genetically engineered hybrid bioluminescent Akt reporter (BAR)
molecule that reports on Akt serine/threonine kinase activity (containing an Akt
consensus substrate peptide, consisting of a domain that binds phosphorylated
amino acid residues (FHA2) flanked by nFluc and cFluc reporter domains), the
same authors subsequently described a modified version of this reporter molecule
(myristoylated and palmitoylated bioluminescent Akt reporter [MyrPalm-BAR]),
which is membrane bound and the bioluminescence activity of which can be used
to monitor Akt activity at the cell membrane [53]. This was based on the fact that
Akt is recruited to the plasma membrane upon activation. Using changes in Akt
activation status with small molecule inhibitors of Akt, they demonstrated that the
membrane-targeted Akt reporter was more sensitive and quantitative. In addition,
inhibition of upstream signaling kinases such as epidermal growth factor receptor
and phosphatidylinositol 3-kinase activity resulted in changes in Akt activity that
was quantitatively monitored by bioluminescence imaging. Based on these results,
the authors proposed that the membrane-associated Akt reporter may be better
suited for high-throughput screening and identification of novel compounds that
modulate the Akt pathway.
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In a slight variation on the theme of imaging PPIs, we identified different
fragments of Fluc based on the crystal structure of Fluc; these split reporter genes,
which encode fragments distinctly different from those currently used for studying
PPIs, can self-complement and provide Fluc enzyme activity in different cell lines
in culture and in living mice [54]. The comparison of the fragment complemen-
tation associated recovery of Fluc activity with intact Fluc was estimated for
different fragment combinations and ranged from 0.01 to 4 % of the full Fluc
activity. Using a cooled optical charge-coupled device camera, the analysis of Fluc
fragment complementation in transiently transfected subcutaneous 293T cell
implants in living mice showed significant detectable enzyme activity upon
injecting D-Luciferin, especially from the combinations of fragments identified
(nFluc and cFluc are the N and C fragments of Fluc, respectively): nFluc (1–475)/
cFluc (245–550), nFluc (1–475)/cFluc (265–550), and nFluc (1–475)/cFluc
(300–550). The cFluc (265–550) fragment, upon expression with the nuclear
localization signal (NLS) peptide of SV40, showed reduced enzyme activity when
the cells were cotransfected with the nFluc (1–475) fragment expressed without
NLS. We also proved in this study, by delivering TAT-cFluc (265–550) to cells
stably expressing nFluc (1–475) and recovering signal, that the complementing
fragments could be efficiently used for screening macromolecule delivery vehicles.
These complementing fragments should be useful for many reporter-based assays
including intracellular localization of proteins, studying cellular macromolecule
delivery vehicles, studying cell–cell fusions, and also developing intracellular
phosphorylation sensors based on fragment complementation.

9.4.3 Protein-Fragment Complementation Assays
Using Split Renilla luciferase

The enzyme Rluc (or the synthetically mutated humanized version, hRluc), is a
311-residue, 36-kDa monomeric bioluminescence imaging reporter protein, being
the smallest optical reporter protein identified to date for studying PPIs in a PCA
strategy [30, 38]. This PCA strategy, using N- and C-terminal halves of split Rluc
functions in both cell culture and in living animals, and has been demonstrated
with several different protein partners. We used fragments generated by splitting
between residues 229 and 230 to study rapamycin-induced interaction of the
human proteins FRB and FKBP12 [55]. Moreover, protein interaction between
IRS1 and the SH2 domain of PI3 K in the insulin-signaling pathway was located in
living mammalian cells using Rluc split between residues 91 and 92 [30].

Rluc is capable of generating a flash of blue light (460–490 nm, peak emission
at 482 nm) upon reaction with its substrate coelenterazine. One limitation asso-
ciated with the use of Rluc is its relatively rapid reaction kinetics, requiring early
time-point measurements [56]. Nevertheless, this split reporter system appears
highly suitable for studying PPIs in cells and in living animals owing to its optical
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bioluminescence nature, and its signal that is amplifiable through an enzymatic
process. Further, the complementation strategies based on Rluc fragments, with
smaller fragment size than Fluc, have less hindrance with interacting protein
partners, and work more efficiently with different imaging assays. Another clear
advantage of using the split Rluc system when compared to the split Fluc is that
the former’s enzymatic reaction is ATP independent and therefore could be used in
specific situations where the PPI under study itself requires ATP, e.g., the binding
of Hsp90 to the co-chaperone protein p23. Unfortunately, several coelenterazines
have been found to be substrates for the efflux transporter MDR1 P-glycoprotein,
including coelenterazine f, h, and hcp [57]. This raises some general concern for
the indiscriminant use of coelenterazine and Rluc reporters in live cell assays and
noninvasive whole-animal imaging. The photon output of the reporter can be
impacted by changes in P-glycoprotein transport activity that alter substrate
availability within the cells, thereby introducing signal artifacts not related to the
biological process under investigation, that is, PPIs. Furthermore, coelenterazine
cannot be used in experimentation involving transport across the blood–brain
barrier because brain capillaries are rich in outwardly directed P-glycoprotein,
effectively excluding coelenterazine from the central nervous system.

To date, the split Rluc system has been used in several molecular imaging
applications, including PPIs, small molecule-induced PPIs, small molecule-med-
iated inhibition of PPIs, and protein homodimerization. More recently, we
developed a novel fusion protein approach for studying rapamycin-mediated
interaction of fused FRB and FKBP12 with either split hRluc or split enhanced
GFP, to achieve a system with greater sensitivity for detecting lower levels of
drug-mediated PPIs in vivo [58]. These applications are described more fully
below.

Networks of protein interactions mediate cellular responses to environmental
stimuli and direct the execution of many different cellular functional pathways.
Small molecules synthesized within cells or recruited from the external environ-
ment mediate many protein interactions. The study of small molecule-mediated
interactions of proteins is important to understand abnormal signal transduction
pathways in cancer and in drug development and validation. In one study, we used
split hRluc protein-fragment-assisted complementation to evaluate heterodimer-
ization of the human proteins FRB and FKBP12 mediated by the small molecule
rapamycin [55] (Fig. 9.2). The concentration of rapamycin required for efficient
dimerization and that of its competitive binder ascomycin required for dimeriza-
tion inhibition were studied in cell lines. The system was dually modulated in cell
culture at the transcription level, by controlling nuclear factor kappaB promoter/
enhancer elements using tumor necrosis factor alpha, and at the interaction level,
by controlling the concentration of the dimerizer rapamycin. The rapamycin-
mediated dimerization of FRB and FKBP12 also was studied in living mice by
locating, quantifying, and timing the hRluc complementation-based biolumines-
cence imaging signal using a cooled charge-coupled device camera. It was found
that this split reporter system can be used to efficiently screen small molecule
drugs that modulate PPIs and also to assess drugs in living animals. Both are
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essential steps in the preclinical evaluation of candidate pharmaceutical agents
targeting PPIs, including signaling pathways in cancer cells.

In another study adopting a different strategy, we evaluated the rapamycin-
mediated interaction of the human proteins FK506-binding protein (FKBP12)
rapamycin-binding domain (FRB) and FKBP12 by constructing a fusion of these
proteins with a split-Rluc or a split enhanced green fluorescent protein (split-EGFP)
such that complementation of the reporter fragments occurs in the presence of
rapamycin [58]. Different linker peptides in the fusion protein were evaluated for
the efficient maintenance of complemented reporter activity. This system was
studied in both cell culture and xenografts in living animals. We found that peptide
linkers with two or four EAAAR amino acid repeats showed higher PPI-mediated
signal with lower background signal compared with having no linker or linkers with
amino acid sequences GGGGSGGGGS, ACGSLSCGSF, and ACGSLSCGSFACG
SLSCGSF. A 9 ± twofold increase in signal intensity both in cell culture and in
living mice was seen compared with a system that expresses both reporter
fragments and the interacting proteins separately. In this fusion system,

(a) (b)
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FRB FKBP12

N-hRLUC C-hRLUC
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N-hRLUC C-hRLUC

Fig. 9.2 Schematic diagram of rapamycin-mediated synthetic Renilla luciferase (hRluc) protein-
fragment-assisted complementation strategy. In this strategy (Fig. 9.2a) N-terminal and C-
terminal portions of hRluc fragments are attached to proteins FRB and FKBP12, respectively,
through a short peptide linker GGGGSGGGGS. The N- and C-portions of hRluc fragments are
closely approximated by the dimerization of proteins FRB and FKBP12 only in the presence of
the small molecule rapamycin, and this, in turn, leads to recover the activity of the hRluc protein.
Optical CCD camera imaging of living mice carrying IV injected 293T cells transiently
cotransfected with Nhrluc-FRB and FKBP12-Chrluc (Fig. 9.2b). The animals not receiving
rapamycin showed only a mean background signal of 4 ± 1 9 103 p/s/cm2/sr at all of the four
time points studied. The animals receiving repeated injections of rapamycin emitted signals in the
region of abdomen that were three fold (mean, 1.6 9 104 p/s/cm2/sr) and five-fold (mean,
3.0 9 104 p/s/cm2/sr) higher than background (p \ 0.05) at 24 and 48 h after the injection of
rapamycin, respectively. (left-sided animals did not receive rapamycin; right-sided animals
received rapamycin). Reproduced with permission from Paulmurugan et al. [54]
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rapamycin-induced heterodimerization of the FRB and FKBP12 moieties occurred
rapidly even at very lower concentrations (0.00001 nmol/L) of rapamycin. For a
similar fusion system employing split-EGFP, flow cytometry analysis showed
significant level of rapamycin-induced complementation.

We also evaluated small molecule-mediated inhibition of PPIs [59]. Heat shock
protein 90 alpha (Hsp90 alpha)/p23 and Hsp90 beta/p23 interactions are crucial for
proper folding of proteins involved in cancer and neurodegenerative diseases.
Small molecule Hsp90 inhibitors block Hsp90 alpha/p23 and Hsp90 beta/p23
interactions in part by preventing ATP binding to Hsp90. The importance of
isoform-selective Hsp90 alpha/p23 and Hsp90 beta/p23 interactions in determin-
ing the sensitivity to Hsp90 was examined using 293T human kidney cancer cells
stably expressing split Rluc reporters. Interactions between Hsp90 alpha/p23 and
Hsp90 beta/p23 in the split Rluc reporters led to complementation of Rluc activity,
which was determined by bioluminescence imaging of intact cells in cell culture
and living mice using a cooled charge-coupled device camera. The three gel-
danamycin-based and seven purine-scaffold Hsp90 inhibitors led to different levels
of inhibition of complemented Rluc activities (10–70 %). However, there was no
isoform selectivity to either class of Hsp90 inhibitors in cell culture conditions.
The most potent Hsp90 inhibitor, PU-H71, however, led to a 60 and 30 % decrease
in Rluc activity (14 h) in 293T xenografts expressing Hsp90 alpha/p23 and Hsp90
beta/p23 split reporters, respectively, relative to carrier control-treated mice.
Molecular imaging of isoform-specific Hsp90 alpha/p23 and Hsp90 beta/p23
interactions and efficacy of different classes of Hsp90 inhibitors in living subjects
have been achieved with a novel genetically encoded reporter gene strategy that
should help in accelerating development of potent and isoform-selective Hsp90
inhibitors.

Homodimeric protein interactions are potent regulators of cellular functions but
are particularly challenging to study in vivo. We also used a split hRluc com-
plementation-based bioluminescence assay to study homodimerization of herpes
simplex virus type 1 thymidine kinase (TK) in mammalian cells and in living mice
[28]. We quantified and imaged homodimerization of TK chimeras containing
N-terminal (n-hRluc) or C-terminal (c-hRluc) fragments of hRluc in the upstream
and downstream positions, respectively, (tail-to-head homodimer). This was
monitored using luminometry (68-fold increase, and was significantly [P \ 0.01]
above background light emission) and by CCD camera imaging of living mice
implanted with ex vivo transfected 293T cells (2.7-fold increase and was signifi-
cantly [P \ 0.01] above background light emission). We also made a mutant-TK
to generate n-hRluc mutant TK and mutant TK-c-hRluc by changing a single
amino acid at position 318 from arginine to cysteine, a key site that has previously
been reported to be essential for TK homo-dimerization, to support the specificity
of the hRluc complementation signal from TK homodimerization. Ex vivo sub-
strate (8-3H Penciclovir) accumulation assays in 293T cells expressing the TK
protein chimeras showed active TK enzyme. We also devised an experimental
strategy by constructing variant TK chimeras (possessing extra n-hRluc or c-hRluc
‘spacers’) to monitor incremental lack of association of the tail-to-head TK
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homodimer. Application of this potentially generalizable assay to screen for
molecules that promote or disrupt ubiquitous homodimeric PPIs could serve not
only as an invaluable tool to understand biological networks but could also be
applied to drug discovery and validation in living subjects.

As an offshoot to our designing of strategies for PPI imaging, we used the split
Renilla system to help devise newer approaches to high-throughput analysis of
interactions between various hormones and drugs with the estrogen receptor (ER)
[60]. These are crucial for accelerating the understanding of ER biology and
pharmacology. Through the careful analyses of the crystal structures of the human
ER (hER) ligand-binding domain (hER-LBD) in complex with different ligands,
we hypothesized that the hER-LBD intramolecular folding pattern could be used to
distinguish ER agonists from selective ER modulators and pure antiestrogens. We
therefore constructed and validated intramolecular folding sensors encoding
various hER-LBD fusion proteins that could lead to split Rluc/Fluc reporter
complementation in the presence of the appropriate ligands. A mutant hER-LBD
with low affinity for circulating estradiol was also identified for imaging in living
subjects. Cells stably expressing the intramolecular folding sensors expressing
wild-type and mutant hER-LBD were used for imaging ligand-induced intramo-
lecular folding in living mice. This is the first hER-LBD intramolecular folding
sensor suited for high-throughput quantitative analysis of interactions between
hER with hormones and drugs using cell lysates, intact cells, and molecular
imaging of small living subjects. The strategies developed can also be extended to
study and image other important protein intramolecular folding systems. A sub-
sequent further development of this system allowed for in vivo molecular imaging
of ERa and ERb homo- and heterodimerization using split Fluc or Rluc [61].

In an interesting combined application of both split Fluc and split Rluc systems,
we demonstrated the feasibility of imaging ER-ligand-modulated multiprotein
interactions [human estrogen receptors (ER-alpha/beta), p53 tumor suppressor
protein and the human equivalent of mouse double minute 2 (HDM2)] [R Paul-
murugan and SS Gambhir: Imaging ER-ligand-modulated multiprotein interactions
[(human estrogen receptors (ER-alpha/beta), p53 tumor suppressor protein and the
human equivalent of mouse double minute 2 (HDM2)] with a split-luciferase sys-
tem. Presented at the Joint Molecular Imaging Conference, Providence, Rhode
Island, September 2007]. The background impetus to this arises from knowledge
that cancers develop when accumulated genetic defects cause cells to proliferate
unchecked and escape from programmed cell-death. p53, HDM2, and ERs are a few
among several prime targets that generate genetic abnormalities that lead to cancer.
These proteins function independently and interact together by forming a ternary
complex that regulates the expression level of different proteins required for normal
cell death/growth. The advantages of these targets over other proteins are that
they can be controlled by small-molecule ligands that bind to any one of these three
(p53/HDM2/ER) to modulate the functional role of all three proteins. The authors
showed for the first time simultaneous interaction of these multiproteins and their
modulation in response to different ER-ligands. Plasmids expressing fusion-proteins
nFluc-ER-alpha/beta-chRluc, p53-cFluc and nhRluc-HDM2 were transiently
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cotransfected in 293T cells and complemented Fluc (ER/p53-interaction) and
Rluc (p53/HDM2-interaction) activities were determined before and after exposure
to 13-different ligands that bind to ER. The results showed significant levels of
modulation by ER-ligands for the Fluc signals (ER/p53-interaction). There was no
significant change in the Rluc signal (p53/HDM2-interaction). Studies with both
ER-alpha and beta showed similar levels of interaction with p53. The system with
the ER/p53 interaction showed significant levels of reversibility upon removal of the
ligand. These results demonstrated that the interaction between ER and p53 was
ligand-dependent. Studying this multiprotein interaction system with ligands spe-
cific to p53 or/to HDM2, in the presence and the absence of ER-ligands, may further
identify the complexity behind the interactions between these three proteins. This
was the first demonstration of multiprotein-interactions studied with multiple-split-
reporters and this strategy should be useful for also studying other similar types of
complex interactions.

Of note, the split protein strategies described previously are based on absolute
stereospecific and regiospecific requirements for complex formation among
interacting sequences. Although no head-to-head comparison is available, this
strategy would therefore appear more specific than the modified yeast two-hybrid
system, which suffers from many false-positive outcomes, at least in its standard
(nonimaging) laboratory use. Moreover, the split protein strategies can be used to
image interacting proteins anywhere in the cell.

9.4.4 Protein-Fragment Complementation Assays Using
Other Split Reporters, and Other Reporter
Complementation Strategies

Although not yet at a stage of application in living subjects, Kim et al. [62] have
recently evaluated the Click beetle luciferase (CBluc) and its luminescence signal
as a bioanalytical index reporting the magnitude of a signal transduction of
interest. CBluc is insensitive to pH, temperature, and heavy metals, and emits a
stable, highly tissue-transparent red light with luciferin in physiological circum-
stances. They validated a single-molecule-format complementation system of split
CBluc to study signal-controlled PPIs. First, they generated 10 pairs of N- and
C-terminal fragments of CBluc to examine, respectively, whether a significant
recovery of the activity occurs through intramolecular complementation. The
ligand binding domain of androgen receptor (AR LBD) was connected to a
functional peptide sequence through a flexible linker. The fusion protein was then
sandwiched between the dissected N- and C-terminal fragments of CBluc.
Androgen induces the association between AR LBD and a functional peptide and
the subsequent complementation of N- and C-terminal fragments of split CBluc
inside the single-molecule-format probe, which restores the activities of CBluc.
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The examination about the split sites of CBluc revealed that the dissection posi-
tions next to the amino acids D412 and I439 can admit a stable recovery of CBluc
activity through an intramolecular complementation. The ligand sensitivity and
kinetics of the single molecular probe with split CBluc were studied in various cell
lines and in different protein-peptide binding models. The probe may be applicable
to developing biotherapeutic agents relevant to AR signaling and for screening
adverse chemicals that possibly influence the signal transduction of proteins in
living cells or animals, although the latter setting is yet to be verified.

Gaussia Luciferase (GLuc) is another high-sensitive optical reporter protein of
19.9 kDa (185 amino acids) that emits blue light (at a peak of 480nM) and uses the
substrate coelenterazine. Optimal split sites identified between amino acids Gly93
and Glu94 by screening a library of N- and C-terminal fragments using a rapa-
mycin-mediated FRB/FKBP12 interaction system were successfully evaluated for
leucine zipper interaction and TGFb-mediated interaction of serine-threonine
kinase PKB/Akt and the transcriptional activator Smad3 [63]. Later, Kim et al. in
2009 [64], identified fragments generated by a split site between amino acids 105
and 106 can successfully reconstitute enzymatic activity through PPIs driven by
calcium (calmodulin and M13 peptide interaction) in cell cultures. Even though
GLuc is highly sensitive, the secretary nature of this protein limits its application
for in vivo studies.

Importantly, there is a pressing need to develop better techniques for nonin-
vasive imaging of PPIs using split reporters. We recently described the molecular
engineering rationale and construction of a novel positron emission tomography
(PET)-based reporter (the herpes simplex virus type 1 thymidine kinase [TK]) split
into two fragments between Thr-265 and Ala-266 after demonstration of preserved
enzymatic activity (85.2 %, as compared to intact TK) in a circularly permuted
variant based on this cleavage site [65]. We used this split TK in a PCA to
quantitatively measure PPIs in mammalian 293T cells using an in vitro
[8-3H]Penciclovir cell uptake assay. We showed a greater extent of TK fragment
complementation when using FRB/FKBP12 than Id/MyoD as test proteins. We
determined that co-expression of nTK-FRB together with FKBP12-cTK gave the
optimal orientation of chimeras for evaluation in this PCA assay. We also dem-
onstrated the use of this split TK in a PCA to quantitatively microPET image PPIs
in 293T cells subcutaneously implanted in living mice. For this, we prepared 293T
cells stably expressing nTK-FRB and FKBP12-cTK in a single vector. Cell uptake
studies using these stably transfected cells demonstrated that the competitive
inhibitor ascomycin (FK506) prevented rapamycin-induced TK activity in a dose-
dependent manner. Prior to imaging we also established that adequate levels of
protein expression were present by western blot. The designing of this novel split
TK reporter and its application in an in vivo PET-based PCA potentially allows for
the first time a more precise fully quantitative and tomographic localization of
cytosolic or nuclear PPIs in pre-clinical small and large animal models of disease
than has been possible to date.
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9.5 Future Outlook and Conclusions

We have reviewed the main methods currently available for imaging PPIs in living
subjects based on use of the split reporter systems. Unlike fluorescence micros-
copy-based techniques, studies of the kinetics of PPIs, including analysis of
complementation reversibility, are not possible at present, although this will be an
area of future active investigation. These future experiments will also require
assessment in several cell lines, as well as with a greater variety of protein partners
of different sizes and interaction affinities (weak transient to strong obligate), to
establish the general widespread applicability of this technique.

The opportunity to measure two different protein interactions at the same time
by spectrally unmixing output colors will be useful in attempts to multiplex image
protein interaction networks [66]. Recent advances in processing of two color
imaging now allows for the total spectral deconvolution of multicolored biolu-
minescent images, assuming the spectra are different enough to reliably calculate
the contribution of each individual emitter within each detection window, based on
their published spectra. Simultaneous imaging of multiple interactions should
allow deconvolution of complex protein interactions and, eventually, protein
interactomes.

The high sensitivity of these assays for detecting, locating, and quantifying
PPIs, combined with the advantages of doing so in a living subject environment,
should make them of potential value in many areas of biological investigation and
future clinical molecular medicine applications (especially with the now available
PET-based split TK PCA system). Indeed, endpoints in molecular imaging of PPIs
can be quantified and therefore are particularly useful for translational research.
Ultimately, we foresee innovative molecular imaging tools, such as the one pre-
sented, enhancing our appreciation of entire biological pathway systems and their
pharmacological regulation, and accelerating the achievement of a ‘systems
biology’ understanding of biological complexity [67].
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Chapter 10
Engineering Aspects of Bioluminescence
Resonance Energy Transfer Systems

Abhijit De, Rohit Arora and Akshi Jasani

Abbreviations

PPI/PPIs Protein–protein interaction(s)
ELISA Enzyme-linked Immunosorbent Assay
Y2H Yeast two-hybrid assay
IY2H Induced Yeast two-hybrid assay
PCAs Protein-fragment complementation assays
FRET Fluorescence resonance energy transfer
BRET Bioluminescence resonance energy transfer
BL Bioluminescence
RLuc Renilla luciferase
FLuc Firefly luciferase
ATP Adenosine triphosphate
LH2 D-Luciferin substrate for FLuc
AMP Adenosine monophosphate
CO2 Carbon dioxide
Emmax Emission maximum
Clz Coelenterazine
RET Resonance energy transfer
ERET Efficiency of resonance energy transfer
FP/FPs Fluorescent protein(s)
GFP Green fluorescent protein
EYFP Enhanced yellow fluorescent protein
Exmax Excitation maximum
Cf Correction factor
Clz-h Coelenterazine-h
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RFP Red fluorescent protein
Clz-v Coelenterazine-v
CBP Coelenterazine-binding protein
RLuc-m Renilla muelleri luciferase
BLI Bioluminescence imaging
MLuc Metridia luciferase
OLuc Oplophorus luciferase
CBG Click beetle green luciferase
GLuc Gaussia luciferase
VLuc Vargula luciferase
NLuc NanoLucTM

OLuc-19 19-kDa catalytic domain of OLuc
OLuc-35 35-kDa stabilizing domain of OLuc
wtGFP Wild-type green fluorescent protein
avGFP Green fluorescent protein from Aequorea victoria
EGFP Enhanced green fluorescent protein
RFP Red fluorescent protein
SRET Sequential resonance energy transfer
BiFC-BRET Bimolecular fluorescence complementation-bioluminescence reso-

nance energy transfer
CODA-RET Complemented donor–acceptor resonance energy transfer
BiLC-BiFC Bimolecular luminescence complementation-bimolecular fluores-

cence complementation
NST Nocistatin
N/OFQ Nociceptin/Orphanin FQ
HIV Human immunodeficiency virus
PR Protease
HTS High-throughput screening
FCV Feline calicivirus
RG Arginine–glycine peptide
CRET Chemiluminescence resonance energy transfer
tdTA tdTomato-aequorin system
CaM Calmodulin
cpVenus Circularly permuted Venus
cpFPs Circularly permuted fluorescent proteins
FKBP12 FK506-binding protein 12
FRB FKBP12-Rapamycin-binding domain
mTOR Mammalian target of rapamycin
GPCR G protein-coupled receptor
CB1R Cannabinoid-1 receptor
D2R Dopamine D2 receptor
A2AR Adenosine A2A receptor
SH2 Src homology 2 domain
OS-BLIA Open sandwich bioluminescent assay
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VH Variable heavy chain of antibody
VL Variable light chain of antibody
Trx Thioredoxin
RT-PCR Reverse-transcriptase polymerase chain reaction
ARM Arginine-rich motifs
BIV Bovine immunodeficiency virus
JDV Jembrana deficiency virus
NIR Near-infrared
QD/QDs Quantum dot(s)
MMP-2 Matrix metalloproteinase-2
MMP-7 Matrix metalloproteinase-7
uPA Urokinase-type plasminogen activator
CLuc Cypridina luciferase
FBP Far-red bioluminescent protein
Dlk-1 Delta-like protein-1
C-60 Carbon-60/Fullerene
PMT Photomultiplier tube
BLM Bioluminescence microscopy
CCD Charge-coupled device
EB-CCD Electron bombarded charged coupled device
EMCCD Electron multiplying cooled charge-coupled
DR Double ratio

10.1 Introduction

In this era of rapid expansion in scientific technology, scientists are keen on
solving the mysteries of a variety of diseases. With more and more genomic data
piling up, there is an urgent need to develop techniques that utilize this data to
understand their phenotypic implications. Different biological processes are
mediated by a plethora of specific protein-protein interactions (PPIs). Any
anomalies in the genome will be manifested in the form of altered proteins and
their functions. So, the study of these PPIs in normal and diseased cells becomes
pivotal in the understanding of diseases and developing a suitable therapy. Con-
ventional biochemical assays like coimmunoprecipitation [1, 2], gel-filtration
chromatography [3], sandwich enzyme-linked immunosorbent assay (ELISA) [4],
etc. have long been used in the investigation of PPIs. These assays, though suc-
cessful, are essentially endpoint, in in vitro measurements and thus fail to provide
spatiotemporal information on specific PPIs occurring within live cells. Further-
more, they also require mechanical-, chaotropic-, or detergent-based cell lyses,
which can alter native PPIs in some cases [5, 6]. Moreover, such techniques are
insensitive to transient interactions that may affect cellular processes. To overcome
these limitations, various non-invasive approaches using genetic reporter genes

10 Engineering Aspects of Bioluminescence Resonance Energy Transfer Systems 259



have been developed over the last two decades, which allow the study of PPIs in
their native environment [6]. Of the various techniques developed, the yeast two-
hybrid (Y2H) system [7], inducible yeast two-hybrid (IY2H) system [8], split
reporter complementation assays or protein-fragment complementation assays
(PCAs) [9], fluorescence resonance energy transfer (FRET), and bioluminescence
resonance energy transfer (BRET) [6, 10] are prominent in the field. The Y2H uses
a bait protein linked to a DNA-binding domain and is used to find a prey protein
that is connected to a transcription activation domain. With a similar underlying
principle, IY2H indicates an in vivo interaction under the influence of an external
stimulus (e.g., cytokine, growth factor, etc.). The PCAs/split reporter comple-
mentation assays are based on the detection of a positive signal gain upon the
reconstitution of the two functional halves of a reporter gene, usually an enzyme-
like luciferase or b-lactamase, each of which are fused to potential protein partners
of interest [6]. In contrast, BRET and FRET are biophysical techniques guided by
the Förster Resonance Energy Transfer principle. In this chapter, we will be
describing bioluminescence resonance energy transfer (BRET) principle in detail,
highlighting various engineering aspects related to its assay design, customized
development of various BRET-based sensors and ingenious advances in this
technique in the recent past.

10.2 Biophysical Basis of BRET

10.2.1 Bioluminescence Light Emission

Bioluminescence (BL), which is a naturally occurring phenomenon in many living
organisms, has been used in the life sciences for several decades. Luminescence
relies on an enzyme-based chemical reaction occurring within the specimen, and
this enzyme–substrate catalysis results in the emission of a specific wavelength of
light. This independent mechanism of light production has evolved in many
organisms (especially in deep-sea organisms) to support their defense mechanism,
distract predators, or even demonstrate sexual behavior [11].

The luciferases widely used in BRET are Renilla luciferase (RLuc) from the sea
pansy Renilla reniformis and firefly luciferase (FLuc) from the firefly Photinus
pyralis. Other luciferases that have been introduced as candidates for BRET
include Gaussia, Metridia, and Vargula luciferases (discussed later in this chap-
ter). The exact mechanism for bioluminescence reactions differs from species to
species. However, they are broadly categorized into two groups as ATP-dependent
and ATP-independent reactions. The first group comprising of beetle firefly
luciferases (FLuc) requires ATP and Mg2+ for the catalytic reaction. During this
reaction, FLuc enzyme catalyzes the production of luciferyl adenylate (LH2-AMP)
from the substrate D-luciferin (LH2) in the presence of ATP. Then, LH2-AMP is
oxidized by molecular oxygen to yield excited-state oxyluciferin and CO2.
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The excited-state oxyluciferin relaxes to its ground state with the emission of
yellowish green light (emission maximum or Emmax 562 nm) and AMP [12–15].
This ATP dependency has been widely used as a method to determine the cellular
ATP levels in bacteria and blood [16].

On the other hand, luciferases such as RLuc that use imidazopyrazinone-type
substrate called coelenterazine (Clz) function in an ATP-independent mechanism
that employs a simple oxygenation reaction, wherein O2 is incorporated into
the RLuc substrate to form an excited state intermediate dioxetane derivative that
releases CO2, followed by the formation of an excited coelenteramide anion that
ultimately yields a photonic blue light emission (Emmax 480 nm) [14, 17].

10.2.2 Fluorescence Light Emission

In a fluorescence emission, electrons in the fluorophore get excited upon illumi-
nation by an excitation light source in the UV or visible range. In this excited state,
the electrons dissipate some of their excess energy through collisions with other
molecules. The fluorophore then relaxes back to its ground-state energy level by
emitting low-energy photons at a wavelength longer than the excitation photons
[18]. Different fluorophores have distinct excitation and emission spectra which
can be detected using specific filter sets of appropriate wavelength range.

10.2.3 Förster Resonance Energy Transfer

Resonance energy transfer (RET) is a principle that was first described by the
German scientist Theodor Förster in 1948 to describe the quantum–mechanical
behavior of the transfer of electronic excitation energy between two molecules.
Basically, RET is a phenomenon occurring between two closely spaced chro-
mophores (color-producing compounds) when the emission spectrum of one (the
donor) overlaps with the excitation spectrum of the other (the acceptor). Following
donor excitation, part of the electronic excitation energy of the donor is dissipated
due to random collisions with other molecules, while the remaining electronic
relaxation energy is transferred to the acceptor molecule through non-radiative
dipole–dipole coupling [19]. It is important to understand here that transfer of
resonance energy between the donor and acceptor does not take place in the form of
a physical entity like photons. It is simply an electrodynamic interaction or non-
radiative energy which occurs between the electric fields of the transient dipoles of
the donor and the acceptor [20]. Upon excitation, the acceptor molecule now acts as
a normal fluorophore and emits its photonic energy at its characteristic wavelength
(Fig. 10.1). This results in a decrease in donor emission paralleled by an increase in
acceptor emission [10]. Thus, the secondary emission by the acceptor molecule is
the outcome of the energy transfer only and not from any external light source.
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10.2.4 Factors Controlling Energy Transfer in RET

Several variables affect the efficiency of energy transfer between the two chro-
mophore groups. First, the distance between the donor and acceptor molecule
which is inversely proportional to the extent of energy transfer; the energy transfer
gradually decreases when the distance between the donor and acceptor increases.
The optimal distance for Förster resonance energy transfer is 1–10 nm. This is
because the efficiency of energy transfer (ERET) is inversely proportional to the
sixth power of the distance (R) between donor and acceptor molecules, Eq. 10.1.

ERET ¼
1

1þ R6

R0

ð10:1Þ

where R0 is the distance for 50 % energy transfer from the donor to the acceptor,
which is about 5 nm [10, 21, 22]. Now, the Förster distance of a pair depends on the
overlap integral of the donor emission spectrum with the acceptor absorption spec-
trum and their mutual molecular orientation and is calculated based on the Eq. 10.2.

R0 ¼ 2:11� 10�2 � j2 � J kð Þ � g�4 � QD

� �1=6 ð10:2Þ

where j2 is the dipole orientation factor, g is the refractive index of the medium,
J(k) is the spectral overlap integral, and QD denotes the donor quantum yield in the
absence of acceptor. Because of the sixth-root dependence in the calculation of R0,
small changes in the value of QD should not have a large effect on the overall
BRET efficiency [23, 24]. Second, the orientation angle between donor and
acceptor molecules affects RET efficiency since energy transfer will take place
only if the transient dipoles of the interacting molecules are aligned in a position
suitable for this transfer. Third, the degree of spectral overlap between donor
emission and acceptor absorbance is also a significant factor. Higher the spectral
overlap, the better the energy transfer [22]. Fourth, the quantum yield of the donor

Fig. 10.1 Jablonski diagram to illustrate the electronic changes occurring in the donor and
acceptor molecules during a BRET process. The donor (D) molecule is normally in its ground
state energy level. Upon substrate oxidation, it is elevated to a higher energy state (D*). Then, the
excited donor loses some of its energy as vibrational relaxation energy. A part of the remaining
energy is either emitted out as donor luminescence or is transferred to the nearby acceptor in a
non-radiative manner. The acceptor fluorophore now gets excited (A*) and then relaxes back to
its ground state by releasing photons at its characteristic wavelength, completing a BRET process
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should be high, since the energy cannot be transferred if it is lost too quickly
through non-radiative decay [6].

In the RET-based PPI assay, i.e., BRET or FRET, the two chromophores are
genetically tagged to two proteins whose interaction is to be investigated. The
strict dependence of RET on the inter-chromophoric distance (1–10 nm) makes it
an appropriate ‘‘molecular yardstick’’ for determining PPIs. This is true, since the
average protein radius is *5 nm, which means that a positive RET signal will
only take place if the two proteins come within *10 nm of each other, a distance
that is an indicator of direct interaction between the two proteins [21].

10.2.5 Bioluminescence Resonance Energy Transfer

BRET exploits non-radiative (dipole–dipole) energy transfer occurring between a
luminescent luciferase donor (instead of a fluorescent donor as in FRET) and a
compatible fluorescent protein (FP) acceptor in order to study PPIs between two
proteins fused to these donor and acceptor moieties (Fig. 10.2). The detection of a
positive BRET signal means that the two proteins are situated within the BRET-
permissive distance of 10 nm, thereby positively affirming their interaction [25, 26].
However, absence of a BRET signal does not necessarily mean that the two target
proteins do not interact with each other. Lack of a signal can be accounted for by an
unfavorable orientation between the donor and acceptor dipoles [27]. To nullify this

Fig. 10.2 Schematic
illustration of the basic
elements involved in a typical
BRET system. In the
presence of its specific
substrate, the donor luciferase
gets excited and emits light at
its characteristic wavelength.
Within the proximity distance
of 1–10 nm, resonance
energy transfer occurs to a
suitable fluorescence
acceptor, leading to the
photon emission at its
characteristic wavelength.
Light signal obtained from
both donor and acceptor
emission can be measured
using suitable band-pass
filters, and BRET ratio can be
judged as a measure of the
distance between the donor
and acceptor pair
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issue, both N- and C-terminus fusions using flexible peptide linkers (6–18 amino
acids) must be tested. Such design can reduce steric hindrance and improve the
orientation. Normally, the linker sequence comprises of GGGGS or (GGGGS) 9 2
residues where glycine–serine combinations confer flexibility, allowing the fusion
proteins to fold to their optimal conformation [28, 29] and achieve the proximity
distance between donor and acceptor.

BRET is an intrinsic phenomena occurring in the organisms Renilla reniformis
and Aequorea victoria. In Aequorea victoria, a Ca2+-dependent photoprotein
called aequorin releases flashes of blue light, which is transduced by a green
fluorescent protein (GFP) to emit green light. Exploiting the underlying principle
of BRET from Aequorea victoria, Xu et al. developed a BRET system in 1999 to
study the interactions of circadian clock proteins in bacteria [25]. This BRET
system termed as BRET1 uses Renilla luciferase (RLuc) as the donor moiety and
enhanced yellow fluorescent protein (EYFP) as the acceptor (Emmax * 530 nm)
moiety. The spectral resolution (separation of peak donor and acceptor emission
spectra) achieved in BRET1 is *50 nm only (Fig. 10.3) [23, 30].

Fig. 10.3 Schematic representations of BRET1 and BRET2 assays showing all the essential
components in each. While both BRET1 and BRET2 use RLuc donor, they use different
coelenterazine analogs such as Clz and Clz400 as indicated. Note the change in donor emission
maximum in case of BRET2. In general, an 18-amino-acid linker is placed between the donor and
acceptor proteins. Spectral resolution of each system is marked as a bidirectional arrow and spectral
overlap region is marked with purple-color zone at the intersection of the donor and acceptor
emission. Note, the donor and acceptor emission spans and intensities are thematic (not normalized)
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Another BRET system, designated as BRET2 was developed that combined
RLuc with a UV-excitable GFP variant called GFP2 [31, 32]. In this case, the
substrate for RLuc was a coelenterazine analog DeepBlueCTM (also known as
coelenterazine 400a/Clz400, bisdeoxycoelenterazine), which is similar to the
native substrate in being cell permeable and non-toxic but shifts the Emmax to
400 nm. GFP2 excites at a maximum (Exmax) of 396 nm and emits photons at
510 nm. This yields a much larger spectral resolution of 110 nm (Fig. 10.3),
which allows the use of wideband filters and minimizes bleed-through signal
(residual emission of RLuc detected by the acceptor filter or vice versa). On the
other hand, possible disadvantages associated with the use of the Clz400 substrate
are poor substrate utilization, reduced quantum yield (*100 fold lower than Clz),
and rapid decay in serum [23, 27]. Seeing the above two examples, it becomes
clear that the balance between quantum yield and spectral resolution is of critical
importance while choosing an appropriate BRET pair for in vivo applications. One
should bear in mind that the same factors that affect the efficiency of RET are also
applicable in BRET. To design the required BRET fusion proteins, the cDNA of
the target proteins is inserted in frame into a suitable expression vector (by placing
an appropriate linker as mentioned before) that has either the donor or acceptor
gene. The stop codon of the amino terminus protein of the fusion partner should be
removed by mutagenesis, and it should only be present in frame at the end of the
carboxyl terminal protein so that the fusion protein can be expressed. One can
design both C- and N- terminal protein fusions to assess their efficacy. Once the
required fusion proteins are verified by expressing in mammalian cells, the BRET
signal can be measured using suitable filter sets as explained later in this chapter.
The BRET ratio [33] can be calculated as per Eqs. 10.3 and 10.4.

BRET ¼ BLemission Acceptorð Þ � Cf � BLemission Donorð Þ
BLemission Donorð Þ ð10:3Þ

where

Cf ¼
BLemission Acceptorð Þdonor�only

BLemission Donorð Þdonor�only

ð10:4Þ

In Eq. 10.4, the correction factor (Cf) represents the BRET signal detected from
cells transfected only with the donor protein. Subtracting this factor from the
overall BRET ratio can give us an idea of the dynamic range for a particular BRET
pair. Moreover, since BRET-based assays can be performed on live cells, under
normal culture conditions and the indicative result being ratiometric, any vari-
ability due to assay volume or cell number variation is nullified.
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10.3 Engineering the BRET Components

So far, we have just begun to understand the basic principles underlying the BRET
technique. In order to explore the engineering aspects of BRET, we need to delve
deeper into four main facets viz., the donor components i.e., the luciferase protein
and its substrate, the acceptor fluorescent protein as well as detection devices
(discussed in Sect. 10.5).

10.3.1 Bioluminescence Donor

As indicated before, to date, the luciferase enzyme from Renilla sp. has been
predominantly used as the donor protein for the BRET systems in use, but in the
recent years, several other luciferases from various other sources have also been
engineered and used as BRET donors. We will now discuss various aspects of
protein engineering that have been applied to each of them. Simultaneously, where
applies, their respective engineered substrate is also discussed.

10.3.1.1 Renilla Luciferase and Coelenterazine

The main strength of a BRET signal is primarily dependent upon the efficiency of
the luciferase enzyme to yield a high photon output upon the oxidation of its
substrate. The 35-kDa RLuc protein typically emits light in the blue-green region
(Emmax 480 nm). To further increase the donor quantum output, Angers et al. used
coelenterazine-h (Clz-h) as a substrate for RLuc, which has the same Emmax as
native Clz, but has a higher luminescence capacity than the latter [34]. For usage
of this luciferase enzyme in mammalian systems, predominantly human cell lines,
several commercial sources have developed a codon-optimized version hRLuc
(BioSignal Packard) or hRL (Promega) that display improved bioluminescence
than the native protein. However, a major limitation of hRLuc is its poor stability
in serum (half-life of *0.5–1 h in murine serum) which impedes bioluminescence
or BRET imaging in animals for a sustained time period. To correct this problem,
Loening et al. adopted a consensus-guided mutagenesis approach (for details, refer
to Chap. 8) to identify beneficial mutations in hRLuc that render increased stability
to the enzyme [35]. In the process of doing so, they also pinpointed mutations that
showed increased quantum output. Upon introducing various point mutations,
RLuc2 (C124A, M185V) and an eight mutation form of RLuc i.e., RLuc8 (A55T,
C124A, S130A, K136R, A143M, M185V, M253L, and S287L) were developed
that displayed greatly improved characteristics suitable for developing new BRET
partners. Compared with the native enzyme, RLuc8 exhibited an intracellular half-
life[50 h, a fourfold increment in quantum output, and a 5-nm wavelength shift in
the emission spectrum [35]. The successful utilization of these mutations in
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improving BRET2 assay sensitivity with expanded dynamic range was demon-
strated by us [24]. Later, by combining RLuc8 with the monomeric red FP variant
mOrange (Emmax 564 nm), the BRET3 system was also developed (Fig. 10.4). On
addition of Clz substrate, BRET3 provides a spectral resolution of *85 nm [30].
Further, RLuc8 has shown to transfer adequate energy over a spectral distance of
100 nm when we combine RLuc8 donor with TagRFP (Emmax 584 nm) [36].

Another obstacle to the use of RLuc and its variants in BRET imaging was the
blue-green light emission that greatly attenuated the signal in animal tissues, as
pigments like myoglobin and hemoglobin strongly absorb photons from the blue-
green region. Thus, use of RLuc for BRET detection from deeper tissues was
severely limited [30, 37]. In the field of in vivo imaging, it is well known that light
emitted above 600 nm can be better detected from deeper tissues of small animals.
To achieve red-shifted light emission from RLuc, efforts have been made in two
possible ways, i.e., genetic engineering of luciferase protein itself and chemical
engineering of Clz substrate. Applying the genetic engineering approach to pro-
duce more red-shifted RLuc, Loening et al. [38] identified several mutants of
which RLuc8.6 with an Emmax 535 nm (A123S, D154M, E155G, D162E, I163L,
V185L point mutations in RLuc8) showed significant promise in live cells as well
as animals. In 2010, Loening et al. [39] created another variant i.e., RLuc7 (Emmax

521 nm) with a rapid turnover and a half-life (*6.8 h) similar to the native RLuc
in order to detect transient changes in gene expression. RLuc7 exhibited a twofold
increase in the signal output compared to RLuc. Depending on the experimental
requirements, one can decrease the stability of the luciferase enzyme without any
mutagenesis by simply appending a signaling sequence at the 50 or 30 termini of the
protein to direct the protein to early degradation. One such sequence is the PEST
(Pro-Glu-Ser-Thr) sequence that has been frequently used to produce destabilized
luciferases [40, 41].

Another remarkable finding is that the utilization of coelenterazine analog
Clz-v with any of the RLuc variants has an additive effect as it further shifts the
Emmax to the right by 35 nm. As shown, by using Clz-v in combination with
RLuc8.6 protein, one can obtain an Emmax at 570 nm [36]. However, this substrate
is not commercially available because of its problematic purification process
possibly owing to sensitivity under chromatographic conditions, and it exhibits an
order of magnitude increase in background auto-chemiluminescence [39]. Step-
anyuk et al. ligated Clz-v to the coelenterazine binding protein (CBP) from the
organism Renilla muelleri which acts as a ‘protector’ for Clz-v that results in a
marked improvement in the stability of this conjugated Clz-v at 37 �C in addition
to a higher bioluminescence signal output (twofold) in comparison with the native
Clz-v when used with a R. muelleri luciferase (RLuc-m) mutant [42]. Taking
advantage of these mutated RLuc donor and Clz analogs, several new combina-
tions of BRET using red and far-red FPs have also been made as summarized in
Fig. 10.4, expanding the scope of multiplexed BRET imaging. Of these new
assays developed, BRET8 displaying a spectral resolution of 100 nm was used to
image live cells and animals in the far-red region of the visible spectra [36]. Point
to be mentioned, in Fig. 10.4, we have renamed some of the recently developed
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Fig. 10.4 Schematic
representation of the
expanded BRET fusion
constructs developed using
Renilla luciferase donor. The
bioluminescence spectra
illustrate the emission spectra
of the RLuc mutants used as
donor and the emission of the
red fluorescent acceptor
proteins. For all constructs,
an 18-amino-acid linker is
used between the donor and
acceptor proteins. Luciferase
substrates used in each case
are indicated as either CLZ or
CLZ-v. Spectral resolution of
each system is marked as a
bidirectional arrow. Spectral
overlap region is also marked
with a purple-color zone at
the intersection of the
emission spectrum. Note, the
donor and acceptor emission
spans and intensities are
thematic (not normalized).
Figure adapted with
modifications as permitted by
PNAS [36]
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BRET vectors, such as BRET4.1, BRET5, and BRET6 as BRET5, BRET6,
and BRET8, respectively, while eliminating some others reported such as
BRET3.1 or BRET6.1 as their low spectral resolution may impede spectral sep-
aration for BRET imaging application.

Efforts continued further on synthesis of new coelenterazine analogs with better
bathochromic emission shifts. Recently, Giuliani et al. [43] developed a new series
of red-shifted coelenterazine analogs and a novel approach to alter the photo-
chemical properties of the light-emitter intermediates. By insertion of a C-8-bonded
S atom, the substrate molecules favor the emergence of lower energy emitters in
coelenteramide. This bathochromic effect was evident in the presence of either the
phenyl or the phenol ring in C-6, indicating that the red-shift can occur regardless of
whether the main emitter is the neutral or the amide–anion form of the molecule.

One problem associated with coelenterazine and its derivatives was its quick
decay upon auto-oxidation in the presence of aqueous media of cultured cells. For
instance, Clz reduces in concentration by 50 % within 17 min of its addition to cell
media. This decay not only reduces the availability of Clz molecules in the media, but
also increases the background signal, thereby decreasing the assay sensitivity.
Moreover, this limits its use in BRET assays to cell lysates only and fails to empower
BRET applications to catch the live cell dynamics. This is equally true for other Clz
analogs including Clz400. To solve this problem, Levi et al. [44] reported a clever
approach to protect the putative oxygenation sites of Clz400 substrate and demon-
strated that depending on the protection modifications, long-term BRET2 monitoring
is achievable. Similarly, another commercial source has developed two substrates
EnduRenTM and ViviRenTM that can be used specifically for live cell imaging [45].
These are protected forms of coelenterazine that have esters or oxymethyl ethers
added at the site of substrate oxidation. The intracellular esterases and lipases yield
the active Clz-h upon hydrolytic cleavage of the protected forms. The absence of
active Clz-h in the media significantly reduces the background signal due to auto-
oxidation, and the half-life of Clz-h increases. EnduRenTM and ViviRenTM substrates
have been designed to display different kinetics. EnduRenTM shows a slow but
gradual increase in bioluminescence. It reaches its maximum photon output at 90 min
and then emits a constant signal for over 24 h (Fig. 10.5). In contrast, ViviRenTM can
generate a threefold brighter signal which is instantaneous but short-lived. Pfleger
et al. [46] demonstrated the use of EnduRenTM in monitoring the agonist-induced
interaction of GPCRs in real time over a period of several hours. This was the first
successful step in the direction of real-time BRET assays, as previously, the short
half-life of Clz-h hampered the monitoring of PPIs in live cells. This modified
BRET system was designated as extended BRET (eBRET), which is a superior
approach for dynamic monitoring of PPI kinetics in their native cellular environment.

10.3.1.2 Firefly Luciferase and D-Luciferin

Another commonly used luciferase is the North American firefly luciferase (FLuc)
from Photinus pyralis. It is a 61-kDa protein that emits orange light at an Emmax
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562 nm [47, 48]. The emission of orange bioluminescence is a positive feature for
bioluminescence imaging (BLI); however, its use in BRET is limited thus far,
owing to its bulky size and low photon output. Moreover, the obligate dependence
of FLuc on Mg2+ and ATP as its cofactors also diminishes its worth as a BRET
donor. Nonetheless, FLuc has been employed in several BRET applications in
combination with red- and far-red-shifted FPs such as DsRed [49] and mKate
variant [50], respectively, as well as non-protein fluorophores [51]. For example,
Arai et al. reported the use of the coral red fluorescent protein (DsRed) (Exmax

558 nm; Emmax 583 nm) as acceptor in combination with FLuc [49]. However, the
use of DsRed is not preferred owing to its propensity to tetramerize, and the FLuc-
DsRed system will have a spectral resolution of \20 nm which is highly unfa-
vorable due to substantial overlap between FLuc and DsRed emission peak, thus
necessitating the use of signal correction factor. Recently, BRET comprising a
thermostable mutant form of firefly luciferase from Photinus pyralis (Ppy WT-TS;
Emmax 565 nm) along with a variant of mKate (S158A) (Emmax 610 nm) was
developed by Branchini et al. [52]. In the literature, Cy3 and Cy3.5 fluorophores
have been attempted to be combined with FLuc as BRET partners [51]. However,
the main drawback of using a non-protein fluorophore is that it has to be chemi-
cally linked with the donor and must be efficiently delivered within the cell for
signal detection. Taking all these factors into account, the use of FLuc in BRET
systems still needs to be optimized. Similar to RLuc, the codon-optimized version
of FLuc (hFLuc) for use in mammalian cells has been created by commercial
sources. Caysa et al. [37] have developed a red-shifted mutant of hFLuc (Emmax

615 nm) by introducing a single point mutation S284T. Even though the light
output of the mutant FLuc drops to 25 % of the native FLuc, the signal output
detected from whole animals is considerably higher (threefold) than its native

Fig. 10.5 Chart represents time kinetics of the light output after addition of normal
coelenterazine-h substrate or protected coelenterazine-h substrate i.e., EnduRenTM [45]. Plain
HT1080 mammalian cells (HT) or HT1080 cells overexpressing RLuc8 protein (HT-RL) were
used for measuring the photon output as marked. Note the difference of time kinetics, where
Clz-h substrate activity diminishes quickly within an hour; EnduRenTM substrate activity shows
gradual increase till 90 min and remains maintained till the end point of measurement. Also note
the y-axis scale bar representing a log scale. Note changes in the chemical structures that convert
the Clz-h substrate into EnduRenTM
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counterpart, possibly due to the reduced tissue attenuation attributed to the red-
shift in emission to above 600 nm. Branchini et al. [53] have also developed
several FLuc mutants Ppy GR–TS and Ppy RE–TS that possess an Emmax of 546
and 610 nm, respectively, and Ppy RE8 and Ppy RE9 that show an Emmax of
617 nm, with Ppy RE9 being the superior luciferase. However, to the best of our
knowledge, these mutant forms have so far not been recruited in any BRET
system. In the D-luciferin molecule, N- and S-heteroatoms exist in a particular
electron-rich configuration, which may play a fundamental role in the formation of
multiple oxyluciferin excited states, resulting in a relatively broad emission
spectrum [54]. Furthermore, the relatively slower and stable emission kinetics
makes it naturally suitable for kinetic measurements from live environment
without chemical modifications to its structure.

10.3.1.3 Other Luciferases

A range of other luciferases are now available from organisms like Metridia longa,
Metridia pacifica, Cypridina noctiluca, Oplophorus gracilirostris, click beetle,
railroad tapeworm (Phrixothrix hirtus), Vargula hilgendorfii, Gaussia princeps,
etc., most of which are marine organisms. Some of them are popularly used as
reporter genes for BLI, but have limited applicability in BRET due to their
undesirable characteristics. For instance, Metridia luciferases (MLuc) are secre-
tory in nature [55, 56], while Oplophorus luciferase (OLuc) is a 106-kDa secretory
protein composed of a dimeric repeat [57] which is too bulky for use in BRET.
Some luciferases show promising features and have successfully been exploited in
the development of functional BRET systems. These comprise of click beetle
green luciferase (CBG) [58], Gaussia luciferase (GLuc) [59], and Vargula lucif-
erase (VLuc) [60].

Gammon et al. [58] reported a new combination of click beetle green (CBG)
luciferase as donor and tdTomato as acceptor. Gaussia luciferase (GLuc) is a
19.9-kDa secretory protein with an Emmax 480 nm that extends till 600 nm. A
codon-optimized version of GLuc (hGLuc) offers several advantages over other
luciferases. In addition to its small size, hGLuc is highly heat stable, strongly
resistant to acidic and basic conditions, and generates a *100-fold higher intra-
cellular signal compared to FLuc and hRLuc. Furthermore, unlike hRLuc or FLuc,
it can be used either as a secretory or as an intracellular reporter depending on the
experimental needs [61]. These features can contribute to the robustness of GLuc-
based BRET systems. Li et al. reported the development of GLuc-EGFP BRET
assay for protease activity sensing in in vitro [59]. Like GLuc, Vargula luciferase
(VLuc) is a secretory protein, but of higher size (62 kDa) [62] with an Emmax

460 nm. The VLuc-EGFP combination has been reported by Otsuji et al. [60].
Irrespective of its bulky size, this system offers similar benefits in terms of
applicability as in GLuc.

NanoLucTM (NLuc) is a mutant form obtained from the deep-sea shrimp
Oplophorus luciferase (OLuc). OLuc is a heteromeric structure composed of two
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19-kDa catalytic subunits (OLuc-19) and two 35-kDa subunits (OLuc-35) that
provide stability to the 19-kDa subunits. When Inouye et al. attempted to use the
isolated OLuc-19 as a luciferase, they found that it was highly unstable and poorly
expressed in the absence of its 35-kDa counterpart [57]. Hall et al. envisaged the
creation of a variant of this OLuc-19 that ultimately led to the generation of NLuc.
To achieve this, OLuc-19 was subjected to site-directed and random mutagenesis in
order to obtain a stable variant. Further, through a single round of random muta-
genesis, they generated a variant C1A4E with eight mutations (A4E, Q11R, A33K,
V44I, A54F, P115E, Q124K, and Y138I). In the next phase, several coelenterazine
derivatives were screened in order to create a superior substrate for optimal
bioluminescence. Twenty-four coelenterazine analogs were developed and then
screened against a library of C1A4E variants. Of these, the C1A4E variant (Q18L,
F54I, F68Y, L72Q, M75K, and I90V) showed a *10-fold higher stability over
C1A4E at 37 �C with the coelenterazine derivative 2-furanylmethyl-deoxy-
coelenterazine (Furimazine). In the final phase of optimization, they used furim-
azine to screen for other beneficial mutations in OLuc-19 variants. These mutations
(L27V, K33N, K43R, and Y68D) were then combined with the previous mutations
to produce NanoLucTM. In total, 16 amino acid substitutions of the wild-type
OLuc-19 resulted in NLuc, having Emmax 460 nm and an intracellular half-life of
[15 h at 37 �C. Using furimazine as its substrate exhibits a [150-fold higher light
output than both RLuc and FLuc, which makes it a very attractive candidate for
BRET multiplexing. Despite the emission maxima of NLuc in the blue-green
region, its sufficiently high quantum output with furimazine can be used to couple it
with any of the available BRET acceptors currently used with RLuc8.

10.3.2 Fluorescence Acceptor

The other component of a BRET system is a fluorescent protein that can be
compatibly partnered with the luciferase in use. A good FP entails several char-
acteristics. First, it should express efficiently in a system without invoking any
cellular toxicity. Second, it should produce a high signal-to-noise ratio. Third, the
FP should have sufficient photostability so as to be imaged for the duration of the
experiment. Fourth, if the FP is to be fused to another protein of interest, then it
should not have a tendency to oligomerize. Finally, it should be resistant to
environmental conditions like pH and temperature [63].

Having realized the versatility of FPs in a variety of biological applications
such as imaging and FRET, wild-type GFP from the organism Aequorea victoria
(also known as wtGFP or avGFP) isolated by Shimomura et al. was cloned by
Prasher et al. in 1992 [64]. Thus began the era of ‘‘GFP-technology’’. The chro-
mophore of wtGFP consists of Ser/Thr65-Tyr66-Gly67, which is protected by a
shell consisting of 11 strands of b-barrels and one a-helix. The N- and C-termini of
GFP are flexible, whereas the b-barrel shell is well structured and rigid, which
protects the chromophore group from the external environment [65]. However, it
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does not fold efficiently at 37 �C since the optimal temperature for its maturation is
28 �C [66], and it forms weak dimers that may result in the formation of artifacts
[65]. Thus, several GFP variants have been created, of which EGFP (Enhanced
GFP from Clontech), AcGFP (Clontech), TurboGFP (Evrogen), and Emerald
(Invitrogen) have overcome some of the limitations of GFP.

Yellow fluorescent proteins (YFPs) provide an edge over GFPs as their emission
maxima lies in the 500–550 nm range. The original enhanced yellow fluorescent
protein (EYFP) was derived from wtGFP and is now obsolete owing to its high
sensitivity to chloride ions and slower maturation at 37 �C. Overcoming this
problem, several successors of EYFP are now available such as citrine and its
monomeric version mCitrine [67], Venus [68], and YPet [69]. Of these, YPet
displays the brightest signal and so provides an advantage over its competitors [69].

As discussed above, a major shortcoming of using GFPs or YFPs used in early
generation of BRET assays is their photon attenuation in mammalian tissues. To
fulfill this demand of FPs emitting at red and far-red range, screening of various
animal resources was initiated. A major breakthrough was the isolation of DsRed—a
red fluorescent protein (RFP) from coral Discosoma striata. The excitation and
emission maxima of DsRed are at 558 and 583 nm, respectively [70]. Moreover, it
exhibits several positive features such as elevated extinction coefficient, high
quantum yield, resistance to pH variations, and resistance to photobleaching. DsRed,
however, tends to form tetramers [71], which often results in the poor localization as
well as artificial oligomerization that may consequently impair the functions of
proteins to which it is tagged. Furthermore, this chromophore matures very slowly,
often taking days for the protein to convert from the premature greenish to the mature
red emission. Monomeric RFP1 (mRFP1) [72] obtained after multiple rounds of
mutagenesis (33 mutations in the parental DsRed) was the first true monomeric RFP
with distinct improvements over previous versions of DsRed, namely DsRed2, T1
[73] and dimer2 [72], such as faster maturation and a 25-nm wavelength shift in
excitation and emission. However, mRFP1 failed to acquire images with high spatial
and temporal resolution due to its much lower quantum yield and extinction
coefficient and a poor photostability [72]. Overcoming these limitations, Shaner et al.
[74] and Wang et al. [75] reported a wide range of monomeric ‘fruit’ FPs named after
fruits, representing the color similar to their emission such as mHoneydew, mBa-
nana, mOrange, mTangerine, mStrawberry, mCherry [74], mRaspberry, and mPlum
[75], as well as a tandem dimeric FP tdTomato, all with relatively long excitation and
emission wavelengths (Table 10.1).

Another group, Merzlyak et al. [76], developed RFP variants from a red
eqFP578 protein isolated from the sea anemone Entacmea quadricolor. Dimeric
eqFP578 again underwent several rounds of random mutagenesis that conse-
quently produced an enhanced dimeric FP called TurboRFP with Emmax 574 nm.
TurboRFP displayed superior qualities over DsRed2 such as greater pH stability,
faster maturation at 37 �C, and higher extinction coefficient and quantum yield.
Despite being a dimer, TurboRFP does not form aggregates in cell. It was further
subjected to site-directed mutagenesis (R162E, Q166D, S180N, F198V, and
F200Y) that contribute to the dimeric nature of TurboRFP as well as random
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mutagenesis to stabilize the monomeric form. The final product obtained was
TagRFP which is a monomer and has a 10-nm shift in its Emmax. In addition, it is
almost 2–3 folds brighter than mCherry, with a good maturation rate and a very
high pH stability (pKa = 4), making it suitable for use in acidic organelles as well.
Furthermore, Shcherbo et al. [77] succeeded in generating a dimeric RFP called
Katushka or TurboFP635, with excitation and emission peaks at 588 nm and
635 nm, respectively. It is characterized by fast maturation rate, high pH stability
(pKa = 5.5), low toxicity in mammalian cells, and superior brightness in com-
parison with its counterparts in the 650–800 nm optical window. However, since
Katushka was dimeric in nature, Shcherbo et al. also targeted to develop mono-
meric Katushka, called mKate. They used monomeric TagRFP as the starting
template and modified the residues surrounding its chromophores group to
resemble that of Katushka. Thus, mKate has similar spectral characteristics as
Katushka, albeit with slightly lowered quantum yield and pH stability. Shcherbo
et al. [78] further optimized mKate and developed mKate2. Adding the mutation
S165A to mKate, which converted its crystal structure from the trans to the cis
form, resulted in an mKate variant with higher brightness and lower pH depen-
dence. They also added two beneficial mutations V48A and K238R, developing

Table 10.1 The key properties of various classes of fluorescent proteins

Class Fluorescent protein Exmax (nm) Emmax (nm) Oligomerization Reference

Green GFP 395/475 508/503 w.d. [80]
EGFP 488 507 w.d. [80]
Emerald 487 509 w.d. [80]

Yellow EYFP 514 527 w.d. [63]
Venus 515 528 w.d. [68]
mCitrine 516 529 m.m. [67]
YPet 517 530 w.d. [69]

Orange mBanana 540 553 m.m [74]
mKO 548 559 m.m. [81]
mOrange 548 562 m.m. [74]

Red and Far-red TurboRFP 553 574 d.m. [76]
tdTomato 554 581 t.d. [74]
DsRed 558 583 t.m. [70]
TagRFP 555 584 m.m. [76]
mTangerine 568 585 m.m. [74]
mStrawberry 574 596 m.m. [74]
mCherry 587 610 m.m. [74]
mRaspberry 598 625 m.m. [75]
mKate2 588 633 m.m. [78]
mKate 588 635 m.m. [77]
TurboFP635/
Katushka

588 635 d.m. [77]

mPlum 590 649 m.m. [75]
TagRFP657 611 657 m.m. [79]

w.d. weak dimer, d.m. dimer, m.m. monomer, t.d. tandem dimer, t.m. tetramer
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the final product mKate2 with enhanced brightness and improved pH stability,
photostability, and maturation rate. It is threefold brighter than mKate and 10-fold
brighter than mPlum. Morozova et al. [79] have also recently succeeded in
developing an even further red-shifted variant of mKate called TagRFP657 with
Exmax and Emmax at 611 and 657 nm, respectively.

10.4 Engineering BRET Sensors for Functional
Measurement

Unlike many other assays such as PCA, BRET system provides unique opportunity
to readily adapt the newly evolved donor and acceptor proteins with preferred
characteristics. This feature of BRET led to the rapid expansion and growth in
identifying new BRET formats which eventually widened the BRET applicability.
In this section, we will focus on engineering efforts that have expanded the scope
of BRET applications. To do this, we can categorize reports under two major
subheadings i.e., genetic BRET systems and synthetic BRET systems and discuss
various applications that they have been tested for.

10.4.1 Genetic BRET Systems

As stated above, several genetically encoded BRET systems comprising of
different combinations of luminescent and FP variants have been developed over
the last decade. Due to attenuation of photons below 600 nm wavelengths in
biological tissues, the BRET1 and BRET2 systems are suboptimal for small animal
imaging use. To overcome their short falls, many variants of BRET systems
utilizing Renilla luciferase mutants (RLuc8 or RLuc8.6) with mOrange (Emmax

564 nm), TagRFP (Emmax 584 nm), or TurboFP635 (Emmax 635 nm) FPs were
rapidly developed by us as described in the previous section (Table 10.2). All
these efforts were made with the goal of finding an optimal BRET assay that is
most suitable for animal imaging applications. Together, these systems also give
an edge in performing multiplexed BRET assays in live environment. Many of
these systems can now serve as a unified format for in vitro measurements as well
as physiologically relevant BRET experiments using live cells and mice models.

To date, the advancement in the field of multiplexed approach for detecting
higher-order complexes has been facilitated by creative approaches like sequential
RET (SRET) [82, 83], bimolecular fluorescence complementation-BRET (BiFC-
BRET) [84, 85], complemented donor–acceptor resonance energy transfer
(CODA-RET) [86], and bimolecular luminescence complementation-bimolecular
fluorescence complementation (BiLC-BiFC) [26, 87]. We will briefly describe the
SRET development here, while others are discussed later in the chapter. In the
SRET technique, three potentially interacting complex-forming proteins are each
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fused to either a donor luciferase or two acceptor FPs. Upon interaction between
the donor and the first FP, the light emitted by the BRET process will fuel a FRET
process between the two FPs in a sequential manner (Fig. 10.6). The development
of SRET1 (RLuc-YFP-DsRed) and SRET2 (RLuc-GFP2-YFP) utilizing Clz-h and
Clz400 substrates, respectively, were reported in the literature for the first time. In
SRET1, RLuc emits at 480 nm which excites the primary BRET acceptor YFP.
YFP, in turn, emits at 530 nm, which then excites a secondary acceptor DsRed
through a FRET process, leading to its peak emission at *580 nm. But, the major
constraint in the utilization of SRET1 system is that DsRed is tetrameric in nature,
which may enhance the signal output from DsRed and can consequently give an
unnaturally high SRET ratio. This downside of SRET1 system can be addressed by
using a monomeric red FP. On the other hand, the use of GFP and EYFP as FRET
partners in the SRET2 system is highly undesirable due to a low spectral resolution
of only *20 nm. Ideally, for a SRET platform to work efficiently, the three SRET
partners should be so chosen, that their spectral overlap is sufficient only to ensure
an optimal RET process, without having to rectify for a high signal bleed-through.
Thus, this technique, though very promising, still calls for the design of more
efficient SRET systems for multiplexing approaches [82].

In a broad sense, the BRET technique has so far been applied in four main
areas, namely as sensors for protease, ion influx, protein–protein interactions
(especially dimerization studies), and protein phosphorylation (Fig. 10.7). Taking
examples from each category, we will now explain them in detail.

Fig. 10.6 Schematic representations illustrating an application of sequential RET (SRET). In
this scheme, three target proteins whose interaction is to be investigated are fused to either a
donor or one of the two fluorescent acceptors. If donor-tagged protein X interacts with Acceptor
1-tagged protein Y, it results in a BRET process accompanied by acceptor emission upon
substrate addition. If this XY dimer now interacts with a third protein Z fused to the second
acceptor (Acceptor 2), a FRET process will occur between Acceptor 1 and Acceptor 2, without
additional light/substrate inputs. Thus, only when all the three proteins, X, Y, and Z form a
complex, both BRET and FRET signals can be seen
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10.4.1.1 Sensor for Protease Activity Measurement

Post-translational modification by proteolytic processing plays a crucial role in
cellular functions such as peptide generation, cell cycle, and apoptosis. Such a
process is also implicated in diseased conditions such as tumor metastasis, HIV,
and Alzheimer’s diseases. BRET can be applied to assess real-time proteolysis in
living cells. In a study, a BRET-based protease sensor was developed to study
peptide processing of nocistatin (NST) and nociceptin/orphanin FQ (N/OFQ) by
using a novel VLuc-EYFP system [60]. As VLuc is secretory in nature, direct
measurements of protease activity from the spent media make it an attractive
system. To design the sensor, the NST/Noc peptide sequence was sandwiched
between the VLuc-EYFP BRET probes. This peptide is bridged by a proteolytic
cleavage motif of Lys-Arg. A similar RLuc-GFP BRET probe with NST/Noc
propeptide was also prepared for the comparison of BRET performance. Upon

Fig. 10.7 Schematic representations illustrating various applications of BRET. a BRET-based
biosensor for monitoring the phosphorylation or dephosphorylation. The sensor can be designed
using a substrate peptide (A) containing phosphorylation-specific tyrosine (Tyr) residue and the
substrate recognition domain (B) such as SH2, which brings about a conformational change upon
phosphorylation bringing the donor and acceptor within proximity; gain in BRET signal will be
observed in case of phosphorylation or vice versa in case of dephosphorylation. b BRET-based
probe for protease detection is shown. In this case, the protease recognition domain is situated in
the linker region, and upon proteolytic cleavage, BRET signal will be lost. c BRET-based probe
for Ca2+ ion sensing. Ca2+-sensing domain calmodulin (CaM) and M13 are present between the
donor and acceptor. In calcium-deficient state, CaM-M13 complex has extended conformation
(left). Increase in BRET signal will be seen when Ca2+ brings CaM and M13 close to each other
(right). d BRET-based sensor to monitor positive modulator (M) activity, which mediates the
dimerization of two proteins (X and Y); BRET signal will only be observed in the presence of
the modulator (right). e BRET-based senor to monitor negative modulator (M) activity. In the
absence of modulator, a BRET signal will be observed (left); addition of modulator brings
conformational change in the bridging protein (Z), disrupting the interaction of X and Y, leading
to loss of BRET signal (right)
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protease induction, it was found that the level of BRET activity in the spent media
had decreased significantly.

To measure human immunodeficiency virus type-1 protease (HIV-1 PR)
activity, a sensor was developed using BRET2 system [88] by placing the HIV-1
Gag-p2/Gag-p7 protease sites in between GFP2 and hRLuc. The vector comprising
hRLuc-p2/p7-GFP2 was coexpressed with HIV-1 codon-optimized PR ? and
PR- Gag/Pol expressor, resulting in a reduction or no change in BRET2 signal,
respectively. Such a biosensor can be adapted to high-throughput screening (HTS)
assays for screening new HIV-1 protease inhibitors and/or study of viral matura-
tion. Similarly, a BRET2 biosensor for detection of feline calicivirus (FCV) was
also developed [89]. By incorporating a functional or truncated FCV protease site
within the BRET2 biosensor, they created BRET2-FCV-Cut or BRET2-FCV-Uncut,
respectively, and tested in feline cells. BRET assays can detect very low quantities
of protease or protease inhibitor, making it ideal for an HTS platform.

Similarly, in another study, a thrombin protease target peptide was used to
monitor the thrombin protease activity [90]. In this study, the RLuc molecule was
inserted either at the N-terminal or C-terminal of GFP2, producing RLuc-RG-GFP2

and GFP2-RG-RLuc fusions, respectively, where RG refers to the Arg-Gly
cleavage site specific for recognition by the thrombin protease. In line with the
results reported by other groups, the GFP2 at the N-terminus of the fusion protein
yields better signal. Further, in this study, a direct quantitative comparison was
made between BRET1 and BRET2 systems and contrary to previous findings,
BRET2 appears to be a better system which can be further improvised by the use of
mutant donors such as RLuc2 [24].

10.4.1.2 Sensor for Ion Influx Measurement

Calcium sensors—Ca2+ is a ubiquitous second messenger molecule that plays a
pivotal role in important cellular and physiological functions such as neurotrans-
mission, muscular contraction, hormone secretion, etc. Determining the dynamic
changes in intracellular concentration of Ca2+ has always been an area of explo-
ration as even a slight disturbance in the Ca2+ homeostasis can contribute to the
manifestation of cardiac and neuronal functions. There are, however, certain
limiting factors in the determination of intracellular Ca2+ levels. For instance, the
rise and fall in Ca2+ are very fast, and that change is restricted to a narrow time
frame (microseconds) and concentration (100 nm–100 mm). Aequorin [91], which
functionally behaves as a luciferase, has three binding sites for Ca2+. Ca2+ binding
stimulates a conformational change in aequorin that ultimately results in the
oxidation of Clz [92] and light emission (Emmax 470 nm). However, aequorin has a
poor quantum yield; so, in such sensors, it is generally coupled to GFP or other FPs
to produce chimeric proteins, wherein GFP acts as an amplifier of the photon signal
from aequorin through chemiluminescence resonance energy transfer (CRET) and
then emits at 510 nm. The advantage of using aequorin in the detection of Ca2+

is that it exclusively binds to only Ca2+. In addition, it is non-toxic, relatively
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pH-insensitive [93], and does not affect the intracellular Ca2+ concentration due to
its low affinity for Ca2+ (Kd = 10 lM) [92], which allows for the detection of [Ca]
2+ from 10-7 to 10-3 M. It can also be targeted to different subcellular compart-
ments [93], such as the mitochondrial matrix. Bakayan et al. [93] fused several
RFPs with aequorin, of which tdTomato was reported to be the best acceptor, owing
to its high quantum output and wide absorbance spectra that has allowed Ca2+

imaging from live animals as well. The tdTomato-Aequorin (tdTA) system could
successfully image K+-induced voltage-gated Ca2+ ion channels upon membrane
depolarization in primary culture of mouse neurons as a time-dependent function.
In addition, the tdTA system could also monitor the intracellular Ca2+ oscillations
in cells in response to extracellular agonists.

In an alternative approach, the use of the affinity of calmodulin (CaM) for Ca2+

has been reported. This approach is shown to be more useful over the conventional
aequorin-based system when long-term imaging of Ca2+ is required. Interaction of
CaM to its target peptide M13 is mediated via the binding of Ca2+ ion (Fig. 10.7c).
This principle is made use of in a wide variety of FRET-based Ca2+ sensors [94–96].
Saito et al. [97] developed a similar BRET-based Ca2+ sensor using RLuc8 and
different versions of Venus. The donor and the acceptor are joined to either CaM or
M13. The binding of Ca2+ to the CaM domain is reversible, and this induces a
conformational change in the CaM-M13 fusion protein, making it either extended or
compact, thereby changing the BRET signal. In an attempt to further optimize the
BRET output, Saito et al. tried out different versions of Venus including several
circularly permuted Venus (cpVenus) proteins in opposite orientations with RLuc8.
In some FPs such as EGFP or ECFP, it has been observed that their fluorescence
remains unaffected upon cleavage at specific points within their amino acid back-
bone, especially at site 144, if their C-terminal and N-terminal are linked together by
a short peptide linker. Such modified FPs are called circularly permuted FPs or cpFPs
and are conferred with greater sensitivity to pH and temperature. Venus-CaM-M13-
RLuc8 shows the highest dynamic range (60 %), followed by RLuc8-CaM-M13-
Venus, RLuc8-CaM-M13-cp157Venus, and cp229Venus-CaM-M13-RLuc8, each
of which had a 30 % dynamic range. This quantitative Ca2+ probe could successfully
visualize the intracellular Ca2+ dynamics at the single-cell level in plant and mam-
malian cells [97].

10.4.1.3 Sensor for Protein Dimerization Measurement

One of the most straightforward applications of BRET technology has been in the
study of protein dimerization particularly in the context of GPCR/receptor olig-
omerization studies, ligand–receptor binding studies, and drug screening assays.
Exhaustive work has been done over the last decade in these areas. Covering every
aspect of BRET studies in GPCRs is not the purpose of this chapter, and thus a
comprehensive summary of some of the important strategies are discussed here.

To explain the concept of protein dimerization, we will be discussing the fre-
quently used model example of rapamycin-mediated heterodimerization of FRB
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and FKBP12 domains, which has been a standard proof of principle system to
establish the validity of new BRET systems developed during the past decade
[30, 98]. Rapamycin is a small macrolide antibiotic known for its anti-fungal and
immunosuppressive activities. It targets the 12-kDa receptor immunophilin FK506-
binding protein (FKBP12) in cells. Together, this rapamycin–FKBP12 complex can
bind to the 11-kDa FKBP12–rapamycin-binding domain (FRB) that inhibits the
kinase activity of mammalian target of rapamycin (mTOR) protein [99]. To vali-
date a BRET system, one can design two fusion tags, the donor and acceptor, each
of which is genetically fused to either FRB or FKBP12. For instance, while vali-
dating the improved BRET2 using RLuc mutants or new BRET systems developed
such as BRET3 to BRET6, FRB and FKBP12 model has been used to demonstrate
the power of each. In all of these studies, FRB and FKBP12 are inserted in between
the respective donor and acceptor pair used. Even though flexible linker amino
acids were not used in the fusion protein sequence, rapamycin could induce the
heterodimerization of FRB and FKBP12 and as indicated by control equivalent
BRET ratio was observed. Moreover, the magnitude of the BRET signal was shown
to be Rapamycin dosage dependent (Fig. 10.8). Further, in an independent exper-
iment, it has been shown that engineered cells overexpressing the GFP2-FRB-
FKBP12-RLuc8 biosensor show a BRET signal gain or loss in the presence or
absence of rapamycin mediator in the culture media, respectively. These studies
together suggest that using this approach, HTS drug screening platforms can be
designed, wherein the candidate drugs are added to live cell environment directly to
measure their modulatory effects on the target protein interactions [24, 30].

As mentioned earlier, BRET-based GPCR studies were conducted to answer
questions like whether a particular receptor subtype has a tendency to homodi-
merize or heterodimerize or both, the effect of a receptor agonist/antagonist on the
dimerization state and activity of the receptor, the interaction of a receptor with
other enzymes like kinases or regulators, and to understand whether the active
form of a receptor is monomeric or oligomeric [34, 100–102]. In a typical GPCR
study, the receptor is fused to both the donor and the acceptor at either N-terminus
or C-terminus to verify the best possible orientation. The orientation that dem-
onstrates the best BRET signal is then taken forward for the detection of the
receptor oligomerization state in the presence or absence of the receptor agonist/
antagonist [103]. Further advancement was exemplified by Carriba et al. who
studied the heteromeric complexes of more than two neurotransmitter receptors
[82]. Using SRET, they identified complexes of cannabinoid CB1 receptor (CB1R),
dopamine D2 receptor (D2R), and adenosine A2A receptor (A2AR) in living cells.

To study the interaction between Ca2+-binding proteins CaM, A2A, and D2

receptors Navarro et al. used SRET2 system described before, which provides
evidence for the CaM-A2A-D2 oligomerization [83]. This model has utility in basal
ganglion disorder, since A2A-D2R receptor heteromers are considered as potent
target for anti-parkinson’s agent. Thus, these systems were indicated for use as
multi-drug screening platform.

Another approach to study the CB1R, D2R, and A2AR employs the bimolecular
fluorescence complementation coupled with BRET (BiFC-BRET), which was
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developed by Navarro et al. [85]. In this system, they used the truncated forms of
YFP fluorophore, the N-terminal truncated as Nyfp, and C-terminal truncated as
cYFP. The truncated nYFP and cYFP were tagged with CB1R and A2AR,
respectively. When CB1RnYFP and A2ARcYFP receptors were cotransfected, the
fluorescence was observed at 530 nm. No fluorescence was detected when cells
were cotransfected with A2ARcYFP and nYFP or with CB1RnYFP and cYFP. The
dopamine D2 and D4 receptors were tagged with RLuc to form D2RLuc and
D4RLuc which serve as positive and negative controls, respectively. When
D2RLuc was cotransfected with A2ARcYFP and CB1RnYFP, the BRET signal was
specific and was assessed by the energy transfer from donor to the complemented
bimolecular fluorophore (by the interaction of A2ARcYFP and CB1RnYFP). This
approach has a distinct advantage over SRET. In SRET, since all the interacting
partners are tagged to distinct donor or acceptors, chances of increase in

Fig. 10.8 Characterization of the genetically encoded FRB-FKBP12 BRET6 sensor. a Schematic
illustration of the BRET6 (TruboFP635-RLuc8.6) sensor for monitoring the rapamycin induced
FRB-FKBP12 association. b Rapamycin dose response curve for live HT1080 cells expressing
BRET6 FRB-FKBP12 sensor. HT1080 cells (1 9 105) expressing both FRB-RLuc8.6 and
FKBP12-TurboFP635 sensor components were plated in black well plates, incubated with
increasing concentrations of rapamycin and imaged spectrally using IVIS-200 at 6 h. The data
were fitted to a sigmoidal curve fitting (EC50 = 0.7 ± 0.2 nm); error bars represent standard
deviation. c Inhibition of rapamycin-induced FRB-FKBP12 association by FK506. HT1080 cells
were incubated for 6 h with rapamycin (0, 0.5, and 1 nm) and with and without FK506 (10 lM),
followed by imaging as described above. d Representative bioluminescence images of HT1080
cells stably expressing FRB-FKBP12 BRET6 sensor accumulated in the lungs of nude mice. Cells
(3 9 106 in 150 lL PBS) were injected through the tail vein, resulting in significant trapping in the
lungs. One group of mice (n = 8) was injected 2 h before cell injection with 40 lg rapamycin
dissolved in 20 lL DMSO and further diluted in 130 lL PBS administered through the tail vein.
The control group of mice (n = 8) was injected with DMSO (20 lL in 130 lL PBS). Two hours
after cells injection, the mice were injected with Clz substrate intravenously and sequentially
imaged using open/donor/acceptor filters. e Average A/D values for BRET6 FRB-FKBP12 sensor
(rapamycin and DMSO-treated groups) and donor-only FRB-RLuc8.6 calculated from mice lung-
trapping model imaging experiments; error bars represent the SEM. Note that BRET6 is now
renamed as BRET8 in this chapter. Figure represented with permission from PNAS [36]

282 A. De et al.



spatiotemporal change in the tagged proteins due to steric hindrance is likely. On
the other hand, in BiFC-BRET, the donor is tagged to one protein, while the other
two proteins are tagged to complementable fluorophores which significantly
reduce the steric forces.

Urizar et al. developed the complemented donor–acceptor resonance energy
transfer (CODA-RET) [86], where complementation of donor subunits tagged with
dopamine D1 and D2 receptors constitute the luminescence signal, which further
transfer resonance energy to an FP tagged with G-protein subunit. These systems
have the potency to be used with agonist/antagonist-induced receptor heteromer-
ization studies and as a tool to screen drugs and its pharmacological analysis.

Guo et al. combined luminescence and fluorescence complementation to study
resonance energy transfer (BiLC-BiFC) [87]. To study the maximum receptor
oligomerization with minimal tagging, split luciferase (RLuc8) was tagged to
dopamine receptor D2 (D2-L1 and D2-L2), and split fluorophore (mVenus) was also
tagged to dopamine receptor D2 (D2-V1 and D2-V2). The tetramerization of D2-L1-
D2-L2-D2-V1-D2-V2 was studied. A major bottleneck in the utilization of any of
the above-mentioned complementation approaches is the severe loss of signal
when split luciferases or split fluorophores are used. With suitable engineering to
improve the split reporter performance and the use of more sensitive detection
instruments, this approach might be feasible in the future.

10.4.1.4 Sensor for Phosphorylation Measurement

Protein phosphorylation is an important post-translational modification that controls
many aspects of cellular signaling in multicellular organisms. Protein kinases
phosphorylate the protein at specific serine, threonine, or tyrosine residues by the
addition of covalently bound phosphate group. Upon phosphorylation, substrate
proteins are subjected to conformational changes due to the negative charge of the
phosphate groups, which subsequently triggers their enzymatic activation and
interaction with target proteins. Ideally, interactions of phosphorylated proteins
should be studied in the physiological context and in real-time, and thus, a BRET-
based method provides an advantage. To study protein phosphorylation using BRET
technology, two basic types of phosphorylation sensors can be designed. In the first
approach, a tandem fusion of substrate domain and phosphorylation recognition
domain is sandwiched between donor–acceptor pair (Fig. 10.7a). In the second
approach, a sensor to study the formation of homo- or heterodimers of receptor
tyrosine kinases [104, 105] or its downstream effector proteins [106] can be designed.

The Src homology 2 (SH2) domain is the most prevalent of substrate recog-
nition modules and plays a central role in tyrosine kinase signaling pathways. The
human genome contains a total of 120 such SH2 domains in 110 distinct proteins.
SH2 domain is relatively small (*100 amino acids) and can fold independently;
hence, the isolated domain can be expressed independently and used for direct
binding assays. The SH2 domains also differ in their binding preferences for
specific phosphorylated ligands, resulting in specificity in signal transduction.
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Using such strategy, though FRET-based direct phosphorylation sensing was
demonstrated [107], BRET applications are yet to come. The only BRET-based
study that demonstrated the existence of the preassociated STAT3 molecules in the
cytoplasm of live cells as dimers or multimers is by Schröder et al. They ques-
tioned the belief of activation-induced STAT3 dimerization in cytoplasm and
provided an alternative hypothesis [108]. Thus, the reconsideration of STAT3
activation pathway was addressed using BRET1.

10.4.1.5 Miscellaneous Sensors

While most of the work done using BRET technology represents the categories
mentioned above, there are some very unique BRET sensors developed that are
worth mentioning and have raised the applicability of BRET to the next level. Arai
et al. [109] designed an immunoassay platform that can detect the presence of an
antigen in a solution using BRET. Coined as open sandwich bioluminescent
immunoassay (OS-BLIA), this assay comprises of the variable heavy and light
chains of an antibody against the hen egg lysozyme fused to the donor (RLuc) and
acceptor (EYFP) proteins, respectively. The only prerequisite for the assay to work
is that the antibody variable region should have a negligibly weak VH-VL inter-
action in the absence of its antigen followed by the formation of a stabilized
association upon the addition of the bridging antigen. The VH and VL proteins are
both conjugated to thioredoxin (Trx) which has been shown to enhance the binding
efficiency of these proteins to the antigen [109]. This sensor showed an antigen-
dependent increase in BRET signal output, with signal saturation at an antigen
concentration above 100 lg/mL. Although the dynamic range of this assay is
miniscule (*0.14 only), this assay is one of its kind and opens up a new avenue in
BRET-based assays. Moreover, its requirement for only a single antibody provides
a definite advantage and obviates the need for a second antibody (against another
epitope on the antigen) as in the case of sandwich ELISA. With further optimi-
zation, this assay might prove promising as antigen detection kits.

Another novel application of BRET technology is in the detection of specific
RNA sequences that may again be used to develop RNA detection kits. In this area,
two different studies have successfully designed suitable BRET-based assay. The
first technique was pioneered by Walls et al. [110], which comprised of a dual probe
system. The first probe consisted of a 20-mer oligonucleotide complementary to a
specific RNA sequence (in this case the FLuc cDNA/mRNA) and conjugated at its
50 terminal to RLuc8. The second probe consisted of another 20-mer oligonu-
cleotide (which is again complementary to the same target RNA but at a different
locus than the previous one) and conjugated at its 30 terminal to GFP2. The bio-
tinylated target mRNA which is immobilized on a streptavidin-coated 96-well
black plate acts as a ‘‘scaffold’’ on which the two probes can bind. The successful
hybridization of the probes with the target RNA brings the BRET partners in close
proximity to each other, consequently leading to a positive BRET signal upon
substrate addition. The BRET signal was optimal when the binding sites of the two
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probes were 10 nucleotides apart (lesser distance increased steric hindrance, while
greater distance reduced RET efficiency). The attractive features of this technique
are its high specificity upon the use of two probes, rapid results, and the ease with
which this system can be customized for every new target mRNA without affecting
its efficiency. However, obstacles like low sensitivity (can detect only up to 1 lg,
while RT-PCR can detect as low as 100 ng RNA) need to be minimized before its
commercial diagnostic application.

Recently, Andou et al. [111] reported another RNA detection system that made
use of the arginine-rich motifs (ARM) derived from RNA-viruses and flanked by
hRLuc and EYFP on its either side. The ARM peptide can recognize and bind to
specific RNA sequences upon which, it undergoes a conformational change which
is reflected as a change in the BRET signal. Additionally, different flexible
[(GGGS)5] and rigid linkers [(EAAAK)4 or (EAAAK)5] of varying lengths were
also added adjacent to the ARM peptide to monitor their effect on the BRET
signal. Of the three viral ARM peptides used, namely Human Immunodeficiency
Virus Rev peptide (Rev), Bovine Immunodeficiency Virus (BIV Tat), and
Jembrana Deficiency Virus Tat peptide (JDV Tat), BIV Tat peptide and modified
JDV Tat peptide, which are both specific for TAR RNA, adopt a b-hairpin
conformation upon successful binding to the TAR RNA and show the maximum
change in BRET signal, thus establishing the validity of this assay design. How-
ever, this is just a prototype and developing a uniform diagnostic platform based
on this model for a diverse range of target RNAs has a long way to go.

10.4.2 Synthetic BRET Probes

Recently, some high-throughput BRET systems were developed that harness the
power of synthetic chemistry. As near-infrared (NIR)-emitting FPs are rare or the
ones available and generally suffer from either poor stability, low excitation
coefficient, or low quantum output, which are important determinants for an
acceptor molecule, they have a limited use in BRET assay system development. In
complementation to genetic BRET reporter systems, synthetic BRET probes viz.,
quantum dots (QDs) and fluorescent dyes have surfaced to overcome the limita-
tions of genetic BRET systems.

10.4.2.1 BRET Using Quantum Dots

A remarkable development of QD as BRET probes has provided a new tool for
resonance energy transfer systems [112]. QDs are colloidal nanocrystalline
semiconductors possessing unique properties such as large stoke shift, broad
excitation and narrow size-tunable emission spectra, negligible photobleaching,
and high photochemical stability, which make them highly suitable fluorophores
for use as a BRET acceptor (Fig. 10.9). The surface of QDs has a crucial effect on

10 Engineering Aspects of Bioluminescence Resonance Energy Transfer Systems 285



photoluminescence. This can be understood by the concept of trap states, which are
caused by structural defects, such as atomic vacancies, local lattice mismatches,
dangling bonds, or adsorbates at the surface. Excited electrons or holes can be
trapped by these trap states, leading to non-radiative recombination. Surface pas-
sivation by overcoating the QDs with CdSe coated with ZnS (such semiconductors
provide a wider band gap) can be used to minimize this trapping. This increases the
photostability of the core, and hence, the quantum yield, making these core–shell-
structured QDs more favorable for fluorescence-based applications [113].

A pioneering study reporting the development of QD-BRET system comprises
the Renilla luciferase mutant (RLuc8) conjugated to the polymer-coated CdSe/ZnS
core–shell QD655 (Emmax 655 nm) through coupling of amino groups on RLuc8
to the carboxylated group presented on QDs [112]. Gel electrophoresis can confirm
the conjugation of QD655-RLuc8. The hydrodynamic diameter of QD655-RLuc8
was estimated to be *2 nm larger than that of QD655. Each QD655-RLuc8
conjugate was estimated to contain on an average six RLuc8 molecules as donor.
On addition of Clz to QD655-RLuc8, in addition to the Rluc8 emission at 480 nm,
a strong peak at 655 nm was detected, indicating non-radiative energy transfer to
the QD655. By applying synthetic chemistry, distance-dependent variation in the
BRET ratio was tested. Further, the QD655-RLuc8 BRET probe stability has been

Fig. 10.9 Schematic illustration of QD BRET assay system. a QDs are linked to a bioluminescent
Renilla luciferase mutant protein (RLuc8) by chemical bonding. It is possible to link up to six
RLuc8 protein molecules on each QD surface and insert various linker sequences (such as protease
recognition sequence) to develop biosensor probe. b Chart showing absorbance curves of selected
color variant QDs which basically vary by their sizes. The chart is superimposed with RLuc8
luminescence emission curve (luminescence scale bar on z-axis), indicating that RLuc8 protein
can be used as donor for all the size variant QD’s to obtain BRET-based QD emission. c Chart
showing luminescence intensity versus wavelength curves captured by exposing the color variant
QD-RLuc8 molecules to coelenterazine substrate, providing multiplexing opportunity for spectral
imaging. Figure adapted with modifications as permitted by NPG [112]
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tested in vitro in mouse serum. The multiplexing approach has also been dem-
onstrated, utilizing QD605, QD655, QD705, and QD800 tagging with the same
RLuc8 protein yielding BRET ratios of 0.70, 1.20, 2.30, and 1.32, respectively.
The spectrally distinct emission of these four conjugates can enable multiplexed
BLI. Such multiplexing opportunities are unique amongst all the BRET probes
designed so far, which provides an option for the user to choose the size of QD
based on their intended use in cell-based or animal imaging.

Since the conjugation of QD and luciferase is random, the orientation of both
the moieties can influence the sensitivity of the BRET protease assay. An intein-
mediated chemical method can be recruited which specifically controls their
relative orientation as well as restrict the number of conjugated RLuc8 moieties to
one. Intein is a polypeptide sequence inside a protein that is able to excise itself
and rejoins the remaining portion with a peptide bond. Further, QD-BRET systems
were adopted to detect the cellular protease activity. A series of QD-BRET
biosensors were synthesized for detection of MMP-2, MMP-7, and urokinase-type
plasminogen activator (uPA) activity. These sensors having varied sensitivity can
easily detect protease in serum [114]. QD655-MMP7-RLuc8 BRET was assayed
with increasing amount of MMP-7 protease. Since the protease specifically cleaves
off the peptide between the QD655 and RLuc8, the signal at 575–650 nm emission
filter decreases and so will the BRET ratio. A similar decrease in BRET signal was
observed for QD655-MMP2-RLuc8 and QD655-uPA-RLuc8 sensor when incu-
bated with the MMP-2 and uPA proteases in buffer and serum. Simultaneous
detection of MMP-2 and uPA proteases by spectrally resolved QD655-MMP-2-
RLuc8 and QD705-uPA-RLuc8 was performed. The multiplexing ability of varied
QD-BRET systems can provide a useful tool for the detection of many proteases/
targets in a sample. A QD-BRET approach has also been demonstrated for nucleic
acid detection [115].

10.4.2.2 BRET Using Fluorescent Dyes

As the use of QD-BRET is limited due to bulky size and toxicity of QD itself,
fluorescent dyes having low molecular weight, extended absorption spectra, high
stability, and high photon output may offer advantages as synthetic BRET probes.
In a recent literature, conjugation of the luciferase protein CLuc (Cypridina
luciferase) with a far-red fluorescent dye Indocyadine via a glycol chain was
reported to form a far-red bioluminescent protein ‘‘FBP’’ [116]. CLuc oxidizes
Cypridina luciferin to yield a light emission peak at 460 nm. A biotinylated FBP
was tagged with a monoclonal antibody against human delta-like protein-1(Dlk-1)
using a biotin–avidin interaction. This probe was used in the BLI of cancer cells
in vitro and in vivo. The use of a self-illuminating probe eliminates the need of
external illumination; rather, it is readily detectable upon substrate addition.

As reported in literatures, modification at cysteine and lysine residues of
luciferase by chemical methods severely impairs their bioluminescence activity.
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Branchini et al. [117] reported a firefly luciferase variant having point mutations to
incorporate two cysteine residues, which permits the binding of dyes to the
luciferase without destroying the native cysteine residues and preserving the
bioluminescence activity of luciferase. BRET-based probes emitting in NIR region
were developed by coupling an FLuc mutant (as donor; Emmax 617 nm) to Alexa
Fluor

�
680 (Emmax 705 nm) or Alexa Fluor

�
750 (Emmax 750 nm) as acceptor.

Branchini et al. [52] further reported the design of a single soluble probe based on
the SRET principle. This probe comprises of a thermostable firefly luciferase
(Emmax 560 nm) linked via different proteolytic target peptide sites to an mKate
variant (Emmax 620 nm) covalently labeled with two Alexa Fluor

�
680

(Emmax 705 nm). These probes enable the detection of protease activity in NIR,
making it an attractive system for animal imaging.

10.4.2.3 BRET Using Carbon-60

Utilizing the luminescence quenching and free radicals scavenging properties of
carbon-60 fullerene (C60) derivatives, a novel BRET system was constructed for
protease detection in combination with hGLuc [118]. The free radical quenching
property of C60 is attributed to the delocalized p bond, curvature of its surface, and
electron deficiency. Here, two different fullerene derivatives, carboxyl C60

(C60[C(COOH)2]3) and amino hydroxyl C60 (C60(NH2)x(OH)y), have been
examined to see whether they have any special effects on hGLuc luminescence.
The strong absorption of C60–COOH in the wavelength range of 425 nm to
525 nm indicates that C60–COOH could be a good quencher not only for hGLuc
but also for other luciferases, therefore providing a good acceptor in BRET assays.
This assay works on the principle of attenuation of bioluminescence from hGluc
by C60. As the peptide joining hGLuc and C60 is severed off, gain in biolumi-
nescence signal is detected. The high sensitivity obtained for detection of a
thrombin protease demonstrated that C60–COOH– (Ni)+2–hGLuc system is an
efficient system and can facilitate the testing of longer peptide linkers for many
other protease assays in the future.

10.5 Engineering BRET Measurement Equipments

10.5.1 Microplate Reader

Since its inception in biological research, BRET signal is quantitatively measured
using photomultiplier tube (PMT)-based microplate reader equipments. Scanning
spectroscopy or a suitable plate reader capable of sequential or simultaneous
detection of the two distinct wavelength ranges can be quantified for determining
BRET efficiencies. Microplate measurements of BRET signal has so far been
limited by its association with substrate injection before signal measurement from
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each well of a multi-well plate. As discussed in the previous section, an important
landmark development in live cell BRET measurement was achieved by the
introduction of live cell substrate e.g., EnduRenTM which greatly stabilizes the
RLuc flash kinetics. Availability of live cell Clz-h or Clz400 substrates would
definitely help further automation toward developing a high-throughput screening
methodology using BRET. In the following sections, we will address the issue of
validating the BRET assay to compensate for the false-positive results.

While counting photons using plate reader in BRET PPIs studies, especially for
the receptor oligomerization studies, there is a very high probability of artifacts if
the concentration of the expressed receptor is high. In such a situation, the
increased abundance of receptors means that there is a greater chance of two
receptors being within the BRET-permissive distance of each other, leading to
random collisions and consequently non-specific BRET, a phenomenon known as
bystander BRET [101]. To distinguish between the genuine and random BRET
interactions, appropriate controls must be recruited. As an appropriate negative
control in the BRET assay, the acceptor FP without fusing it to another protein can
be used. Alternatively, when receptors are being studied, one can also make use of
a protein that is expressed at a similar level to the target receptor, but which does
not interact with the other target protein [27]. A suitable positive control to use in
conjunction with the BRET assay is the donor and acceptor molecules fused to
each other through a flexible linker [27]. This can give us an indication of the
highest possible BRET signal that can be achieved for a particular BRET pair.

10.5.1.1 BRET Dilution Assay

In this assay, the concentrations of both the donor and the acceptor fusion proteins
are gradually diluted till the bystander BRET can be sufficiently eliminated.
Theoretically, the BRET signal can be denoted by Eq. 10.5.

BRET ¼ BRET0 þ kð½D� ¼ ½A�Þ ð10:5Þ

where [D] and [A] are donor and acceptor concentrations, respectively. By
simultaneously lowering the concentration of both receptors (dilution) at a con-
stant [A]/[D] ratio, the BRET signal decreases toward BRET0, which is the real
oligomerization signal. This assay can then be used to set the optimal donor and
acceptor concentrations for BRET saturation assays [26].

10.5.1.2 BRET Saturation Assay

This assay involves coexpressing a constant amount of donor fusion protein with a
gradually increasing concentration of acceptor-tagged protein. The concentration of
the donor protein is determined to be the minimum concentration of donor which
gives a reliable and detectable signal output (as previously determined by the dilution
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assay). In this case, the BRET signal will increase till all acceptor molecules are
interacting with the available donor molecules and a BRETmax signal is achieved.
Beyond this, an increase in acceptor concentration will not affect the BRET signal
[26]. The higher the oligomerization state of the receptor, the faster the saturation can
be achieved (Fig. 10.10a). Thus, if the experimental data can be fitted to match these
theoretical curves, it reflects the specificity of receptor interactions [103]. Moreover,
by comparing the BRET50 values (the receptor concentration at which the BRET
signal is 50 % of its maximum value) for homodimers and heterodimers, a saturation
assay can help evaluate the relative affinity for their formation.

10.5.1.3 BRET Competition Assay

In this assay, the donor- and acceptor-tagged proteins are coexpressed with con-
stant or increasing concentrations of untagged proteins which will compete with
the tagged proteins for binding with the other tagged proteins. The decrease in the
BRET output due to competitive inhibition provides evidence for the specificity of
protein–protein interactions (Fig. 10.10b).

Fig. 10.10 Chart illustrating various assay parameters that validate the BRET assay. a The
expected BRET saturation curves obtained as a function of the ratio of concentration of acceptor-
and donor-tagged receptor molecules. The sigmoidal curve represents a true BRET event, while a
linear plot is seen due to bystander BRET. The saturation in BRET signal is denoted by BRETmax

which is the highest possible BRET activity. Note that receptor trimerization can achieve a faster
saturation compared to dimmers, as can be seen by a lower BRET50 value which is the [A]/[D]
ratio required to obtain a 50 % BRETmax. b Hypothetical BRET competition assay as a function
of the untagged competitor molecule concentration. As the concentration of untagged receptor
increases, it will compete with the tagged receptors to form dimers. In the negative control, a non-
competing protein is used, where the BRET activity of the target receptors remains unaffected. In
the homologous assay, the same kind of receptor as the target receptor is taken as the competitor
that will maximally affect the receptor oligomerization of the BRET partners; while in the other
case, a different receptor type with lowered binding affinity to the receptors is used as the
competitor
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10.5.2 BRET Imaging Microscope

The ability to identify the subcellular location of interacting proteins and quan-
titative assessment of the changes undergoing therein provide a clear advantage
over spectrophotometric BRET analysis from cell populations using a microplate
reader. Bioluminescence microscopy (BLM), as its name suggests, uses lumi-
nescence rather than fluorescence. Like fluorescence imaging, BLM enables the
visualization of genetic expression and physiological processes at the molecular
level in living tissues. Imaging cells by exploiting luminescence reaction has
several advantages over fluorescence. First, repeated exposure of living cells or
tissues to fluorescence excitation wavelengths can photodamage the cells or
photobleach the fluorophore, while bioluminescence is not burdened by such
phototoxic or photobleaching effects. Also, unlike fluorescence, bioluminescence
imaging typically does not suffer from auto-fluorescence background signal. The
resulting high signal-to-background ratio allows more straightforward signal
quantification and more sensitive signal detection. Furthermore, only viable cells
emit luminescence signals, and thus measurements are absolute and directly
quantitative, making live cell imaging much more suitable for long-term imaging.
However, despite these advantages, applications for luminescence in live cell
imaging have been limited until now, primarily due to the lack of sensitive
detection device which can resolve low photon emission from micron-size space.
Because luminescence is much dimmer than fluorescence, it requires longer
capture time. Though the optics components required for luminescence detection
are simpler, the availability and cost of the detection devices like intensely cooled
charge-coupled device (CCD) cameras were the main constraint until a few years
back. Furthermore, it is difficult to resolve spatial information with the subcellular,
ultra-structural details as is possible with fluorescence microscopy today. There-
fore, most systems in use have been built specifically by the researchers using
components that are best suitable for their experimental requirements [106]. For
instance, Xu et al. [119] used a microscope equipped with a modified electron
bombarded charge-coupled device (EB-CCD) camera and a dual-view microim-
ager attached directly to a 4x microscopic objective. Later on, Coulon et al. [120]
demonstrated subcellular measurement of BRET signal using a modified version
of inverted microscope equipped with electron-multiplying cooled charge-coupled
device (EMCCD) camera. Recently, we have also demonstrated live cell imaging
using BRET3 assay and a commercial luminescence microscope [30].

10.5.3 Macroscopic BRET Imaging

The ability to non-invasively image PPIs from their natural physiological envi-
ronments has an important implication on a wide variety of biological research
endeavors, such as drug discovery, molecular medicine, etc. With the introduction
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of the intensely cooled CCD camera-based optical imaging instrumentation, the
ability to detect very dim photon signals from live cells in culture or from animal
or plant tissues has become possible. To detect signals with detectors placed
outside the animal subjects, the cells of interest present at a depth within the
subject must produce detectable signal. Here, the use of red and NIR light signals
is favored as they have better tissue penetration capacity. Therefore, overall
modification of existing assays to adapt them for non-invasive monitoring is a
challenging task. Approaching the development of a single-format imaging assay
that can serve to measure PPIs from isolated single cells as well as physiologically
relevant animal/plant models, both BRET1 and BRET2 strategies, display some
form of confinements. Therefore, while attempting live animal BRET assays, we
have conducted serial experiments to identify an optimal BRET assay showing
satisfactory performance as a single-format assay [24, 30, 98]. By now, we have
ample variety of the red-light-emitting BRET vectors (as mentioned in Table 10.2)
developed, many of which undoubtedly show superior performance over the
previous assays used. By withdrawing the traditional method of BRET measure-
ment using a microplate reader, we adapted a method for spectral separation of
donor and acceptor signal by using a black-box cooled CCD camera macroimager
[98]. An important parameter to successfully adapt this imaging method was the
use of the BRET formats with relatively large spectral resolution, which allows the
selection of wide band-pass emission filters in the device. Unlike the plate reader,
the CCD camera-based macroimaging instrument can measure BRET signals from
lysed or live cells placed in multi-well plates. The same instrument can then be
used for BRET measurement from whole organisms as well. Point worth noting
here is that BRET imaging from animal tissue is further complicated by the
consideration of tissue attenuation factor. To address this, a double ratio (DR)
which provides a depth-independent measure of the BRET signal in animal
experiment was defined [36].

The main bottleneck of extending FRET strategy in small animal evaluation is
associated with the auto-fluorescence correction method. As light travels in and
out from animal tissues, the resulting photon attenuation complicates the FRET
ratio calculations. In this context, the exclusion of an external photon input makes
BRET-based technologies more acquiescent for macroscale imaging. We have
also done proof of principle studies by confirming the detection of the rapamycin-
dependent interaction of FKBP12 and FRB from living animals [24, 30, 36]
(Fig. 10.8). Following the successful BRET imaging from small animal model,
macroimaging of plant tissue was also reported [119]. Visualization of the COP1
(a plant light signaling regulator protein) homodimerization using RLuc-EYFP
BRET assay was demonstrated in the rootlet and cotyledons of tobacco seedlings.
Considering careful validation of the PPIs in systematic, large-scale models using
individual test cases, the molecular imaging assays like BRET appear promising in
the current proteomic developments.
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10.6 Future Prospects and Concluding Remarks

Tremendous developments in the field of protein interaction analysis have been
fueled by current efforts in the life sciences to dissect cellular protein function. A
full understanding of how the proteins function and contribute to the signaling
networks in the cell requires approaches to study protein interactions from
different perspectives. Once the specific and relevant interactions have been
identified, in-depth characterization of the molecular and biophysical parameters
such as the kinetic rate constants, the oligomeric state of the interaction partners,
and the stoichiometric ratio in the complex will follow. For this part of subjective
analysis of a known pair of interactors, purified and well-characterized proteins are
required. However, when one has to identify the protein interaction partners and
gather a detailed understanding of protein interactions at the molecular and cellular
context, screening techniques that can operate in live cell environment are
required. Therefore, for a thorough understanding of PPIs in normal and diseased
biology, need of technologies that offer options for both in vitro as well as in vivo
assessment will speed up this epic task. With the huge expansion and adjustment
made as described in this chapter, bioengineered BRET systems will continue to
expand and fuel this area in future. The ability to tag endogenous proteins of
interest with donor and acceptor molecule within live cell environment is a
challenging task, and perhaps technology will develop in future to enhance our
ability to achieve that as well.
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Chapter 11
Antibody Engineering in Translational
Medicine

Eliane Fischer

11.1 Introduction

Antibodies (Abs), also known as immunoglobulins (Igs), are an important com-
ponent of the immune system [1]. They are produced by specialized B-cells, which
secrete them into the blood stream. Abs recognize and bind to foreign antigen
(e.g., bacteria, viruses, or toxins), but they also recruit additional components of
the immune system to eliminate the antigen from the body. These effector func-
tions include antibody-dependent cellular cytotoxicity (ADCC), antibody-depen-
dent cellular phagocytosis (ADCP), and complement-dependent cellular
cytotoxicity (CDC). ADCC and ADCP are mediated by interaction of cell-bound
Ab with Fc gamma receptors (FccR) and CDC through interaction with a series of
soluble blood proteins, the so-called complement. An almost unlimited variety of
Abs with different antigen specificity can potentially be generated in the human
body by random combination of a set of gene segments and by somatic hyper-
mutation [2, 3].

Due to the unique properties of this class of molecules, i.e., the combination of
highly specific binding with defined effector functions, Abs have entered the
clinics as a promising class of potent therapeutics. Concomitantly, the field of Ab
engineering has emerged to tailor Abs for defined medical applications [4]. Given
the complex structure and function of Abs, there are many different ways in which
an Ab can be engineered to further improve its efficacy for therapy or diagnosis.
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11.1.1 Medical Applications of Antibodies

Abs are a fast-growing class of therapeutics, and there are currently about 350 Abs
in clinical development [5]. Therapeutic Abs usually have only one single spec-
ificity. They are derived from a cell clone and are therefore named monoclonal
antibodies (mAbs). Most mAbs in clinical trials are being evaluated as cancer
therapeutics, followed by immunological disorders, such as rheumatoid arthritis,
psoriasis, or Crohn disease. Therapeutic mAbs can act through various mecha-
nisms. In cancer therapy, they often bind to cell surface antigens that are over-
expressed on cancer cells and have an implication in disease progression. By
binding to their targets, mAbs may block interaction of growth factors with their
receptors, affect cellular signaling, or mediate cytotoxicity by ADCC. However,
very often Abs are not curative as single-agent therapeutics. One of the major
goals of antibody engineering is therefore the empowerment of Abs with more
potent cytotoxic entities or the enhancement of their intrinsic effector functions. As
a result of these strategies, only about 50 % of the Abs in clinical development
for cancer therapy are nowadays canonical Abs [6]. The other half consists of
engineered Abs which are conjugated to drugs or radionuclides or otherwise
engineered for enhanced efficacy.

11.1.2 Antibodies: Structure and Function

Abs consist of two heavy and two light chains, which are connected by disulfide
bridges (Fig. 11.1). The light chains comprise a variable and a constant domain,
while the heavy chains consist of a variable and three constant domains. The
variable region of the Ab is responsible for antigen binding. Within each of the
variable domains are three hyper-variable regions complementarity determining
regions (CDRs), which account for most of the diversity among the antibody
sequences. The CDRs are flanked by more conserved sequences of the variable
domains, the framework regions. It is the diversity in the CDRs that ultimately
leads to the specificity and affinity of an Ab for its target antigen. In contrast, the
constant region of the heavy chain defines the Ab isotype and is responsible for the
effector functions and the half-life in blood. Upon enzymatic digestion with
papain, three fragments of similar size are obtained: two fragments antigen-
binding (Fab) and a fragment crystallizable (Fc).

Most therapeutic mAbs are of the c-immunoglobulin (IgG) isotype. IgG has a
particularly long half-life in serum, due to a recycling mechanism based on the
interaction with the neonatal Fc receptor (FcRn). Endocytosed IgG binds with its
Fc part to the FcRn at pH 6.0–6.5 in the endosomes and recycles to the blood
serum. IgG contain a single N-glycosylation site in the constant region of each
heavy chain. The attached glycans have been shown to play a crucial role for some
of the effector functions, but also contribute to the stability of the Ab. There are
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four different subtypes of IgG in humans (IgG1–IgG4), which have different
structural features and biological properties.

11.2 Reducing Immunogenicity of Therapeutic Antibodies

Rodent Abs The in vitro production of murine mAbs from hybridoma cell lines
first made it possible to use this class of molecules as therapeutics [7]. However,
murine mAbs (suffix: -omab) are immunogenic in humans and induce human anti-
mouse Abs (HAMA) [8]. This precludes repeated administration of murine mAbs
and therefore long-term therapy. In addition, the half-life of murine mAbs in
humans is relatively short, and they are not efficient in recruiting effector func-
tions. Despite these difficulties, several murine mAbs have been approved by the
FDA, primarily for diagnostic use.

Chimeric Abs A first attempt to reduce the immunogenicity of murine mAbs
was the design of chimeric mouse–human Abs (suffix: -ximab). The variable
regions of rodent heavy and light chains were grafted onto the constant regions of
human IgG1 by recombinant DNA techniques [9–11]. Chimeric mAbs exhibited a
longer half-life in humans and were less immunogenic than murine mAbs. In
addition, the isotype relevant to the desired biological function of the mAb, typ-
ically IgG1, could be chosen by the chimerization technique. Several chimeric
mAbs have been approved as therapeutics, for example, cetuximab, rituximab, or
infliximab. However, about 33 % of the sequence is still of mouse origin and
induce the human anti-chimeric antibody (HACA) response [12].

Humanized Abs To confine the potential immunogeneicity of therapeutic
mAbs, further reduction of the mouse sequences was approached by various
methods. Humanized Abs (suffix: -zumab) obtained by CDR-grafting contain only
the hypervariable regions from the original mouse mAb [13]. This method often

Fig. 11.1 Structure of an
antibody (IgG1). IgG1
consists of two heavy chains
(gray) and two light chains
(black) which are connected
by disulfide bonds. The heavy
chain contains three constant
domains (CH1–CH3), a
variable domain (VH), and a
hinge region between CH1
and CH2. The light chain
contains a constant (CL) and a
variable (VL) domain
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requires the introduction of some amino acids from the original mouse sequence
into the framework regions of the variable domains, in order to retain the binding
properties of the original Ab in a process termed reshaping [14]. CDR grafting
results in humanized Abs with about 95 % of the sequence of human origin
(Fig. 11.2).

Further reduction of the murine sequences can be achieved by SDR transfer
instead of CDR grafting. Only 20–33 % of the CDR residues have been found to
participate in antigen binding. These ‘‘specificity determining residues’’ (SDR)
were successfully grafted to human Ab sequences with ‘‘abbreviated CDRs’’ [15].
Alternatively, in a process termed veneering or resurfacing, only the surface
residues of the framework regions of murine variable domains are replaced with
human residues [16, 17], while the remaining sequences, including CDRs and
buried amino acids, remain murine.

DeImmunization Deimmunization is a technique by which potential linear T
cell epitopes in Ab sequences are predicted by bioinformatic approaches [18].
Specifically, known human HLA class I or class II epitopes are identified in silico.
Potential T cell epitopes can then be altered by appropriate amino acid substitu-
tion. A similar approach aims at the removal of both T and B cell epitopes using
human string content (HSC) [19].

Human Abs Fully human Abs (suffix: -umab) can be generated by in vitro
display techniques, including phage display [20–22] or yeast display [23]. Phage
display libraries consist of a large diversity ([109) of filamentous bacteriophage,
each expressing a different Ab fragment. Typically, Fab fragments or single-chain
variable fragments (scFv) are presented on the phage. The diversity of such in vitro
libraries can either be derived from a human antibody repertoire or generated
synthetically. The library is screened against the target antigen to enrich for target-
binding Ab fragments. This procedure usually requires several rounds of selection
to obtain high-affinity Ab fragments. In vitro selection of Abs allows close control
over stringency and specificity. For example, it is possible to include steps into the
selection strategy that allow enrichment of Abs that cross-react with the rodent
variant of the antigen or to deselect Abs that cross-react with homologous proteins.

Alternatively, fully human mAbs can be generated in transgenic mouse strains
with inactivated mouse immunoglobulin genes which have been replaced with the
corresponding human gene sequences [24–27]. Many different transgenic mouse

Fig. 11.2 Monoclonal antibody types. Murine sequences are shown in dark, human sequences in
light gray
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platforms have been developed and yielded human mAbs for clinical development.
Today, human mAbs are the fastest growing category of mAb therapeutics
entering clinical studies [28].

11.3 Engineering Pharmacokinetics

IgG have a relatively long half-life in blood, ranging from 7 to more than 16 days.
One major goal of Ab engineering is to further prolong the half-life of therapeutic
mAbs in circulation, in order to maintain therapeutic mAb levels and to allow for
less frequent dosing. On the other hand, a shorter half-life may be of interest for
radiolabeled Abs, for example, to control toxicity or to reduce background radi-
ation in imaging. Mutations have been introduced in the Fc part of IgG1 in order to
increase binding to FcRn under acidic conditions. These mutations lead to an
optimized recycling of the engineered mAb through FcRn binding in endosomes
and thus to a longer half-life [29, 30]. Further, the fast-clearing istoypes IgG2,
IgG3, and IgG4 have been engineered in their Fc part to improve half-life and
stability in blood [31–33].

A variable that contributes to the non-specific clearance of mAbs is their iso-
electric point (pI). Non-specific clearance is a result of pinocytosis of Ab into the
endosomes and subsequent lysosomal degradation of the non-FcRn-bound Ab
[34]. A higher pI generally results in a faster clearance of the mAb [35]. Lowering
the pI by engineering the variable region is therefore a promising approach to
increase the half-life of some mAbs [36]. In addition to mutagenesis, chemical
modification has been used to improve the pharmacokinetics by altering the
pI [37].

Finally, antigen-mediated clearance may contribute to the clearance rate of an
mAb. Similar to the FcRn binding described above, Abs have been engineered for
pH-dependent antigen binding [38]. These Abs maintain high binding affinity at
neutral pH, but dissociate rapidly from their target in the acidic environment of the
endosomes. The antibody then recycles back to the cell surface and is rescued from
lysosomal degradation [39, 40].

11.4 Enhancing Therapeutic Efficacy

Monoclonal antibodies are an important class of cancer therapeutics and widely
used in the clinics today. However, they often are not sufficiently effective as
monotherapies and need to be combined with chemotherapeutics. Hence, Abs have
been engineered to become more potent cytotoxic drugs. There are several strat-
egies that aim at the generation of more cytotoxic Ab constructs. These include
engineering to enhance intrinsic effector functions or the introduction of an
additional cytotoxic moiety attached to the Ab. In the latter cases, the Ab’s effector
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functions play a subordinate role as does the biological significance of the target
for disease development. The Ab simply becomes a vehicle which delivers cyto-
toxic payload to the tumor cells.

11.4.1 Fc Engineering to Enhance Effector Functions

IgG are able to induce ADCC by interaction with the FccR which is expressed on
cytotoxic T lymphocytes and natural killer cells. Improving the binding of the IgG
to FccR could therefore improve the therapeutic efficacy of mAbs where these
effector functions are the mechanism of action to destroy the target cells.

The Asn297-linked glycans of an IgG play an important role in the interaction
with the FccR. It has been demonstrated that engineering of the glycan structure by
the presence of a bisecting N-acetylglucosamine or the absence of fucose enhances
the binding to the FccRIII and consequently improves ADCC [41, 42]. The gly-
coengineered Abs are obtained from mutant CHO cell lines which are expressing
or lacking the corresponding sugar-modifying enzymes.

Mutagenesis of amino acids close to the hinge region of the CH2 domain has
been shown to improve binding to FccR. Several of these mutants exhibited
enhanced ADCC in vitro [43, 44]. Both Fc and glycoengineered Abs are currently
being evaluated in clinical trials.

11.4.2 Antibody–Drug Conjugates

Antibody–drug conjugates (ADCs) combine the specificity and targeting proper-
ties of an mAb with the potency of a cytotoxic drug [45]. Typically, a cytotoxic
small molecule is chemically linked to an mAb which binds to an antigen
expressed on the cell membrane of cancer cells. Upon binding, the ADC–antigen
complex is internalized into the cell and transported along the endosomal–lyso-
somal pathway. The attached drug is eventually released from the ADC and
becomes active within the cell by interfering with vital cellular processes. It is a
prerequisite that the cytotoxic drug is extremely potent and exhibits its cytotoxic
potential at low concentrations. While early ADCs employed classical chemo-
therapeutics as drugs such as vinblastine, doxorubicin, or methotrexate, typical
drugs now include highly potent microtubule-targeting agents (auristatins, may-
tansinoids) or DNA-damaging drugs (calicheamicins, duocarmycins). Due to their
high systemic toxicity and lack of specificity for cancer cells, these drugs cannot
be used as single-agent therapeutics.

To ensure controlled release of the drug within the target cells, a linker has to be
introduced between the mAb and the cytotoxic drug [46]. These linkers have to be
stable in circulation to prevent spontaneous release of the drug and consequential
damage to non-targeted tissue. Current linker strategies include the following:
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• Acid-labile hydrazone linkers, which are cleaved in the low-pH environment of
the endosomes (pH 5.0–6.5) and lysosomes (pH 4.5–5.0), but relatively stable in
the bloodstream (pH 7.3–7.5).

• Disulfide-based linkers, which are cleaved in the reducing environment of the
cytosol.

• Non-cleavable thioether linkers, which depend on the degradation of the mAb in
the lysosome and result in the release of drug still attached to the linker and the
amino acid (usually lysine) to which the drug has been attached [47].

• Linkers that are cleaved by specific enzymes of the lysososmes (e.g., cathepsin
B or b-glucuronidase). These include dipeptide linkers (e.g., citrulline–valine or
phenylalanine–lysine) [48, 49].

Dipeptide and thioether linkers are more stable in circulation than the chemi-
cally cleavable hydrazone or disulfide-based linkers. However, the cytotoxic
metabolite resulting from the cleavage of thioether-linked ADCs is charged and
has been shown to be less cytotoxic on neighboring cells than the corresponding
product from a cleavable linker.

Wyeth’s Mylotarg (anti-CD33 humanized IgG4 mAb conjugated to a caliche-
amicin by a hydrazone linker) was the first ADC to reach the market [50]. It was
withdrawn by Pfizer in 2010 because of limited clinical benefits and safety con-
cerns. Adectris (Brentuximab Vedotin) and anti-CD30 chimeric mAb conjugated
to auristatin E (MMAE) received FDA approval in 2011 [51] for the treatment of
Hodgkin lymphoma and anaplastic large-cell lymphoma. Recently, FDA approved
the maytansinoid-based ADC Trastuzumab emtansine (T-DM1, Roche/Genentech)
for breast cancer [52]. The three ADCs that have reached the marked so far are
different in linker strategy, target antigen, and drug (Table 11.1). Many ADCs are
now in early-stage clinical testing [45]. Future developments address new highly
potent drugs, more uniform production of ADCs, and the better penetration of
solid tumors by ADCs, for example, by using antibody fragments or non-IgG
scaffolds.

One of the difficulties associated with ADC production is the resulting heter-
ogeneous mixtures after chemical conjugation of cytotoxic drugs. In principle,
each of the ADC species in the mixture can come with a different pharmacokinetic,
therapeutic, and safety profile [53]. Recently, various strategies have been
described to generate more homogeneous ADC, both regarding the sites to which
the drugs are attached and the number of drugs that are loaded on an Ab. Gen-
erally, a drug-to-antibody ratio of about 2–4 is desirable. Coupling fewer drugs per
antibody would compromise efficacy of the ADC. On the other hand, a higher drug
load may negatively affect stability, circulation half-life, or binding to the target.

One example of a strategy that yields homogeneous ADCs are THIOMABs, in
which the drugs are linked to defined, engineered cysteine residues [54]. Other
approaches include enzymatic modification by transglutaminase of deglycosylated
mAbs [55] or introduction of non-natural amino acids into the mAb constant
regions for subsequent chemical modification [56].
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11.4.3 Radioimmunoconjugates

Radioimmunoconjugates are a special class of antibody conjugates with enhanced
toxicity. The concept of empowering an mAb with cytotoxic radiation is similar to
the ADCs described above. However, the unique properties of radioactive decay
entail several special features of radioimmunoconjugates.

Unlike cytotoxic drugs, the radionuclide attached to the antibody does not need
to be cleaved from the antibody to become activated. Radioactivity does not only
affect the target cell, but also affect neighboring antigen-negative cells. This so-
called ‘‘cross-fire’’ effect is one of the attractive features of radioimmunotherapy,
especially for tumors with heterogenous antigen expression.

Radionuclides which emit a or b- radiation are most suitable for radioimmu-
notherapy because of their short range in tissue (Table 11.2). The radiolabeled
antibody accumulates at the tumor site, and the energy from the emitted radiation
is deposited near the tumor cells. Depending on the type of radiation, single cells,
small clusters of cells, or small tumors can be efficiently irradiated [57]. Auger
electrons are a third type of radiation which is potentially useful to eradicate single
cells. However, due to the very short range in tissue, Auger electrons have to be
brought close to the nucleus of the cell to introduce enough DNA damage for
efficient cytotoxicity [58]. Therapeutic radionuclides in current clinical trials
include primarily the b- emitters 90Y, 177Lu, and 131I [59]. The choice of a suitable
radionuclide is not only dependent on the range of the radiation in tissue, but also
dependent on the radiochemistry, the physical half-life of the radionuclide, and the
availability of the radionuclide. While iodination can be achieved by direct
modification of tyrosine residues of an Ab, radiometals have to be attached to
proteins using a chelating agent. Two radioimmunoconjugates have been approved
for the treatment of non-Hodgkin’s lymphoma, both targeting CD20: 131I-tositu-
momab (Bexxar) and 90Y-ibritumomab (Zevalin).

One of the problems associated with radioimmunotherapy is hematological
toxicity. Due to the long circulation times of mAbs in blood, the bone marrow is
continuously exposed to irradiation. Attempts to reduce the half-lives of mAbs in
circulation, including the use of antibody fragments, generally lead to significantly
lower tumor uptake and retention, which again impairs their therapeutic value.

Pretargeting is a strategy to decouple the slow pharmacokinetics of mAbs from
the radioactive moiety [60]. Briefly, a tumor-targeting mAb derivative with high
affinity for the radioactive moiety is injected first. The mAb is allowed to accu-
mulate at the target site, which usually reaches highest uptake after about two
days. In a second step, the small radioactive molecule is administered. It is crucial

Table 11.1 Antibody–drug conjugates that reached the market by 2013

ADC Status Antigen Linker Drug

Mylotarg Gemtuzumab ozogamicin Withdrawn CD33 Hydrazone Calicheamicin
Adectris Brentuximab vedotin Approved CD30 Citrulline-valine MMAE
T-DM1 Trastuzumab emtansine Approved HER2 Thioether Maytansinoid
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for pretargeting approaches that the antibody does not internalize completely into
the target cells, because it needs to remain accessible for the radioactive moiety.
One of the pretargeting strategies uses antibody–(strept) avidin constructs and a
biotinylated chelating agent containing the radionuclide [61], which has a very fast
blood clearance. While the pretargeting approach worked in principle, there were
several issues associated with this system, including the immunogeneicity of
streptavidin. Other pretargeting strategies focus on bispecific Ab constructs tar-
geting both tumor antigen and a small molecule or peptide containing the radio-
nuclide [62]. Pretargeting strategies usually result in excellent biodistributions
with very high tumor-to-blood ratios of the radionuclide.

Because of their ability to bind antigen with high affinity and specificity,
radiolabeled Abs are useful tools for in vivo molecular imaging. To this aim, Abs
can be labeled with diagnostic radionuclides, for example, for positron emission
tomography (PET) or single-photon emission computed tomography (SPECT)
[63]. In contrast to therapeutic agents, a long half-life in blood is not desired for
imaging probes, because it leads to a high background. Further, accumulation at
the tumor site by mAbs is slow, and radiolabeling with short-lived radioisotopes is
not feasible. Instead, suitable radionuclides for PET or SPECT imaging include
radionuclides with physical half-lives of [10 h (Table 11.3).

11.5 Engineered Antibody Fragments

For a range of applications, but especially for imaging, smaller Ab fragments
including Fab, scFv, or single-domain Abs (Fig. 11.3) are often preferred to full-
length IgG because of their faster accumulation and blood clearance and better tissue
penetration [64]. To retain avidity, many different bivalent Ab formats have been
developed, including F(ab’)2 fragments, diabodies, SIPs, and minibodies [65].

Many of these engineered Ab fragments can be easily expressed in prokaryotes.
This is another advantage over IgGs, which have to be produced in mammalian
cells. Because the fragment Fv consisting of VH and VL, is not stable, single-chain
variable fragments (scFv) have been developed. In this format, a linker connects
VH and VL. By choosing a shorter linker, a bivalent diabody forms [66]. Other

Table 11.2 Examples of radionuclides suitable for radioimmunotherapy

Radionuclide Half-life Radiation Maximum range in tissue
177Lu 6.6 days b- 2 mm
90Y 2.7 days b- 12 mm
131I 8.0 days b- 2 mm
225Ac 10 days a-1 50–100 lm
211At 7.2 h a 50–100 lm
125I 59.4 days Auger electrons \10 lm
67Ga 3.3 days Auger electrons \10 lm
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formats use the CH3 domain (Minibody [67]) or the CH4 domain from IgE (small
immunoprotein, SIP [68]) to form bivalent molecules from scFv. Single-domain
Abs are even smaller, with a molecular weight of only about 15 kDa. While single-
domain Abs (VH) from human or mouse origin are not stable, other species,
including sharks and camelids, have stable variable domains, VHH, because these
Abs lack light chains [69]. Nanobodies from llama are the most widely used
single-domain Ab fragments. These molecules are easy to express in bacteria and
have exceptional thermal and conformational stability.

11.6 Bispecific Antibodies

Bispecific Abs are engineered Ab-based molecules that bind two target epitopes.
Many different formats have been described [70]. Some of them consist of tandem
antibody fragments or bispecific diabodies, and others attach an additional binding

Table 11.3 Radionuclides for immuno-PET or immuno-SPECT

Radionuclide Half-life Imaging modality
64Cu 12.7 h PET
89Zr 3.3 days PET
111In 2.8 days SPECT
67Ga 3.3 days SPECT

Fig. 11.3 Examples of different antibody formats and engineered antibody fragments
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fragment to full-length IgGs. Bispecific Ab constructs are either obtained by
genetic engineering or by chemical conjugation to native IgGs. However, many of
these formats have unfavorable pharmacokinetic or physicochemical properties.
Closest to a native antibody are bispecific IgGs in which each Fab arm has a
different specificity. Controlled production of these asymmetric molecules for
clinical use is challenging because the correct assembly of heavy and light chains
needs to be established.

Bispecific IgGs were first obtained from hybrid hybridomas (quadromas),
which produce two different heavy and light chains within one cell [71]. Because
the assembly of heavy and light chains is stochastic, this leads to the formation of
side products due to wrong pairing of heavy and light chains. The resulting IgGs
have to be purified by two-step affinity chromatography. Various strategies have
been followed to produce more uniform bispecific Abs. The ‘‘Knobs-into-holes’’
technology [72] introduces two different mutations into the CH3 domains of the
heavy chains of either specificity. A bulky amino acid residue (‘‘knob’’) on one
heavy chain and a small amino acid residue (‘‘hole’’) on the other. This technique
significantly favors the heterodimeric pairing of heavy chains. Similarly, electro-
static steering [73] introduces negative charge on one heavy chain and positive
charge on the other to yield a higher fraction of heterodimeric IgG. Both
approaches have the limitation that the light chains are still randomly paired with
the heterodimeric heavy chains. To overcome this limitation, invariant light
chains, which do not participate in antigen binding, have been employed with
these constructs [74]. In CrossMabs technology [75], domains between heavy and
light chains are swapped in one arm of the antibody, leading to correct pairing of
heavy and light chains. Combining CrossMab technology with Knobs-into-holes,
uniform bispecific IgGs can be produced. Controlled Fab arm exchange [76]
allows the formation of bispecific Abs from two different parental IgG under
controlled reducing conditions in vitro. Again, matched point mutations in the CH3
domains are required to form stable heterodimers. A totally different approach to
obtain mAbs with specificity for two epitopes is the selection of so-called two-in-
one Abs [77]. Here, the sequences of the light chain CDRs of an existing mAb
were mutated, and mAbs with dual specificity were selected by phage display.

Bispecific Abs can be used as therapeutics which simultaneously bind to two
different disease-specific targets, thereby potentially enhancing specificity or
efficacy. A very promising use of bispecific Abs is retargeting. Thereby, one arm
of the Ab binds to a disease-specific target, and the other recruits a cytotoxic
entity. Most prominently, CD3 on T cells or CD16 on natural killer cells are
recognized by bispecific mAbs to recruit these immune cells to the diseased tissue.
Catumaxomab [78], binding to EpCAM and CD3, was approved in Europe in 2009
for treatment of malignant ascites. Further, bispecific Abs are widely used in
pretargeting strategies, as described in Sect. 11.4.3.

Finally, bispecific Abs have been designed for delivery into the brain [79]. A
bispecific Ab which binds to the transferrin receptor (TfR) and the enzyme b-
sectretase has been developed for treatment of Alzheimer’s disease. This bispecific
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Ab is able to cross the blood brain barrier in preclinical studies by low-affinity
binding to the TfR and subsequent receptor-mediated transcytosis [80].

11.7 Conclusion

More than 25 years after the approval of the first murine mAb for therapeutic use,
mAb-based therapeutics have become diverse in shape and function. The field of
Ab engineering continues to develop strategies that empower Abs with novel
mechanisms of action or further enhance their intrinsic properties as excellent
targeting molecules.
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Chapter 12
Engineered Affibodies in Translational
Medicine

Xiang Hu, Hongguang Liu and Zhen Cheng

12.1 Introduction

Translational medicine is a medical practice that integrates research from the basic
sciences, social sciences, and political sciences to optimize patient care and
clinical medicine. It encourages collaborations among different disciplines.
Translational medicine could be facilitated by connecting basic scientists with the
reality of human disease and making translational research more than an inter-
esting concept. The purpose of translational medicine is to develop novel diag-
nostic and therapeutic strategies for humans through experimentation, with the aim
of solving public health problems and improving the longevity of the world’s
populations. Translational medicine is based on translational research, and it leads
scientists to focus their efforts on linking bench-based discoveries to the area of
clinical investigation, such as drug development, clinical assistance techniques,
and clinical practice.

Novel molecular imaging and targeted therapy techniques, which are important
branches of disease diagnosis and therapy, play important roles in translational
medicine. In molecular imaging, for example, the visualization, characterization,
and quantification of a disease target, such as a cell-surface receptor, can provide
an overview of all tumor sites and metastatic lesions in the body and can be a
valuable tool for diseases diagnosis and prognosis for targeted therapy in patients.
For both diagnostic imaging and targeted radionuclide therapy, it is essential that
the accumulation of radioactivity at a targeted site be much higher than the
accumulation in adjacent normal healthy tissues. Therefore, molecular binders or
ligands that can recognize different molecular targets are widely used in the field
of molecular imaging and therapy.
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Affibody proteins are an emerging class of protein scaffold-based affinity
reagents. This group of small (7 kDa) affinity proteins was first reported 10 years ago
and has since been developed to bind to a variety of targets [1]. Affibody proteins
were originally produced from staphylococcal protein A (SPA), which is also related
to immunotechnology [2]. Several native and recombinant variants of SPA have
been used to detect and purify antibodies [2]. In addition, five known highly
homologous Ig-binding domains are contained in the SPA gene [3]. These domains
were used as affinity gene fusion partners to produce and purify recombinant fusion
proteins (such as for IgG-affinity chromatography) [4, 5]. Z-domain, an engineered
variant of an SPA domain (Domain B), has been used as an Affibody-binding protein
scaffold. During the engineering of the Z-domain, a few modifications were made to
enhance the affinity of both the gene fragment and successive protein scaffold toward
hydroxylamine through a Gly to Ala substitution [6, 7].

An Affibody protein is a three-helix-bundle Z-protein of 58 amino acids. It
consists of a single polypeptide subunit, which makes it capable of independent
and rapid folding, and is devoid of cysteine residues [8, 9]. Consequently, Affibody
proteins have a native high-affinity interaction with binding targets through a set of
surface-located residues and can be translated into soluble and stable forms when
needed for cell imaging or therapy [1]. Based on the development of protein
library technology and unexpected frustration from the prokaryotic production of
several cloned antibody-derived constructs, researchers have raised the question of
whether the advantageous features of the Z-domain could be used to generate a
novel type of affinity reagents [10] (Fig. 12.1). The native specific binding site for
Fc of IgG on the face of the small protein could be modified to bind to other targets
of interest through amino acid substitutions while simultaneously retaining most of
the advantageous properties of the Z-protein scaffold [1, 10].

Affibody-binding proteins have no Ig origin and were functionally selected as a
protein scaffold from libraries of a small and cysteine-free three-helix-bundle
Z-domain [11]. Since Affibodies were first described, high-affinity Affibody pro-
teins have been selected to bind assorted targets for various applications, such as
bioseparation, functional inhibition, drug development, viral targeting, and in vivo
targeted diagnostics and therapeutics [11]. With 13 amino acids as a binding
sequence, Affibody proteins could potentially provide high-affinity binding
proteins against different targets via protein engineering, and the small size of
Affibody binders has been found to be advantageous for further modification, such
as site-specific labeling and chelators’ conjugation.

12.2 Affibody Molecules Selection and Preparation

In recent years, numerous studies have examined the selection of Affibody proteins
for molecular targeting. Currently, phage display technology has been introduced
for all reported de novo selections of Affibody-binding proteins [12]. This tech-
nology was based on selection protocols and standard phage mid vectors. Other
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selection systems are also being investigated as alternative methods, including
staphylococcal display, ribosomal display, microbead display, and b-lactamase-
based protein fragment complementation [13]. The affinities obtained from Affi-
body proteins for different targets are similar to the affinities of antibody fragments
or alternative scaffolds from similar native libraries. Different target structure
characteristics and library complexity resulted in different dissociation constants
(KD), ranging from micromolar to low picomolar. For example, the highest affinity
for an Affibody target to the breast cancer marker ErbB2 was recently reported as
only 22 pm [14]. The epidermal growth factor receptor (EGFR)-binding Affibody

Fig. 12.1 Affibody-binding proteins: library and target binding. Illustration of the three-helix
bundle affibody protein scaffold Z in band representation (green), with the 13 positions
randomized during affibody protein library constructions highlighted (yellow) a. Side views b and
top views c of the affibody protein scaffold showing the 13 surface-located positions in helices 1
and 2 employed for library constructions. d The structure of the complex between affibody
proteins selected for binding to Taq DNA polymerase (ZTaq; white) and its anti-idiotypic
affibody protein (anti-ZTaq; green with randomized positions in yellow). (Reproduced with
permission from Ref. [10]. Copyright 2008 FEBS)
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molecules with moderate affinity have also been isolated using phase-display
selection technology. A study found that the molecules bind specifically to EGFR
on EGFR-expressing cells in biosensors [15, 16]. Protein scaffolds can be prepared
using either chemical or biological methods. For some small protein scaffolds,
both methods can be used. After display selection, high-affinity scaffold molecules
can be well established from the bulk of regular DNA templates. These DNA
templates are produced using regular recombinant techniques. The high-affinity
molecules exhibited high specificity and targeting capacity in protein engineering.
For example, Affibodies can be prepared in E. coli, which makes the procedure
easy and inexpensive compared with antibody production [17, 18]. In purification
using a nickel column, a His-6 tag is typically added to the sequence of a scaffold
protein when it is denatured [19]. This added His-6 can not only help purification
but also achieve site-specific labeling with radionuclide 99mTc. More complicated
post-transcription modifications can be either a disadvantage or advantage as is the
case with glycosylation [19].

Small Affibody molecules can also be prepared directly by solid-phase peptide
synthesis (SPPS), which is a desirable way to produce Affibody molecules with
function groups for site-specifically labeling with a variety of reporters such as
fluorophores, radionuclides, and nanoparticles [20, 21]. Synthesis of Affibodies
using SPPS provides the freedom to label the protein with more than one reporter,
and it facilitates the isolation of a homogeneous product when compared to
recombinant production [21]. Furthermore, this approach could avoid the bio-
logical contaminants which largely exist in recombinant production. However, a
limitation on this chemical approach is that the synthetic efficiency highly depends
on the sequence and length of the Affibody proteins [22]. But the yield in organic
synthesis of small proteins could be improved using a approach which involves the
parallel synthesis of fragments and then assembling of them [23]. Importantly, it is
feasible to perform chemical synthesis of the scaffold proteins without affecting
the active amino acids or other functional group (Fig. 12.2) [20]. Manual modi-
fications have been extensively applied to the synthetic Affibody proteins. For
example, the resin-bound proteins have been manually modified by the introduc-
tion of thiol and biotin groups for surface immobilization (Fig. 12.2) [20].

For the promotion the applications of Affibody, in addition to SPPS, combi-
natorial assembled Affibody molecules have been designed and prepared by native
chemical ligation (NCL) [21, 22]. In Affibody molecules, the amino acids located
in the N-terminal part of the protein (helices 1 and 2) determine the target-binding
ability and specificity, whereas the C-terminal part (the third helix and its flanking
regions) is preserved in all variants [24]. The distinct division of the protein
sequence between variable and constant segment makes Affibody high tolerance
toward scaffold modification. And then it makes a fragment condensation strategy
very appealing. Thus, the concept of combinatorial assembling has been intro-
duced for the synthesis of three different Affibody molecules. Specifically, the
helice 3 of Affibody containing a cysteine residue located at the site of ligation is
prepared and can be used for directed immobilization, and it has no unintentional
interference to the function groups of the investigated proteins. Moreover, different
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C-terminal modifications to helice 3 are performed to improve yield in preparation
of Affibody proteins [24]. Three different 2-helix Affibodies with specificity for
IgG, insulin, or human epidermal growth factor receptor 2 (HER2) can then be
coupled with helice 3 by NCL to produce the full Affibodies (Fig. 12.3) [23].

12.3 Modification of Affibodies with Radionuclides

The most widely used molecular imaging agents in translational medicine are
based on the radiolabeled molecules. It is very important to use appropriate
labeling chemistry and find suitable radionuclides when developing protein based

Fig. 12.2 Synthetic scheme for the preparation of five different Affibody variants:
(a) TFA:TIS:DCM (1:5:94); (b) D-biotin, HBTU, HOBt, DIEA in NMP; (c) Fmoc-Cys(Trt)-
OH, HBTU, HOBt, DIEA in NMP; (d) Fmoc-Ahx-OH, HBTU, HOBt, DIEA in NMP; (e) 20 %
piperidine–NMP; (f) TFA:TIS:H2O (95:2.5:2.5); (g) TFA:TIS:EDT:H2O (94:1:2.5:2.5). (Repro-
duced with permission from Ref. [20]. Copyright 2005 Elsevier Inc.)

12 Engineered Affibodies in Translational Medicine 321



imaging probes or radiotherapeutics. Labeling chemistry, chosen for different
radionuclides, is one of the most important factors in the successful engineering of
new diagnostic or therapeutic proteins. It plays a substantial role in efficient
radiolabeling and maintains the bioactivity of the molecules. For example,
radionuclides can be used to label proteins and molecules directly by in situ
oxidation [25–27]. This method is straightforward and typically results in efficient
labeling. However, the function groups such as tyrosines may be critical for
binding, and the directly labeling could results in low-binding affinity and tar-
geting efficiency [26–28]. In some reports, anti-HER2 Affibody molecules labeled
with radionuclides directly indeed show a loss of binding capacity in relation to the

Fig. 12.3 Schematic overview of the combinatorial assembly approach by NCL for preparation
of Affibody molecules (a): Selected Affibody molecules are determined by the N-terminal amino
acid sequence that comprises helices 1 and 2. The C-terminal part contains helix 3 (b), and is
constant in all Affibody molecules. Peptides are cleaved from the solid support (c), and NCL is
used to yield the full-length Affibody molecules (d). (Reproduced with permission from Ref. [23].
Copyright 2012 Wiley–VCH Verlag GmbH& Co. KGaA, Weinheim)
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tyrosine modification in binding sites [25]. The inactivation of the HER2 Affibody
molecule could be prevented using indirect labeling methods, such as site-specific
modification with chelator or other moieties. Indirect labeling methods can
consequently avoid the direct oxidization of protein and reduce the modification to
the active amino groups of lysines and cisterns [25, 29]. Radionuclides selected for
diagnosis and therapy highly depend on the properties of the targeting agent and its
application. Physical half-life, the energy type of the emitted radiation, and
the availability and cost of the nuclide must be considered. In addition, the
requirements for matching the binder’s biological properties and targeting mech-
anisms with radionuclide’s physical properties should be considered. Different
applications also require different radiation. For example, 18F, 11C, 13N, and 15O
are the most common radionuclides for PET, whereas 99mTc and 111In are most
often used for single-photon emission computed tomography (SPECT) [30, 31].
In these radionuclides, the physical half-lives of 11C, 13N, and 15O are too short to
label peptides and proteins. Radionuclides with relatively longer half-lives, such as
68Ga and 89Zr, are used for PET imaging for targeted peptide or protein
radiopharmaceuticals.

The cellular uptake and retention of radiolabeled molecules by cells and
excretory organs are important to consider for the optimal design of an imaging
probe. Different radionuclides (such as 125I and 111In) could impact targeting
efficacy, imaging contrast, cellular protein degradation, and catabolism [30, 31].
For radio halogen-labeled biomolecules, after lysosomal degradation radionuclide
catabolites are often quickly released from cells as uncharged lipophilic molecules.
In contrast, radionuclides trapped in chelators are positively charged and typically
hydrophilic and stay in cytoplasm for a long time. In addition, catabolism may
occur in blood, excretory organs and even in tumor sites. As a result, the radio
catabolites could re-enter the circulation and be redistributed [32]. This non-
specific radioactivity would contribute to a high image background. Thus, the
properties of radio catabolites should be considered when selecting a radionuclide
for translational medicine engineering. Depending on their chemical nature, radio
catabolites accumulated in the liver may be trapped inside hepatocytes or excreted
into bile. This hepatobiliary excretion results in an increased background in the
lower abdomen. Consequently, the behavior of a radiolabeled probe in excretory
organs plays an important role in clinical performance and contributes to different
imaging and therapy applications [33]. Increased uptake in the excretory organs
generally indicates an undesirable elevated intake in healthy tissues. It has also
been shown those labeled molecules smaller than 60 kDa are associated with high
tumor retention of radioactivity but accompanied by a high accumulation of
radioactivity in kidneys, because 60 kDa is the cutoff for glomerular filtration, and
smaller proteins are mostly reabsorbed by the kidney [34, 35].

12 Engineered Affibodies in Translational Medicine 323



12.4 Affibody-based Molecular Imaging Techniques

12.4.1 Radionuclide Imaging

Two types of radionuclide imaging are in current use. One type is single-photon
imaging, which includes SPECT and planar c-camera imaging, and the other type
is PET. Both planar imaging and SPECT are based on a c camera, but in SPECT,
the c camera rotates around the target, avoiding the interfering radioactivity
between the area of interest and the target [9, 36]. The molecular agents, which are
clinically used for cancer imaging, are labeled with radionuclides such as 99mTc
and 111In and imaged using a c camera. PET imaging has developed rapidly in
recent years. It enables better resolution and more accurate quantification com-
pared with single-photon detection [36]. PET utilizes randomized detection of the
pair of photons formed after positron annihilation and emitted by radionuclides.
PET combined with computed tomography (CT) or magnetic resonance imaging
(MRI) provides multimodality information and detailed anatomical fusion images
with a higher degree of accuracy for both bone and soft tissue. The most frequently
used PET probe is 18F-fluorodeoxyglucose (18F-FDG), which is used to assess
glucose metabolism, e.g., in the brain and heart. Tumors often have a high met-
abolic activity and 18F-FDG uptake, which promotes tumor imaging using this
probe [37, 38]. It has been reported that 18F-FDG-PET provides valuable diag-
nostic information and helps in the staging of lung cancer [37]. A limitation is the
non-specific uptake in inflammatory sites, which may create a false-positive result
[39]. In summary, PET imaging is superior to c camera in terms of the imaging
properties of resolution, sensitivity, and quantification. However, SPECT may
currently be the most widely used molecular imaging technique because of the
greater availability of SPECT diagnostic devices and the lower cost of the
radiotracers [9].

Protein scaffolds have been used as a platform for molecular probe develop-
ment for various imaging modalities, especially for SPECT and PET. Currently,
Affibody molecules are the dominant protein scaffolds used in imaging translation.
Affibody scaffolds typically exhibit high serum stability, fast and good uptake in
target tissues, low uptake in other normal tissues and kidney clearance. A variety
of HER2 Affibody (ZHER2) molecules constituted a large Affibody family have
been reported [2, 40]. They have been labeled with 99mTc and 111In and used for
planar scintigraphy and SPECT imaging. Several radiolabeled Affibody proteins,
such as 99mTc-ZHER2:2395-C, 99mTc-maEEE-ZHER2:342, and 111In� CHX � A00�
DTPA � ZHER2:2395c

, provide easy radiolabeling and high serum stability. High-
imaging contrast at 1 h post-injection (pi) was also demonstrated in vivo in a
SKOV3 tumor model [40–42]. Among the numerous HER2 Affibody-based
probes, 99mTc-ZHER2:2395-C has the highest tumor-to-blood ratio, high kidney
accumulation, moderate liver retention, and low uptakes in all other organs [42]. In
a LS174T colon cancer tumor model with moderate HER2 expression compared to
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SKOV3 tumor model, 99mTc-ZHER2:2395-C still exhibits good imaging properties in
terms of the tumor-to-blood ratio (121 ± 24 at 4 h after injection) [42].

18F-FBO-ZHER2:477 and 18F-FBEM-ZHER2:342, the 18F-labeled HER2 targeting
Affibody molecules, have also been labeled with site-specific methods [15]. These
probes offer rapid uptake and high and specific accumulation as demonstrated by
biodistribution and small animal PET imaging studies in HER2 overexpressing
SKOV3 tumors. In addition, 18F-FBO-ZHER2:477 shows significantly higher tumor-
to-normal tissue (blood, muscle, liver, and lung) ratios than18F-FBO-(ZHER2:477)2

at all the time points investigated in SKOV3 tumor-bearing mice. At 3 h after
injection, the tumor-to-blood and tumor-to-muscle ratios of18F-FBO-ZHER2:477 are
12.72 ± 2.94 and 28.03 ± 8.28, respectively [37]. Relatively fast clearance from
the kidneys has also been observed in these probes, demonstrating that 18F-labeled
HER2 targeting Affibody molecules are promising new type of HER2 PET probe.
More importantly, one of the HER2-targeting Affibody molecules, 18F-FBZM-
ZHER2:342 can detect and quantify HER2 expression changes through PET imaging.
18F-FBZM-ZHER2:342 enhanced the accuracy of HER2 targeted probes in tumor
molecular imaging [43]. Other HER2-targeting probes, such as 124I-, 64Cu-labeled
ZHER2, and optical dye (such as Alexa-750)-labeled ZHER2-ABD fusion proteins,
have also been evaluated for PET imaging in a SKOV3 tumor model [43, 44]. The
imaging contrast is excellent for tumors observed at 6–24 h pi, and most of probe
is cleared out by 24 h pi except from the kidney [44].

The EGFR-targeted Affibody molecules (ZEGFR) have also been developed for
molecular imaging. 111In-Bz-DTPA-ZEGFR:1907 and 111In-Bz-DTPA-(ZEGFR:1907)2

have exhibited significantly higher contrast in EGFR-positive tumors than in
negative ones [45]. More interestingly, 111In-Bz-DTPA-ZEGFR:1907 presents results
similar to those of radiolabeled HER2 Affibody-based probes in vivo, such as quick
tumor uptake, specific targeting, and high accumulations and rapid clearance from
the kidneys [45, 46]. 64Cu-labled ZEGFR:1907 has also been evaluated with PET in an
A431 tumor model. This probe exhibits good contrast in tumors with target-positive
expression, and it displays fast clearance through the liver and kidneys at an early
time point p.i. Another more clinical relevant probe, 18F-labeled Ac-Cys-ZEGFR:1907

has been developed and this novel protein scaffold–based PET probes able to image
EGFR overexpressing tumors. It can also differentiate tumors with high and low
EGFR expression in vivo and hold high promise for future clinical translation
(Fig. 12.4a) [47]. Lastly, therapeutic agent, 177Lu-DO3A-HSA-ZEGFR:1907, has
been prepared and show as a potential radiopharmaceutical for radionuclide therapy
of EGFR-expressing head and neck carcinomas (Fig. 12.4b) [48].

12.4.2 Optical Imaging

SPECT and PET involve the use of highly ionizing materials for imaging, and the
imaging systems are also expensive and complicated to use. In addition, production
of some short half-life PET radionuclides such as 18F requires a cyclotron.
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Therefore, nuclear imaging can usually only be set up in large clinical or research
facilities. In contrast, optical imaging is simple to set up, safe, and does not require
dedicated instruments. Optical imaging uses charge coupled device (CCD) cameras
to collect the signals originating from fluorescent and bioluminescent probes
[49–51]. Because of its many favorable properties including cheap, wide avail-
ability, non-ionization and minimal invasiveness, optical imaging presents an
attractive option for tumors imaging and therapeutic monitoring. Recently, an
Affibody-based, HER2-specific fluorescence probe was introduced to monitor the
change of the target signal in the process of treatment in vivo of the receptors [52].

64Cu-NOTA-Au-
IONP-Affibody

Blocking

(a)

(b)

(c)

(d)

Fig. 12.4 Representative multimodality imaging using Affibody-based probes. a 18F-FBEM-
Cys-ZEGFR: 1907 PET of EGFR overexpression xenograft models. b SPECT/CT imaging of a
mouse bearing SAS tumor xenograft at 4, 24, 48, and 72 h after administration of 177Lu-DO3A-
HSA-ZEGFR:1907. Arrows indicate the location of tumors. White color indicates the highest
radioactivity accumulation. c In vivo fluorescence imaging of subcutaneous A431 tumor-bearing
nude mice at 0.25, 0.5, 1, 2, 4, and 12 h after injection of 0.5 nmol Cy5.5-ZEGFR:1907 (1),
Alexa680-ZEGFR:1907 (2), SR680-ZEGFR:1907 (3), or 800CW-ZEGFR:1907 (4). Arrows in blue color
and ovals in green color indicate the location of tumors and kidneys, respectively. d In vivo
T2-weighted MR images of A431 tumor-bearing mice acquired before and at 48 h after injection
of 64Cu-NOTA-Au-IONP-Affibody and blocking dose of Affibody. (Reproduced with permission
from (a) [47] copyright 2012 Society of Nuclear Medicine and Molecular Imaging, Inc. (b) [48]
copyright 2012 SBIC (c) [53] copyright 2012 American Chemical Society (d) Ref [55].
Copyright 2013 Elsevier Ltd)
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Subcutaneous tumor xenografts, which express different levels of HER2, were
imaged with a NIR fluorescence small animal imaging system and linearly depends
on HER2 expression as measured by an ELISA assay ex vivo for the same tumor, at
several times post-injection of the probe [52]. This work suggests that optical
imaging, combined with mathematical modeling, may monitor the molecular
expression and then further allow non-invasive monitoring of HER2 expression
in vivo using an Affibody-based optical probe. Moreover, several ZEGFR:1907 based
Affibody optical probes have been prepared through conjugation the ZEGFR:1907

with different optical dyes. EGFR-positive tumors can be clearly delineated using
these four probes [53] (Fig. 12.4c). These works have laid down solid foundation
for using Affibody-based probes for tumor optical imaging and image-guided
surgery.

12.4.3 MRI

MRI provides high spatial resolution and excellent soft-tissue contrast without any
radiation when compared with PET and SPECT, making it one of the best
modalities for soft-tissue imaging and tumor diagnosis. MRI can be further
combined with appropriate imaging contrast agents for certain molecular targeted
diagnosis. It also provides multiplane capabilities and high-quality 3D anatomic
data. A nanoparticle combining the biotinylatedanti-HER2 Affibody molecules and
streptavidin functionalized super paramagnetic iron oxide (SPIO) has been
reported to image HER2-positive SKOV-3 tumor [54]. The nanoparticles bind
specifically to HER2 after the administration of the nanoconstruct, and the tumor
could be clearly imaged using a gradient-echo sequence on MRI [54]. In another
report, 64Cu-NOTA-Au-IONP-ZEGFR:1907 has been used for EGFR-targeted MRI
imaging when the Affibody molecules combined with gold iron oxide nanoparticle
[55] (Fig. 12.4d). These studies demonstrate that combined Affibody-IO can be
used for targeted in vivo tumor MRI.

12.5 Application of Affibodies in Biomedical Research

12.5.1 Affibody Molecule-based Tumor Imaging

The use of molecular imaging in clinics depends on its accuracy, which includes
the sensitivity and specificity of the imaging agent. A good imaging agent should
be sensitive to the target. The transport path, such as blood circulation or local
diffusion in tissues, is also important and contributes to accumulation or retention
in the target tissue [8, 56]. The sensitivity of the molecular imaging agent is mainly
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determined by the contrast between the radioactivity concentration in the tumor
and normal healthy tissues. Therefore, an imaging agent is desired to be of small
size and soluble to allow for rapid tumor tissue penetration and accumulation, and
it should also bind specifically to a molecular target with minimal non-specific
binding. Moreover, molecular targeted agents should be cleared quickly from the
blood and other background organs by kidney excretion [56–58]. Rapid clearance
is important in providing a good imaging contrast in a short period of time and
minimizing clinical protocols. Other factors influencing the accuracy of imaging
agents are the target expression level, the binding and retention of the probe to the
target, the vascularization of tumor, and the device used to optimize resolution and
sensitivity [56, 58]. Affibody-based probes possess many desirable features and
thus have been extensively studied for imaging several important tumor targets in
pre-clinical and clinical studies.

ErbB receptors are involved in the development of many human cancers, such as
breast, prostate, head and neck and colon cancer [59, 60]. It has been further reported
that alterations of ErbB receptors showed more aggressive disease with a poor
prognosis in patients [60–62]. EGFR (also known as ErbB1 or HER1), ErbB2 (or
HER2), ErbB3 (or HER3), and ErbB4 (or HER4) are four members of the ErbB
family of Receptor Tyrosine Kinases (RTKs) [16, 63–65]. All ErbB receptors have
three common parts: an extracellular ligand-binding domain, a single membrane—
spanning region and a cytoplasmic protein TK (tyrosine kinase) domain [16, 63–65].
The expression of the ErbB receptor can be found in epithelial, mesenchymal and
neuronal origin, and the expression of the ligands physiologically controls the
activation of the ErbB receptors [66]. Importantly, it has been found that the
expression of RTKs, EGFR, and HER2 is up-regulated in various solid tumors.
These biomarkers usually correlate with the tumor cells proliferation and metastasis
and therefore serve as important targets for tumor molecular imaging. Monitoring
their expression could potentially facilitate targeted therapy or monitor the thera-
peutic response [67].

12.5.1.1 HER2

The HER2 receptor has been widely investigated for cancer targeted therapy. A
humanized IgG1mAb, herceptin (trastuzumab), has been widely used for the
treatment of metastatic breast cancer patients who showed over-expressed HER2
[68–72]. It thus important to develop HER2 imaging agent for the purpose of
patient prognosis and stratification for personalized therapy. Anti-HER2 antibody
derivatives have been used for HER2 targeted imaging using the modality of PET
[73] and a gamma-camera [73]. However, it requires long time (days) to achieve
good imaging contrast. High-affinity Affibody molecules have been extensively
explored for HER2 targeting in many pre-clinical studies and a pilot clinical study
[14]. Particularly, one of anti-HER2 Affibody variants, ZHER2:342, exhibit several
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beneficial properties, including high stability and affinity, good solubility,
and good tumor uptake, making it a promising protein for further development.
Orlova et al. describe that 125I-labelled ZHER2:342 exhibit a tumor uptake of
approximately 9 % ID/g at 4 h pi and a ratio (tumor/muscle) of 38:1 in SKOV-3
tumor models in vivo [74]. It also exhibits higher contrast in tumors 6 h pi in
c-camera imaging. For SPECT imaging, 111In-benzyl-DTPA-ZHER2:342 exhibits
specificity to the HER2-positive-expressing cell line SKOV-3 [75, 76]. High tumor
uptake has been found at 4 h after the injection of 111In-benzyl-DTPA-ZHER2:342

SKOV-3 tumors in vivo [75, 76]. Moreover, it can be cleared out quickly from
blood, and the tumor/blood ratio is approximately 100:1 at 4 h pi. High uptake is
observed in the kidneys and ascribed to the properties of 111In [41].

99mTc is one of the most commonly used radionuclides in the clinic. ZHER2:342

is conjugated with a chelator and coupled with 99mTc [31]. 99mTc-maGGG-ZHER2:

342 (in which maGGG is the chelator with a sequence of merc-aptoacetyl-glycyl–
glycyl-glycyl) exhibits specific targeting in HER2-positive tumors in mice and
high tumor-to-non-tumor ratios based on imaging results and biodistribution
studies [21]. However, this probe displays predominantly hepatobiliary clearance,
which causes high radioactivity in the intestine, hindering the detection of
abdominal tumors. To address this limitation, chelators with a more hydrophilic
character have been applied. When compared with the more hydrophilic 99mTc-
maEEE-ZHER2:342 (E: glutamic acid), 99mTc-maGGG-ZHER2:342 lead to a tenfold
decrease of radioactivity in the intestine, accompanied by an increased kidney
uptake [21, 31]. In addition, a set of serine and glutamic acids in the chelator is
modified to the Affibody molecules. For example, the glutamic acid in 99mTc-
maEEE-ZHER2:342 are altered with serine to produce 99mTc-maESE-ZHER2:342. This
modification results in lower uptake in the intestinal tract compared with the
original form, and the renal retention of radioactivity is reduced by one-third. In
addition, several 18F-labeled ZHER2 have been reported. For example, 18F-NOTA-
ZHER2:2395 is developed to minimize the re-absorption of Affibody molecules by
the kidney [77].

Despite there are many advantages of HER2-targeting imaging and therapy
with Affibody molecules, a few potential limitations also need to be considered.
First, HER2-targeted imaging may be interfered by free HER2, which is released
by HER2-overexpressing tumors to the circulation and may bind to Affibody
probes [44, 78]. In many pre-clinical studies, it has been proved that high contrast
imaging can still be achieved for HER2-overexpressing tumors even in the pres-
ence of shed HER2 [79, 80]. But the impact of this interference to clinical imaging
remains to be carefully studied. Second, the re-absorption of Affibody molecules
by the kidneys may result in high un-intended accumulation in kidney of the
probes [15, 44, 79, 81–83]. Thus, the visualization of tumor lesions located
adjacent to the kidney may be interfered, though the metastasis of the tumors to
kidney is rear and not a major problem [43, 84–86].
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12.5.1.2 EGFR

EGFR is a transmembrane protein belonging to the ErbB receptor kinase family,
and it is the first cellular surface receptor identified that is linked directly to human
tumors [67]. Many tumors are regarded to be developed by EGFR activation and the
mutation of the receptor. It has been known that in many cancer cells, the gene
amplification leads to EGFR overexpression for EGFR stimulation through auto-
crine loops [87, 88]. Interestingly, the overexpression and over activation of EGFR
are shown in many cancers, such as head and neck, ovary, colon, breast, and
prostate cancer [89–91]. Furthermore, EGFR expression level is a strong prognostic
indicator for head and neck, ovarian, cervical, bladder, and esophageal cancer and
has moderate prognosis value for breast cancer, colon cancer, gastric, and endo-
metrial cancers [62, 92]. A variety of small molecules or antibody-based drugs,
such as Cetuximab, Gefitinib, Erlotinib, and Lapatinib, have been developed and
shown clinical benefits to many cancer patients by targeting overexpressed/acti-
vated EGFR [93–95]. Molecular imaging of EGFR are thus expected to find many
important applications including prognosis of cancer patients, evaluation anti-
tumor drug effect, stratification cancer patient for EGFR-targeted therapy [96].

Recently, anti-EGFR Affibody proteins (ZEGFR) have been designed as agents
both for diagnosis and for the treatment of diseases. Affibody molecules have been
demonstrated to be useful for SPECT, PET, and NIR imaging. Specifically,
ZEGFRbased molecular probes, 111In-ZEGFR:1907, 64Cu-DOTA-Cys-ZEGFR:1907, and
Cy5.5-Cys-ZEGFR:1907 were successfully prepared and found to show rapid tumor
targeting ability and good tumor-imaging contrast at even 1 h pi in the EGFR
expression A431 tumor xenograft model [16, 32, 35, 97–99]. All these probes are
also predominately cleared through kidney. Interestingly, it has been found that
improved tumor-imaging quality in small animal models can be achieved using the
probes spiked with small amount of ZEGFR:1907 (e.g., 50 lg), but co-injection of
the probes with large amount of ZEGFR:1907 (e.g. 500 lg) significantly reduce the
tumor uptake. Moreover, the ZEGFR:1907 has been labeled with several different
NIR dyes for in vivo optical imaging, all with retained specificity and affinity [53].
Lastly, as discussed above, 18F-FBEM-Cys-ZEGFR:1907 has been prepared and
evaluated in a variety of tumor models (A431, SAS, SQ20B, 22B, U87MG, and
HT29) to study whether the PET probe can be used for imaging of EGFR-positive
tumors and quantitative PET imaging of EGFR expression in vivo. The results
demonstrate that 18F-FBEM-Cys-ZEGFR:1907 rapidly accumulates in the tumor and
cleared from the most of normal organs except liver and kidneys at 3 h p.i.,
allowing excellent tumor-to-normal tissue contrast to be obtained. Similar as other
ZEGFR probes, co-injection of the PET probe with small amount of 45 lg of
ZEGFR:1907 improves the tumor uptake (3.9 vs. 8.1 %ID/g, at 3 h p.i.) and tumor-
imaging contrast, while co-injection with 500 lg of ZEGFR: 1907 successfully
blocks the tumor uptake significantly (8.1 vs. 1.0 %ID/g, at 3 h p.i., 88 % inhi-
bition \0.05). Mostly, importantly, moderate correlation has been found between
the tumor 18F-FBEM-Cys-ZEGFR:1907 uptakes at 3 h p.i. quantified by PET and
EGFR expression levels measured by western blot assay (P = 0.007, R = 0.59).
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All these studies highlight that ZEGFR molecules are a promising new class of
cancer targeting ligands with high clinical translation ability and thus worthy of
further investigation to develop probes to image EGFR with different modalities.

12.5.1.3 IGF-1R

ErbB receptor network has also been reported cross-talk with many other signal
pathways including insulin-like growth factor 1 receptor (IGF-1R) [59, 87]. IGF-
1R has been reported involved in a number of neoplastic diseases, including
several common carcinomas. IGF-IR appears to be an attractive target for many
transforming agents (genetic, viral, and chemical) in tumor molecular imaging and
therapy. The tumorigenic potential of IGF-IR is mediated through its anti-apop-
totic and transforming signaling pathway as well as pro-metastatic pathways.
Down-regulation of IGF-IR is showed to reverse the neoplastic phenotype and
sensitized cells to antitumor treatments in pre-clinical studies. IGF-1R-binding
Affibody molecule ZIGF1R:4551 has also been reported recently. It was site spe-
cifically conjugated with DOTA to the C-terminal cysteine and labeled with 111In
[100]. The binding of radiolabeled ZIGF1R:4551 to IGF-1R–expressing cells was
evaluated in vitro and in vivo. It showed the potential for imaging and treatment of
prostate cancer [100].

12.5.2 Affibody Molecules for Imaging in the Clinic

Radiolabeled ZHER2:342 has been evaluated in a pilot clinical trial recently [101].
This trial marks the first clinical administration of the Affibody molecule.
ZHER2:342 was conjugated with DOTA and then labeled 111In (111In-DOTA-
ZHER2:342) and studied in limited-recurrent breast cancer patients [101]. Less than
100 lg of 111In-DOTA-ZHER2:342 were administered, and it resulted in high-
quality SPECT imaging. This dose enabled the detection of 12- to 14-mm lesions,
even at 2 h p.i [101]. The probe was also shown to effectively monitor Herceptin
treatment. Moreover, three patients were also imaged with 111In or 68Ga-labeled
DOTA0-ZHER2:342-pep2 (ABY-002), and the SPECT or PET/CT imaging results
were compared with 18F-FDG PET/CT results in breast cancer patients. The pilot
clinical study reveals that radiolabeled ABY-002 can be well tolerated. More
interestingly, radiolabeled ABY-002 can detect 9 of 11 18F-FDG–positive
metastases as early as 2–3 h p.i. (Fig. 12.5) [102]. This first report on clinical
imaging of Affibody-based scaffold protein highlights that molecular imaging
using 111In or 68Ga-labeled ABY-002 has the potential to localize metastatic
lesions in vivo, and this novel imaging technique may provide qualitative infor-
mation of HER2 status in tumor metastases.
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Fig. 12.5 a c-camera imaging was performed after administration of 111In-ABY-002 in breast
cancer patient. Images showing localization of metastases (solid arrows), kidney (dotted arrows),
and liver (dashed arrows). Left: Whole-body scan 4 h after injection shows uptake predominantly in
liver and kidney, with additional uptake in parotid and submandibular glands, thorax, and
gastrointestinal tract. SPECT images 3 h after injection (middle) show the localization of thoracic
wall metastasis (upper coronal image and sagittal image) and mediastinal lymph node metastases
(lower). Right: PET was performed after intravenous injection of 18F-FDG. Localization of thoracic
wall metastasis and mediastinal lymph node metastases was showed. b Potential metastasis
(arrows) in chest wall near the axilla is seen with 68Ga-ABY-002 on transverse PET (top), CT
(middle), and PET/CT (bottom) images and on coronal maximum-intensity projection images (in
between). This metastasis was not visible with 18F-FDG in a representative breast cancer patient.
Reprinted by permission from [102] of Society of Nuclear Medicine and Molecular Imaging
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12.5.3 Affibody Molecules in Radionuclide Therapy

Systemic treatment is always required in disseminated disease. In this case, che-
motherapy plays an important role; however, it lacks specificity and causes
unintended toxicity to untargeted organs [33]. To address this problem, cytotoxic
substances, such as radionuclide, can be delivered to the tumor cells over-
expressing molecular targets while with low or absent levels in normal tissues
[103]. Two radionuclide-labeled therapeutic antibodies, Bexxar (131I) and Zevalin
(90Y), are currently approved to treat non-Hodgkin’s lymphoma [104, 105].
However, radionuclide-based therapy using MAb has not achieved a breakthrough
in solid tumors. Two major issues that are the properties of the agents do not allow
an adequate radioactive dose to accumulate in the target tumor and accumulations
are far lower than the therapeutic dose in the critical organs [106]. These issues are
also relevant for the most commonly used targeting agents, intact immunoglob-
ulins. They could be delivered to the tumors but without delivering enough high
doses in many cases. In addition, slow blood clearance and insufficient tumor
penetration are also limiting factors for immunoglobulin-based agents, resulting in
low-efficiency targeted therapy [106]. Some smaller targeting agents, such as
antibody derivatives and peptides, have been considered in radionuclide therapy.
These agents were designed to provide better tumor penetration, fast blood
clearance, and enhanced permeability and retention, leading to an increased tumor-
to-muscle ratio and improved tumor accumulations [45, 48]. Small molecules still
have some limitations. With their small size, the fast blood clearance could lead to
non-specific and insufficient tumor uptake at doses that are too low to treat
malignant cells [45, 48]. Thus, the effects of size modulation on agents and their
interaction with other proteins are also considered when upgrading targeted
therapy.

As has been discussed previously, small Affibody molecules exhibited high
kidney uptake of radioactivity and specific accumulation in target tumors; thus,
they need to be modified for targeted radiotherapy [4]. Recently, it was shown that
the fast clearance and high kidney uptake of radioactivity in Affibody targeting can
be suppressed by modifications with a 46-amino acid albumin-binding domain
(ABD) [103]. This modification was used to achieve a reversible interaction with
human serum albumin and prolong the circulation in the blood system. As in the
literature, DOTA-conjugated ZHER2:342 was stably labeled with the low-energy
b-radiation emitter 177Lu and the high-energy b-radiation emitter 90Y without
losing HER2-binding specificity [48, 107]. The biodistribution of the 177Lu-
labelled anti-HER2 Affibody in normal nude mice exhibited a high uptake in the
kidneys, a low uptake in most other organs, and rapid clearance from the blood
system. These findings indicate that this radiolabeled Affibody could accumulate
considerable radioactivity in bladder carcinomas, contributing to its potential
application as a targeting agent for local bladder cancer treatment [107]. On the
other hand, the biodistribution of 177Lu-CHX-A–DTPA-ABD–(ZHER2:342)2 in
normal mice demonstrated a substantially prolonged half-life and a 25-fold
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reduced uptake in kidney than 177Lu labeled Affibody without ABD modification
[48, 107]. Biodistribution of 177Lu-CHX-A–DTPA-ABD–(ZHER2:342)2 in SKOV-3
tumor-bearing nude mice exhibited high tumor uptake (19 ± 7 ID/g) at 24 h pi.
For the radionuclide therapy study, when 17.4 MBq 177Lu-CHX-A-DTPA-ABD-
(ZHER2:342)2 was administered to SKOV-3 tumor-bearing nude mice, it resulted in
the complete prevention of tumor formation [48, 107]. These results clearly sug-
gest that the fusion of an ABD to an anti-HER Affibody can be a promising agent
for targeted tumor treatment.

Given their highly affinity and specificity to HER2-overexpressed tissues, anti-
HER2 Affibodies may also be used in local treatment. For example, EGFR is
overexpressed in bladder cancer, and some normal healthy organs such as the liver
or skin will reduce the accumulation of Affibodies in the targeted bladder cancer
[62]. The unintended accumulation of radioactivity in normal organs will thus
decrease the efficacy of systemic treatment for EGFR-expressing tumors and
metastases. In addition, to achieve high doses in target tumors, the administration
dose will have to be much higher than the patient can tolerate. The local treatment
of EGFR-targeting molecules such as Affibody in patients after tumor surgical
resection becomes a potential application that could be used to remove micro
tumors in case of any remains. Studies have described the use of intracavity
radionuclide therapy as a promising strategy for the postoperative treatment in
glioblastomas [108]. The small anti-EGFR-specific Affibody molecule could
attach to and eradicate migrating glioma cells [108]. Intravesical treatment could
also be a local administration option for urinary bladder cancer [62].

12.5.4 Affibody Molecules for Alternative Therapeutic
Application

An alternative strategy to radionuclide-mediated tumor therapy is the application
of receptor targeting ability of agents in cell signal transduction to prevent tumor
progression. Several targeting agents have been described, such as mAbs and small
molecules. Interference with membrane receptor signaling using a small molecule
or Affibody molecule would affect the cell progression, even inside the cellular
compartment. Anti-HER Affibody molecules could target and retain the HER
receptor and then down-regulate cell-surface HER2 receptors and subsequent cell
growth in the endoplasmic reticulum [81, 109, 110]. Proteins in the immune
system are another group of potential targets for Affibodies in tumor cell killing
when targeted to natural immune effector cells, as in the application of bispecific
targeting Affibody molecules in cytotoxic T-lymphocytes and NK cells [111–113].
Affibody molecules can be synthesized as multidomain or multitargeted agents,
such as dimeric Affibody molecules, ABD-fused Affibody molecules, and Fc-fused
Affibody molecules [81, 114–116]. These molecules can be potentially used as
bi- or multispecific targeting agents. For example (ZEGFR:1907)2 is a dimeric
Affibody molecule with high affinity to the extracellular EGFR. Cytotoxic effects
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of (ZEGFR:1907)2 combining with external radiation and the possible inhibitory
effects are showed in the EGFR signaling pathways in the colon cancer cell lines
HT-29 and HCT116. It indicates the potential application in molecular therapy [45].

12.5.5 Affibody Enhances the Targeting Efficacy in Human
Adenoviruses Vectors

Human adenoviruses have a high potential as anticancer vector to improve the
targeted therapy. One strategy to improve their molecular specificity and silence/
overexpression efficacy on tumor inhibition is to anchor targeting ligands in the
viral capsid. This can be achieved by fusing multitargeting ligands with the minor
capsid protein IX [117]. Previous research suggested the inefficient release of
protein IX-fused ligands from their cognate receptors in the endosome, contribu-
tion to the limitation of protein IX-mediated targeting [118]. Affibody molecules
have currently been investigated to augment the targeted transduction of tumor
cells when bind to protein IX anchor in cathepsin-cleavage site [117]. Viral par-
ticles enhance the cleavable protein IX-ligand fusion in capsid-transduced HER2/
neu-positive SKOV-3 ovarian carcinoma cells. It showed the increased efficiency
in vitro. In accordance, different growth with or without Affibody-assisted
cathepsin transduction was showed in chorioallantoic membrane of embryonated
chicken eggs [117]. These data demonstrated that inclusion of a cathepsin-
cleavage sequence between protein IX and a high-affinity Affibody-targeting
ligand enhances targeted transduction [117]. This modification further augments
the applicability of Affibody as an enhanced molecule for targeting ligands.
Affibody molecules have also been implicated in studies of gene therapy viral
vectors because of its cell-binding specificities. Cellular-specific targeting is very
important for effective and safe gene therapy [119, 120]. In virus-mediated gene
therapy engineering, specific cell-binding to a target is a limitation in terms of
entering the mammalian cell cytoplasm, where the viral particles originating from
HER2 receptors have been successfully retargeted in an adenovirus that was
incorporated into the use of anti-HER2-specific Affibody molecules [119].

12.6 Conclusion

In summary, Affibody molecules have favorable properties for the development of
novel diagnostic imaging and therapeutic agents for biotechnological applications.
The first clinical trials indicate safety and efficacy of anti-HER2 Affibody imaging
agents. Affibody molecules are thus highly promising in clinical translation
medicine. More Affibody agents are needed to be developed for different imaging
modalities and different molecular targets.
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Chapter 13
Alternative Protein Scaffolds
for Molecular Imaging and Therapy

Benjamin J. Hackel

13.1 Introduction

Molecular targeting can improve the sensitivity and specificity of diagnosis and
treatment for a multitude of diseases including cancers, cardiovascular disease, and
immune disorders. Nature’s most frequent general solution to molecular recog-
nition is the antibody, which has resultantly become the most common laboratory
solution as well. The capacity for high-affinity, specific binding in a modestly
stable, reasonably bioavailable construct has yielded multiple clinical successes
with the antibody [1]. Yet, a multitude of shortcomings renders the antibody as
suboptimal for many applications. Large size (150 kDa for immunoglobulin G)
limits permeability and diffusion to hinder physiological distribution [2, 3]. In
concert with neonatal Fc receptor binding, large size also results in slow plasma
clearance for elevated background targeting. Structural complexity hinders protein
fusion such as for bispecific formats or immunotoxins. Glycosylation, disulfide
bonds, and multi-domain architecture necessitate mammalian cell culture for
precise production. Disulfide bonds generally preclude intracellular use and
complicate thiol-based site-specific conjugation of drugs, detection moieties, or
additional effectors. Antibodies also have moderate instability that can impact
efficacy and immunogenicity. Lastly, the complex intellectual property landscape
for antibodies is often a hindrance to commercial development.

As a result of these limitations, alternatives to antibodies have emerged in the
last decade and a half for scientific, biotechnological, and clinical applications [4,
5]. These alternative protein scaffolds comprise a diversified binding paratope and
a conserved structural framework that imparts biophysical benefits relative to the
multi-domain immunoglobulin construct. The aforementioned antibody limitations
are addressed to varying degrees by different scaffolds but generally comprise
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small, disulfide-free, stable, single domains capable of evolution to specific, high-
affinity binding to various targets. This is achieved with a diverse array of protein
topologies including helical bundles (affibodies [6]) and beta sandwiches (fibro-
nectin domains [7]), repeats of antiparallel alpha helices with a beta turn (designed
ankyrin repeat proteins (DARPins) [8]), beta barrels (anticalin [9]), cystine knots
(knottins [10]), and many others (Table 13.1). Clearly, there are multiple topo-
logical solutions to the molecular recognition challenge. Each offers its own
advantages and disadvantages. Rather than aiming to identify the ultimate scaffold
in general, efficacy would benefit from selecting the appropriate scaffold for the
task at hand. Identification and enhancement of binding ligands based on these
scaffolds is most commonly achieved by directed evolution using genotype–
phenotype linked display technologies, including phage display, yeast surface
display, and mRNA display, that empower high-throughput search of protein
sequence space [11].

The multitude of scientific, industrial, and in vitro applications empowered by
these scaffolds, as well as the optimization of their evolution, has been reviewed
[5, 12]. This chapter will provide biophysical information on each scaffold and
then focus on the translation of these scaffolds to clinical use in patients; thus,
experimental work in animal models and clinical trials are highlighted. Also, at an
admitted cost of timeliness, the focus is placed on peer-reviewed published
research.

13.2 Fibronectin Domains

The tenth type III domain of human fibronectin (also known as monobody or
Adnectin) is a 94-amino-acid (10 kDa) beta sandwich with high thermal stability
(Tm = 86 �C) (Fig. 13.1) [13]. The scaffold is tolerant to mutations within the loop

Table 13.1 Protein scaffolds

Name Amino
acids

Topology Typical paratope Stability (Tm, �C)

Parental Binders

Knottin 20–50 Knotted 3-disulfide
core

Loop 1 *100 N.d.

Affibody 58 Triple a-helical
bundle

13 amino acids on surface of
helices 1 and 2

72 37–65
(46)

Fibronectin 94 b sandwich BC ? FG (+DE) loops 86 42–73
(57)

DARPin 130–200 4–6 repeats of: b
turn ? two a
helices

Select amino acids in b turn and
first a helix

[90 66–85
(79)

Anticalin 150–185 b barrel 12–20 amino acids near ‘‘top’’ of
b barrel; dependent on target

79 53–73
(68)
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regions connecting the beta strands, particularly the adjacent loops connecting the
BC, DE, and FG strands [14]. Diversification within one to three of these loops has
enabled discovery and evolution of specific, high-affinity binding ligands to cell
surface receptors, intracellular targets, and extracellular proteins. Affinities typically
range from mid-nanomolar to low picomolar [7]. Destabilization due to diversifi-
cation yields proteins with Tm values of 42–73 �C (median 57 �C) [13, 15–17]. It
should be noted that incorporation of stability bias in the naïve library elevated the
average Tm of engineered clones by 10 �C [17]. The scaffold is stable to moderate
acidity [18] and devoid of natural cysteines; thus, it is appropriate for use in various
intracellular locales. A single thiol can be genetically introduced for site-specific
chemistry, or primary amines (N-terminus and lysine at position 63 distal to the
paratope) can also be used.

13.2.1 CT-322

The fibronectin molecule that has advanced the furthest clinically is CT-322
(BMS-844203, pegdinetanib), a vascular endothelial growth factor receptor 2
binder (VEGFR2) developed by Adnexus Therapeutics (Bristol-Myers Squibb).
The lead molecule was discovered by mRNA display [15] and affinity matured for
human and mouse cross-reactivity [19]. The evolved protein was modified in
several ways as follows: (a) seven amino acids at the N-terminal end, VSDVPRD,
were removed; (b) the natural seven-amino-acid linker following the tenth type III
domain, EIDKPSQ, was introduced; (c) the serine in the C-terminal tail was
mutated to cysteine; and (d) the unique cysteine introduced at the penultimate
residue was conjugated to a 40-kDa branched poly (ethylene glycol) (PEG). The
resultant molecule has 11 nM affinity for VEGFR2 and negligible cross-reactivity
for VEGFR1 or VEGFR3 [20]. PEGylation slows the plasma clearance from a
terminal half-time of 4 ± 2 h for native protein to 17 ± 2 h with 20-kDa PEG and
50 ± 20 h with 40-kDa PEG.

In the initial publication of in vivo results for CT-322, the molecule reduced the
growth of orthotopic MiaPaCa-xenografted tumors by 42 % in nude mice [21].

Fig. 13.1 Fibronectin
domain (blue and red) in
complex with human small
ubiquitin-like modifier 1
(black); PDB: 3RZW. The
residues commonly mutated
in scaffold evolution are
shown in red with side chains
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Physiological manifestations included increased apoptosis, reduced microvessel
density, and reduced VEGF-activated blood vessels. However, metastases were
still observed at the same frequency as control treatment. Conversely, in a syn-
geneic Pan02 xenograft model in immunocompetent mice, CT-322 eliminated
metastases although the 23 % reduction in primary tumor size was not statistically
significant. Combination therapy with gemcitabine elevated efficacy to a 65 %
reduction in tumor size, further validating the therapeutic potential of the evolved
scaffold.

Evaluation in a glioblastoma xenograft model in nude mice demonstrated a
45 % reduction in tumor growth [20]. Increasing the dose to 30 mg/kg every other
day yielded inhibition of tumor growth and microvessel generation equivalent to
anti-VEGFR2 antibody DC101. CT-322 was also compared to small-molecule
receptor tyrosine kinase inhibitors. Colo-205 xenograft growth inhibition by
CT-322 (30 mg/kg biweekly) was comparable to sorafenib and suritinib but with
reduced skin rash, weight loss, and death. Vascular growth was significantly
inhibited [22]. CT-322 (60 mg/kg thrice weekly) was comparable to mTor
inhibitor temsirolimus, and the benefits were partially additive. Also, in a separate
model, the incidence of breast cancer metastasis was inhibited 64 % by CT-322.

Evaluation of CT-322 in an intracranial glioblastoma murine model further
validated its efficacy [23]. Monotherapy decreased U87 xenograft tumor size and
increased survival from 19 to 29 days. Moreover, CT-322 boosts therapeutic
efficacy of the DNA-alkylating agent temozolomide by further decreasing tumor
size and extending survival from 32 to 47 days. Immunohistochemical staining
demonstrates inhibited microvessel formation, increased apoptosis, and decreased
proliferation.

Therapeutic efficacy in multiple murine models with concomitant validation of
physiological mechanisms motivated further clinical translation of CT-322.
Toxicology studies indicated no adverse effects at 5 and 10 mg/kg in rats and
monkeys [24], further supporting human trials. A phase I trial identified a maxi-
mum tolerated dose of 2 mg/kg intravenously weekly or biweekly, which yielded a
lack of severe toxicity and a clearance half-time of 71–98 h [24]. 82 % of patients
developed anti-drug antibodies that were shown to bind to the engineered loops of
CT-322, which are of synthetic, non-human origin. Nevertheless, the response did
not impact CT-322 or VEGF-A concentrations. Of the 34 patients available for
therapeutic evaluation, 68 % had stable disease and 12 % demonstrated a reduc-
tion in tumor size.

In a phase II study for first-line treatment of advanced non-small-cell lung
cancer, patients received paclitaxel/carboplatin plus either CT-322 or bevacizumab
(antibody targeting VEGF-A) [25]. Progression-free survival (5.6 months vs.
6.8 months; CT-322 vs. bevacizumab), overall survival (12.5 months vs.
15.2 months), and response rate (25 % vs. 33 %) were all lower with CT-322 than
with bevacizumab. Thrombocytopenia and grade C3 hypertension increased with
CT-322. The efficacy of CT-322 in other clinical indications awaits further study.
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13.2.2 Additional Therapeutic Fibronectins

An additional growth factor receptor antagonist, a type I insulin-like growth factor
receptor (IGF1R) binder with 110 pM affinity, has been studied [26]. This mole-
cule, PEGylated akin to CT-322, reduced vascular surface area by 59 % and
reduced tumor growth by 37 % in a xenograft mouse model of Ewing’s sarcoma.
Combination treatment with CT-322 did not yield statistically significant gains in
tumor inhibition.

This agent was also genetically fused to an epidermal growth factor receptor
(EGFR)-targeted fibronectin [27]. PEGylation reduced the affinity of both com-
ponents 10–20 fold though strong parental affinity yielded 1 and 10 nM final
affinity for IGF1R and EGFR. The bispecific agent inhibits H292 lung cancer
xenografted tumors in mice compared to EGFR-targeted panitumumab. More
notably, the bispecific fibronectin construct inhibits RH41 pediatric rhabdomyo-
sarcoma xenografted tumors, which are not effectively treated by panitumumab. In
BxPC3 xenografted tumors, the bispecific yielded greater tumor growth inhibition
than EGFR-targeted cetuximab or even a mixture of monospecific fibronectin
domains. Thus, bispecific agents may provide benefits over multi-agent treatment
approaches. Notably, the fibronectin-based bispecific agent was a simple genetic
fusion with a (GS)10 linker and was stable (Tm = 58 �C) and monomeric. 14C
labeling of the domain along with whole-body autoradiography delineated phys-
iological distribution including variable tumor uptake (1–3 %ID/g in RH41 vs.
6–11 %ID/g in H292) [28].

Research on an alternative multi-specific agent provides data on one possible
mechanism for improved efficacy relative to monospecific agents. An antibody–
fibronectin construct targeting three independent EGFR epitopes clusters recep-
tors, yielding downregulation of surface EGFR. This construct dramatically
reduced the growth of BRAF and KRAS xenografted tumors in mice [29].

13.2.3 Diagnostics

On the diagnostic front, the fibronectin domain has demonstrated effective imaging
in molecular positron emission tomography (PET). A fibronectin domain engineered
for binding EGFR was radiolabeled with 64Cu using a 1,4,7,10-tetra-azacyclod-
odecane-1,4,7,10-tetraacetic acid (DOTA) chelator [30]. The resultant molecule is
stable in mouse and human serum for at least 24 h. Molecular PET exhibits EGFR-
specific tumor uptake within *20 min and rapid clearance from blood (half-
time = 2.1 min) and healthy tissue. 3.4 ± 1.0 %ID/g was achieved in tumor at 1 h
post-injection with a 9:1 tumor:background ratio. The primary limitation of the
molecule is high renal uptake and retention although the 2.1 mGy/MBq renal dose is
still only 2 % of the maximum tolerated dose. Moreover, preliminary work indicates
that using an 18F-labeling approach substantially reduces renal signal. The higher
positron yield and more rapid radioactive decay (half-life = 1.8 h) make 18F a
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preferable isotope for clinical use. The impact of protein scaffold hydrophilicity and
charge on physiological distribution was elucidated using molecular PET to analyze
delivery of fibronectin mutants [31]. Renal retention was reduced by selective
removal of charged residues. Hydrophilicity reduces hepatic retention but elevates
renal retention.

13.2.4 Future Outlook for Fibronectin

Fibronectin domains have been effectively used as monovalent antagonists, multi-
specific fusions, immunotoxins in cell culture [32], and molecular PET diagnostics.
A PEGylated fibronectin has proven safe and biologically active in patients.
Additional study will continue to identify the efficacy of this compound and others
relative to alternative therapeutic molecules in various indications including car-
diovascular disease [33]. The small size and rapid clearance of non-PEGylated
fibronectins are well suited for molecular imaging, which has demonstrated
preclinical efficacy. Efficacy in both therapy and imaging coupled with robust,
efficient evolution of stable, high affinity binders to a multitude of targets poise the
fibronectin scaffold for continued successful development.

13.3 Knottins

Knottins are polypeptides, typically 25–50 amino acids in length, with at least
three disulfide bonds that result in a knotted structure (Fig. 13.2). An additional
subset of knottins, called cyclotides, have connected N- and C-termini to yield
cyclic knots. The knotted core provides exceptional stability, including the ability
to withstand near-boiling temperatures and denaturants [34]. Knottins have dem-
onstrated stability to gastric proteases and provide potential for oral delivery [35].
The small size is well suited to rapid, efficient physiological distribution. The
molecule can be prepared recombinantly, typically in the methylotropic yeast
Pichia pastoris [36], or synthetically, in which the complex knotted structure
requires careful refolding. The knotted structure yields several solvent-accessible
loops between cysteine residues; these loops exhibit sequence and length vari-
ability across the multitude of knottins [37]. Appropriate sequences within one or
two of these loops can provide binding to a host of targets.

13.3.1 Natural Knottins

Several natural knottins have been explored for clinical use. For example,
ziconotide, isolated from the cone snail, is an N-type calcium channel antagonist.
It is approved by the United States Food and Drug Administration (FDA) as an
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analgesic for severe chronic pain. It has also demonstrated 44 % reduction in
ischemic cerebral damage in a rabbit model [38]. In mouse models of cachexia, a
50-amino-acid portion of agouti-related peptide (AgRP) targeting melanocortin
receptor has effectively inhibited appetite suppression and weight loss induced by
radiation or tumor growth [39]. The 36-amino-acid chlorotoxin targets annexin A2,
resulting in preferential binding to multiple malignant cell types relative to healthy
tissue. Conjugation with 131I enables single-photon emission computed tomography
(SPECT) imaging of glioma in human patients [40] and has completed phase I and
II trials for radiotherapy [41, 42]. Conjugation of the near-infrared fluorophore
Cy5.5 has enabled fluorescence molecular imaging of xenografted glioma, spon-
taneous medulloblastoma, primary prostate tumors, and lung metastases in mice
[43]. Decoration of superparamagnetic iron oxide nanoparticles with chlorotoxin
permits molecular magnetic resonance imaging [44].

13.3.2 Synthetic Knottins

Synthetic knottins have been engineered by grafting binding motifs into knottin
loops and evolving the grafted peptides. Thrombopoietin peptide mimics were
grafted into knottin frameworks based on AgRP or Ecbalium elaterium trypsin
inhibitor II (EETI-II) and crosslinked [45]. The resultant dimers stimulated
proliferation of megakaryoblasts. A 200 ng dose of an EETI-II-based dimer was
able to double the platelet count in a mouse model.

The Cochran lab in conjunction with the Cheng and Gambhir labs has per-
formed extensive murine studies on knottins for molecular imaging of integrins.
The RGD tripeptide motif was inserted into loop 1 of the EETI-II scaffold, and

Fig. 13.2 Knottin peptide
(blue and red) in complex
with trypsin (black); PDB:
1H9I. The residues
commonly mutated in
scaffold evolution of loop 1
are shown in red with side
chains
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directed evolution with yeast surface display was used to identify clones with
*20 nM affinity for integrin avb3 [46]. These clones were then used for devel-
opment of molecular imaging agents. Conjugation with Cy5.5 or 64Cu enabled
near-infrared fluorescence imaging or PET of xenografted U87 tumors in nude
mice [47]. At 4 h post-injection, 4 %ID/g tumor and a 20:1 tumor:muscle ratio
were achieved for the radiolabeled agent. Simultaneous labeling with the fluoro-
phore and radioisotope was also achieved while retaining activity [48]. To better
match the rapid biodistribution and clearance of the 4-kDa knottin, clone 2.5D was
radiolabeled with 18F using N-succinimidyl-4-fluorobenzoate chemistry [49].
Effective tumor imaging was retained although tumor uptake (2.6 ± 0.7 %ID/g at
0.5 h, 1.5 ± 0.4 %ID/g at 1 h), and specificity (5:1 tumor:muscle at 0.5 h, 3:1
tumor:muscle at 1 h) reduced slightly. 64Cu-labeled clone 2.5F exhibited superior
specificity relative to 18F-fluorodeoxyglucose for imaging nascent lung nodules in
a transgenic mouse model (6.0 ± 0.6 tumor:background for 64Cu-knottin vs.
4.4 ± 0.7 for 18F-fluorodeoxyglucose) [50]. The 2.5D clone was also used for
molecular ultrasound [51]. Conjugation to perfluorocarbon-filled microbubbles
yielded specific detection of integrin avb3-expressing tumors in murine models.
Targeting was superior to microbubbles labeled with integrin avb3 antibodies or
cyclic RGD peptides and was molecularly specific as verified by blocking and
cellular control studies.

The diversity of the knottin family was also demonstrated as the AgRP scaffold
was used to engineer nanomolar affinity binders to integrin avb3 [52] and label
them with 64Cu for PET [53]. Imaging of xenografted U87 tumors in nude mice
was effective although tumor uptake was slightly lower (2.7 ± 1.1 %ID/g at 1 h
vs. 4.6 ± 0.6 %ID/g) and renal signal much higher (60 ± 18 %ID/g vs.
4 ± 1 %ID/g) than with EETI-II. 111In labeling reduced renal signal to
34 ± 8 %ID/g but hindered tumor retention [54]. 18F labeling using 4-nitrophenyl-
2-fluoropropionate reduced renal signal to 20 %ID/g [55]. Evolution of an addi-
tional scaffold, the Momordica cochinchinensis trypsin inhibitor-II (MCoTI-II),
further substantiated the breadth of the knottin scaffold, including application to a
new integrin target, avb6 [56]. Clones with low nanomolar affinity were evolved by
loop grafting and directed evolution with yeast surface display. Ligands were
labeled with 64Cu for molecular PET of nude mice with subcutaneous or ortho-
topic xenografted pancreatic cancers. The original, arginine-rich scaffold yielded
5 ± 1 %ID/g tumor with an 8 ± 2 tumor:background ratio at 1 h post-injection
albeit with 75 ± 5 %ID/g kidney. Transfer of the evolved loop sequence to a
serine-rich scaffold decreased renal uptake to 18 ± 3 %ID/g but also decreased
tumor uptake to 1.8 ± 0.4 %ID/g. Renal retention was substantially reduced with
18F radiolabeling using N-succinimidyl-4-fluorobenzoate chemistry (9 ± 3 %ID/g
kidney) albeit with slight tumor reduction (2.3 ± 0.6 %ID/g) [57].

Radiolabeled knottins were also evaluated for radiotherapy. 177Lu-labeled
integrin avb3 binders 2.5D and 2.5F were administered to mice bearing U87 tumor
xenografts [58]. 61 mGy/mCi absorbed dose was achieved in the tumor with
18 mGy/mCi in the kidneys and \2 mGy/mCi elsewhere.
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13.3.3 Future Outlook for Knottins

Natural knottins have demonstrated efficacy in a range of applications but are
limited to targeting their native binding partners. Loop grafting and evolution in
multiple knottin frameworks have proven highly efficacious for integrin targeting
in a variety of murine models, primarily across multiple modalities of molecular
imaging but also for radiotherapy. The breadth of impact for the knottin family
will depend on the ability to robustly and efficiently develop high-affinity binders
to a multitude of targets. To aid in affinity, an integrin binding motif was simul-
taneously grafted into two loops of the EETI-II scaffold, which enhanced binding
and maintained effective molecular PET [59]. Looking to expand the evolutionary
capacity of the scaffolds beyond integrins, the EETI-II scaffold has been evolved
for binding to seven different targets albeit with limited affinity evaluation [60].
If high affinity can be readily achieved from naïve libraries without grafted motifs,
the stable, small knottin family of scaffolds has tremendous potential for molec-
ularly targeted imaging and therapy.

13.4 DARPins

DARPins comprise ankyrin repeat domains, typically four to six repeats each of
which has a beta turn and two antiparallel alpha helices [8] (Fig. 13.3). A tight
hydrophobic core, improved by consensus design, imparts tremendous stability.
This is evidenced by robustness to boiling and guanidine hydrochloride and tre-
mendously slow amide proton exchange. While the sequence is fully non-human,
immunogenicity is expected to be limited as the inherent stability limits degra-
dation. Molecular size (*15 kDa depending on the number of repeats) provides
reasonable permeability and diffusion along with rapid plasma clearance. DAR-
Pins are very well expressed in the soluble phase of bacterial culture (C100 mg/L
in shake flask and C1 g/L in a fermenter). Diversification in the beta turn and the
first alpha helix presents a rigid potential paratope with extensive surface area.
Ligands with nanomolar to picomolar affinities for many targets have been
evolved.

13.4.1 Applications of DARPins

DARPins have demonstrated efficacy in a variety of applications. A DARPin was
evolved by ribosome display to achieve 90 pM affinity for human epidermal growth
factor receptor 2 (HER2) [61]. The ligand was labeled with 99mTc and yielded
effective localization of a murine tumor xenograft via SPECT/CT [62]. Biodistri-
bution quantitation indicated 9 ± 2 %ID/g tumor with 13 ± 3 tumor:blood at 1 h;
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8 ± 3 %ID/g tumor, 27 ± 15 tumor:blood at 4 h; and 8 ± 2 %ID/g tumor,
62 ± 28 tumor:blood at 24 h. Kidney and liver backgrounds were 239 ± 33 %ID/
g and 7.3 ± 1.0 %ID/g, respectively, at 4 h. Extensive characterization was per-
formed to quantify the impacts of affinity and size. While protein dimerization had a
nearly negligible impact on plasma clearance (half-time of *3 min), PEGylation
drastically slowed clearance (half-time = 19 h for 20 kDa PEG; 50 h for 40 and
60 kDa PEG). This pharmacokinetic modulation decreased tumor:blood ratio from
13 ± 3, 27 ± 15, and 72 ± 27 tumor:blood at 1, 4, and 24 h post-injection for
native protein to 0.2 ± 0.1, 0.6 ± 0.3, and 4.7 ± 3.1 for the PEGylated protein.
Tumor uptake correlated with affinity for (a) the 14.5 kDa native proteins from 1 to
48 h and (b) the PEGylated constructs at later time points.

The 90 pM HER2 binder was also efficacious for in vitro diagnostics. The
DARPin exhibited superior sensitivity and specificity relative to a validated
antibody in immunohistochemistry of breast cancer tissue microarrays [63].
Picomolar affinity was critical to success as a DARPin mutant with 1 nM affinity
was significantly less effective.

HER2 DARPins were also effective in viral targeting. Fusion of a hemagglu-
tinin mutant with an anti-HER2 DARPin enabled molecular targeting of lentiviral
vectors [64]. Vector particles were systemically administered into mice with
subcutaneous tumor xenografts of HER2-positive (SKOV3) or HER2-negative
(U87MG) tumors. Using a luciferase reporter, HER2-specific viral targeting was
evident within 3 days and was retained for at least 14 days. Oncolytic recombinant
measles virus was also effectively targeted with an anti-HER2 DARPin [65].
Tumor inhibition following intratumoral injection of a DARPin-targeted virus was
superior to an antibody-targeted virus; inhibition was comparable to untargeted
virus, but without associated toxic side effects. Also, a dual-targeted (HER2 and

Fig. 13.3 DARPin (blue and
red) in complex with polo-
like kinase 1 domain (black);
PDB: 2V5Q. The residues
commonly mutated in
scaffold evolution are shown
in red with side chains. C-
terminal capping domain has
been omitted
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epithelial cell adhesion molecule (EpCAM)) bispecific virus demonstrated
improved resistance to tumor modulation in cell culture.

The EpCAM DARPin was also effective in the construction of an immunotoxin
[66]. Fusion to Pseudomonas aeruginosa toxin A generated an immunotoxin with
an in vitro IC50 of 5 fM. The fusion protein readily accumulated in subcutaneous
HT29 tumor xenografts in nude mice following intravenous injection and reduced
tumor growth by *90 % relative to saline injection or untargeted immunotoxin.
Slower growing W2 small-cell lung carcinoma xenografts were inhibited by 67 %.
Despite the inherent potency of toxin A, body weight and liver transaminase
activity were comparable for DARPin immunotoxin and saline control, indicative
of the safety of the targeted approach.

Moreover, stand-alone DARPins have been demonstrated as effective antago-
nists. A VEGF antagonist named MP0112 (Molecular Partners) is under clinical
study for ocular indications. MP0112 underwent a phase I/II study in treatment-
naïve patients (aged [50 years) with wet age-related macular degeneration [67].
The DARPin was safe and well tolerated; resolvable sterile inflammation was the
only adverse effect. All patients had stable or improved visual acuity at 16-week
follow-up. Quarterly dosing is considered a potential option. Phase I/II study for
diabetic macular edema demonstrated maintenance of aqueous concentrations
above the IC50 for 8–12 weeks following a single injection [68]. 0.15-mg and
0.40-mg dose cohorts demonstrated reductions in mean central subfield thickness
and improvements in visual acuity. However, ocular inflammation was observed in
11 of 18 patients with one severe case. High-resolution chromatography identified
contaminant proteins, likely bacterial host proteins, that likely caused the
inflammation. Purification has been improved for ongoing trials.

13.4.2 Future Outlook for DARPins

DARPins have been broadly effective in a range of applications. The relative
rigidity and size of the modular paratope promote evolvability of novel binding
function to very high affinities. The combination of stability and facile recombi-
nant production make them especially attractive for clinical in vitro diagnostics.
Their efficient coupling via genetic fusion and chemical conjugation bolsters
further study for targeted delivery and dual-activity constructs. The tolerability
(upon purification), efficacy, and extended duration in ocular applications warrant
further study for therapeutic uses across many indications both as direct agents
(agonists or antagonists) and for targeted delivery.
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13.5 Anticalins

Lipocalins are *20-kDa proteins with a beta-barrel structure with eight antipar-
allel beta strands and an exterior alpha helix [9] (Fig. 13.4). A hydrophobic core
exists in the center of the barrel and is shielded by relatively short loops on one end
of the barrel. This structure is conserved in the 12 human lipocalins although
sequence homology is minimal and natural ligand specificity is varied. The
opposite end of the barrel is especially diverse in sequence and conformation and
is amenable to diversification to engender the scaffold with binding capabilities for
different targets. The evolution of human lipocalins as scaffolds, known as
anticalins, for molecular recognition has been led by the laboratory of Arne Skerra
[9]. Different library designs have been used for different classes of molecular
target. Randomization of 12 residues within the concave binding pocket is used to
bind small molecules [69], whereas randomization of 20 residues within the loops
enables binding to protein targets [70]. Both natural and synthetically evolved
lipocalins have been developed for clinical applications.

13.5.1 Natural Lipocalins

A saliva protein from the soft tick Ornithodoros moubata binds complement C5
with nanomolar affinity [71]. The recombinant form (rEV576) prevented neuronal
damage and perisynaptic Schwann cell injury in a murine model of Miller Fisher
syndrome [72]. rEV576 demonstrated efficacy in a rat model of myasthenia gravis
[73]. The molecule also reduced thrombus formation and tissue factor activity in a

Fig. 13.4 Anticalin (blue
and red) in complex with
digoxigenin (black); PDB:
1LKE. The residues
commonly mutated in
scaffold evolution are shown
in red with side chains
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murine model of anti-phospholipid-mediated cytosis [74]. A lipocalin from the
tick Rhipicephalus appendiculatus binds histamine with high affinity. In a murine
model of allergic asthma, the recombinant form (rEV131) was highly active: 70 %
reduction in airway hyperreactivity and elimination of cytokine secretion, peri-
bronchial inflammation, and pulmonary eosinophilia [75]. Intranasal delivery of
rEV131 was effective to combat acute respiratory distress syndrome induced
by inhaled lipopolysaccharide in a mouse model [76]. Bronchoconstriction and
TNF-a secretion were reduced in a dose-dependent manner. Neutrophil recruit-
ment was reduced by rEV131 comparably to treatment with the glucocorticos-
teroid budesonide. However, clinical translation has stalled as a phase II trial of
rEV131 failed to demonstrate any significant difference between rEV131 and
placebo for treatment of allergic rhinitis (hay fever). Current lipocalin develop-
ment focuses on synthetically evolved lipocalins.

13.5.2 Synthetic Anticalins

Digoxin has a narrow therapeutic window for the treatment of ventricular tach-
yarrhythmias and congestive heart failure [77]; thus, availability of an effective
antidote for toxic overdose is needed. An anticalin (DigA16(H86 N), DigiCal)
evolved from the bilin-binding protein using phage display to bind digoxin with
subnanomolar affinity completely reversed toxic effects of an otherwise lethal
digoxin dose in a guinea pig model [78]. In a rat model, digoxin was administered
intravenously followed by a bolus injection of DigiCal [79]. Within 1 min, the
concentration of free digoxin in plasma dropped by 35 % (1 mg dose) to 98 %
(20 mg dose). Resultantly, rats exhibited dose-dependent delay in time to
arrhythmia, heart rate decrease, arterial pressure drop, and, ultimately, death. The
anticalin effects were dynamic rather than fully protective because free digoxin
concentration in plasma increased within minutes after the initial precipitous
decline; this likely occurred due to intravasation of digoxin from tissue coincident
with rapid clearance of the small (*20 kDa) anticalin.

Antagonism of the T-cell regulator cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4) has been validated in multiple indications including FDA approval of
ipilimumab for metastatic melanoma. An anticalin with 3 nM affinity for CTLA-4
was conjugated site-specifically with 30-kDa PEG and tested in a mouse model of
parasite infection. L. donovani-infected mice were treated with PEGylated antic-
alin (PRS-010, 30 mg/kg i.p. daily for 2 weeks) or anti-CTLA4 antibody (4 mg/kg
once). At 4 weeks, the anticalin-treated mice had a 51 ± 4 % reduction in parasite
burden relative to non-targeted lipocalin control. This result was essentially
equivalent to the antibody approach, which further validates the anticalin
technology.

The most clinically advanced anticalin, named PRS-050 or AngioCal (Pieris),
has nanomolar affinity for VEGF. This PEGylated anticalin has demonstrated
antagonism in mouse tumor xenograft models and a rabbit model of age-related

13 Alternative Protein Scaffolds for Molecular Imaging and Therapy 355



macular degeneration [80]. The phase I trial examined safety, pharmacokinetics,
and pharmacodynamics in 26 patients with solid tumors [81]. Alteration of
administration to include appropriate premedication (steroids, antipyretics, H1/H2
blockers, or antihypertensives) and slow infusion resulted in good tolerance. No
maximum tolerated dose was identified, and a 6 mg/kg dose every 2 weeks was
recommended. A terminal half-life of 6 days was observed. At 10 weeks, no anti-
PRS-050 antibodies were detected. Stable disease was achieved in nine patients
although there were no objective responses. Evidence of desired action exists as
anticalin–VEGF-A complex was detectable in all patients for up to 3 weeks and
both matrix metalloprotease levels and dynamic contrast enhanced magnetic res-
onance imaging suggest physiological activity.

Anticalins have also been used in fusion proteins for pretargeting applications.
Single-chain antibody variable fragments (scFvs) were fused to both the N- and C-
termini of a fluorescein-binding anticalin. The scFvs were specific for the EDA
domain of fibronectin, which is a marker for tumor angiogenesis. The fusion
construct was administered to mice with subcutaneous tumor xenografts and
allowed to distribute for 24 h. Mice were then injected intravenously with a
fluorescein-IRDye750 molecule, which rapidly distributes due to small size. Near-
infrared fluorescent imaging to detect the IRDye750 specifically identified tumor,
whereas mice injected with an IRDye750 molecule without fluorescein did not
localize to tumor [82].

13.5.3 Future Outlook for Anticalins

Among the prevalent non-immunoglobulin scaffolds, the concave binding pocket
of the beta barrel topology renders anticalins as especially effective at binding
small molecules and convex epitopes on protein targets. This poises the scaffold
for efficacy in a variety of applications including the demonstrated success in
antidotes and pretargeting. Patient tolerance of natural and synthetic lipocalins has
been demonstrated. These constructs are now poised for further assessment of
clinical efficacy.

13.6 Affibodies

The affibody scaffold is based on the 58-amino-acid, three-helix bundle of a single
domain of staphylococcal protein A (Fig. 13.5). Diversification of 13 residues on
one face of helices 1 and 2 can generate novel binding activity toward a multitude
of molecular targets. Affinities range from low picomolar to high nanomolar.
Destabilization due to diversification yields proteins with Tm values of 37–65 �C
(median 46 �C) [83–88] although unfolding is generally reversible. An optimized
version has been engineered for improved stability and chemical synthesis with
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reduced immunoglobulin binding and retained hydrophilicity and binding capacity
[84]. In addition, a two-helix version has been evaluated [89–91] but would benefit
from improved balance of stability and affinity.

13.6.1 Applications of Affibodies

The highlights of this scaffold will be provided only briefly as more details can be
found in another chapter in this volume. Affibodies have been implemented in a
variety of applications, though the dominant use has been in molecular imaging for
oncology. Effective tumor imaging in mouse models has been demonstrated for
multiple targets using 99mTc and 111In for SPECT, 124I, 68Ga, 64Cu, 18F for PET,
and near-infrared fluorophores for optical imaging [92, 93]. Trimodality gold-iron
oxide heteronanostructures targeted with affibodies have recently been developed
and validated in subcutaneous tumor xenograft models in mice for magnetic
resonance imaging, positron emission tomography, and optical imaging [94].
Clinical trials with 68Ga and 111In affibodies showed utility for HER2 imaging of
metastatic breast cancer [95].

In addition to imaging, therapeutic applications have been explored including
affibody–toxin fusions [96], radiotherapy with 177Lu [97] and 211At [98], and
targeted viruses [99].

13.7 Other Scaffolds

A 60-amino-acid protein derived from a Kunitz domain in human tissue factor
pathway inhibitor has been evolved by phage display to inhibit plasma kallikrein

Fig. 13.5 Affibody (blue and
red) in complex with protein
Z domain (black); PDB:
1LP1. The residues
commonly mutated in
scaffold evolution are shown
in red with side chains
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[100]. The protein, named ecallantide, is FDA approved for acute hereditary
angioedema [101]. Another scaffold, the avimer, comprises linked multimers of
small receptor domains that promote strong binding by an avidity effect. An
avimer that binds interleukin-6 with an IC50 of 0.8 pM effectively reduced serum
levels of the target in mouse models [102].

Antibody fragments and reformatted domains have also been extensively
explored [103]. These constructs include monovalent heavy-chain variable
domains (VHH, nanobody), scFvs, and antigen-binding fragments (Fabs) as well as
bivalent scFv dimers (diabodies) and scFvs dimerized by CH3 (minibodies). As
with the non-immunoglobulin scaffolds, different formats address the shortcom-
ings of full intact immunoglobulins to different degrees of success.

13.8 Conclusions

The manifold applications for molecular recognition ligands entail significantly
different demands for performance. As the protein sequence–structure–function
relationships are elucidated and protein engineering technologies improve,
researchers can identify ligands within more precise biophysical and physiological
constraints. As such, the highlighted scaffolds (Table 13.2) will continue to evolve
for improved performance and additional topologies will certainly be introduced.
The evolution of the field is away from the one-size-(and shape, valency, affinity,
stability, solubility, etc.)-fits-all antibody approach; rather the optimal scaffold
may be unique to the task at hand as the requisite parameters are differentially
balanced for each application. Continued scientific, preclinical, and clinical
development of a diverse array of scaffolds will empower researchers with the
flexibility to select the most effective molecule. To this end, the field will benefit
greatly from standardized evaluations of efficacy as well as direct comparisons of
alternative scaffolds in a multitude of applications.
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Chapter 14
Engineering Multivalent and Multispecific
Protein Therapeutics

Cassie J. Liu and Jennifer R. Cochran

14.1 Biomedical Applications of Multivalent
and Multispecific Proteins

Proteins have attracted great interest as therapeutic agents due to their high-
binding affinity and specificity to clinical targets of interest [1]. The last several
decades have witnessed a surge in our ability to engineer protein drug candidates,
from improved algorithms for rational design [2, 3] to new platforms for directed
evolution [4–7]. In parallel, multivalent or multispecific proteins have shown great
therapeutic potential compared with their monospecific protein counterparts due to
increased efficacy or enhanced selectivity toward sites of disease [8–11]. Nature
commonly exploits multivalency and multispecificity to regulate numerous
physiological processes [12, 13]; applying these concepts to protein drug discovery
offers exciting new avenues for clinical development. A thorough understanding of
the thermodynamic and kinetic principles underlying multivalency and multi-
specificity is essential to develop therapeutic proteins that promote these improved
biological effects. In addition, this understanding allows researchers to effectively
affirm or challenge proposed molecular mechanisms for existing protein thera-
peutics. This chapter will present the underlying principles of multivalent or
multispecific protein therapeutics as outlined below, where each concept will be
accompanied with example case studies from literature:
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14.2 Multivalency and Binding Avidity

Before considering the design and engineering of proteins for clinical applications,
one must first have a clear understanding of the underlying concepts behind
binding affinity and avidity effects stemming from multivalency and multispeci-
ficity. We refer to a molecule as multivalent if it contains multiple binding sites,
and refer to it as multispecific if the sites bind to different targets, or different
epitopes within a target. The reader should note that multivalency by definition
encompasses multispecificity; that is, a molecule with more than one binding site
will always be multivalent, but not necessarily multispecific. A multispecific
protein is, however, always multivalent. Figure 14.1 shows examples of how the
two binding sites of bivalent molecules can interact in different ways with their
respective targets. For our discussion, a target is a biomolecule, such as a receptor,
that has clinical relevance and whose biological activity mediates disease
pathology.

In this section, we present the basic kinetic and thermodynamic models for
ligand–receptor binding, beginning with a monovalent interaction and expand
these models to include multivalency. More detailed analyses are offered in var-
ious textbooks and reviews as cited; this introduction should give the reader a
sense of the physical factors contributing to the advantageous properties of mul-
tivalent proteins, and how information from these models can guide the design and
engineering of protein therapeutics.

14.2.1 Equilibrium Binding Constant, KD

A monovalent binding interaction between a therapeutic protein, which we call
ligand (L), and the target molecule, which we call receptor (R), is described by the
following equation:

Fig. 14.1 Targeting strategies for multivalent and multispecific proteins. Circles and squares
represent individual binding sites that can be either identical (monospecific) or different
(bispecific). Ligand can simultaneously bind: a two receptors on the same cell surface; b two
epitopes on the same receptor; and c two receptors on separate surfaces or in solution
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Lþ R !kon

koff

LR ð14:1Þ

where LR represents the 1:1 complex of L and R, and kon and koff are the rate
constants for association and dissociation, respectively. The association and dis-
sociation rates are defined as follows:

rassociation ¼ kon½L�½R� ð14:2Þ

rdissociation ¼ koff ½LR� ð14:3Þ

At some time after the start of the reaction, the system reaches equilibrium
concentrations of L, R, and LR, reflecting the relative values of kon, koff, and the

initial concentrations of L and R: d L½ �
dt
¼ d R½ �

dt
¼ d LR½ �

dt
¼ 0. The concentrations of free

L and R, and LR remain in a dynamic equilibrium, in that rassociation = rdissociation.
We can therefore say that:

kon L½ �eq R½ �eq¼ koff LR½ �eq ð14:4Þ

which can be rearranged to:

koff

kon

¼
L½ �eq R½ �eq

LR½ �eq

ð14:5Þ

The subscript ‘‘eq’’ indicates that the concentrations are at equilibrium. The
ratio of koff over kon describes the strength of the interaction and is defined as the
equilibrium binding constant (KD) of L and R.

KD ¼
koff

kon

¼½ �mole=L ð14:6Þ

As shown in Eqs. 14.5 and 14.6, the KD represents the ratio of the individual
concentrations of L and R to the concentration of the LR complex at equilibrium.
From this definition, a lower KD corresponds to stronger binding affinity, while a
higher KD corresponds to weaker binding affinity. Measurements of KD, kon, and
koff provide common metrics for describing the binding affinity and kinetic binding
parameters of a molecular interaction. These properties can play a direct role in the
biological efficacy of a protein therapeutic [14–16]. Thus, there has been great
interest in determining the relationships between binding affinity and biological
function, and how alterations in these parameters can be leveraged in protein
engineering to direct a biological outcome. Figure 14.2 illustrates the effect of KD

on the percent of R converted to LR at equilibrium, for a range of L concentrations.
Typical KD values range from lM for enzyme–substrate interactions, to nM and
pM for cell surface receptor binding events, and even fM in rare cases such as
biotin–streptavidin, underscoring how nature has optimized binding affinities for
different biological contexts.
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14.2.2 Thermodynamic Considerations in Binding

The laws of thermodynamics dictate protein biophysical properties, including
folding, structure, and binding energetics. Our discussion on thermodynamics will
be centered around the Gibbs free energy (DG) of binding, which can be thought of
as the energy (kcal/mol) gained from or lost to the environment in a binding event.
Studies of protein–protein interactions often explore how altering amino acid
sequence and protein structure affects DG, consequently identifying important
molecular contributions to binding affinity. The following equation relates the
Gibbs free energy to the KD:

DG ¼ RT ln KDð Þ ð14:7Þ

where R is the ideal gas constant, with units of kcal/(mol * K). The same equation
can be rearranged to obtain:

KD ¼ e
DG
RT ð14:8Þ

The implication of Eqs. 14.7 and 14.8 is that the binding affinity is dependent
on the energetics of binding as well as temperature. Here, a negative DG indicates
an energetically favorable binding reaction that will spontaneously proceed in the
forward direction, and a positive DG indicates an unfavorable one. The simplest
way to understand the relationship between energetics and kinetics is through a
reaction coordinate diagram, as shown in Fig. 14.3.

On the reaction coordinate, the relative energies of free L and R and the
complex LR are measured as DG. The LR complex state must be lower in energy
than the free states in order for the binding interaction to be favorable. This
corresponds to a negative sign for DG if defined as Gcomplex - Gfree. The curve
represents the reaction pathway and is indicative of the equilibrium amounts of L,
R, and LR as defined by the KD value. In this case, the binding event is comprised
of two steps. The first step (1), which requires some starting energy Ea,assoc,
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arranges the ligand and receptor an optimal position and conformation for binding.
The starting energy Ea,assoc arises from thermal fluctuation of the molecules in
solution. In the second step (2), the LR complex formation releases an energy that
drives the binding interaction forward. The same principles drive the dissociation
reaction (with an Ea,dissoc = Ea,assoc ? DG), until the system reaches equilibrium
between the two states. The relative amount of energy Ea,assoc or Ea,dissoc required
for association or dissociation, respectively, determines the probability of the
molecules to successfully move forward or backward on the coordinate diagram.
This probability is reflected in the rate constants, and hence KD. In reality, protein–
protein interactions are often more complicated than the simple curve and two-step
reaction illustrated above; for example, a reaction mechanism may contain mul-
tiple intermediate steps or require cofactors to facilitate ligand–receptor binding.
However, the reaction coordinate provides good intuitive understanding of binding
energetics and kinetics.

We can now further describe DG of binding in more physical terms, namely
DH (enthalpy), temperature, and DS (entropy) of binding. Note that both DH and
DS are state functions, meaning that regardless of the simplicity or complexity of
the reaction mechanism, their values depend only on the relative energies between
the free (initial) and complexed (final) states.

DG ¼ DH � TDS ð14:9Þ

Formally, enthalpy is defined as the sum of internal energy of a system (energy
required to create the system) and the work the system exerts on its surroundings. In
the context of protein–protein interactions, we can think of enthalpy as a measure of
the electrostatic and geometric complementarity between two proteins. Enthalpic
contributions consist of molecular interactions of both binding partners that facil-
itate stronger noncovalent binding, as well as molecular interactions between the

Fig. 14.3 Reaction
coordinate diagram of a
monovalent binding
interaction
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proteins and the surrounding environment. A negative DH value indicates an
exothermic reaction (binding releases energy) while a positive DH value indicates
an endothermic reaction (binding requires energy). Since a favorable binding event
necessitates a negative DG value, a larger negative DH value correlates with better
complementarity between the two binding partners.

Entropic contributions describe changes in the degrees of freedom of movement
of L, R, and their surrounding solvent upon binding. In order to form an LR
complex, L and R must adopt optimal conformations relative to each other,
reducing the entropy of both proteins (Sfinal - Sinitial \ 0); from Eq. 14.9, we see
that this results in a negative DS value, leading to a more positive, and therefore
less favorable DG value. To better explain entropy, we divide DS into more
specific subtypes [17–20]:

DS ¼ DStranslation þ DSrotation þ DSconformation þ DSsolvation ð14:10Þ

Translational and rotational entropy describes the protein’s ability to move in
three-dimensional space. In nature, the reduction of translational degrees of free-
dom is necessary for facilitating many biological processes; a canonical example is
the movement of proteins along DNA [21]. In our monovalent binding example,
LR complex formation restricts the movement of ligand L to a particular volume
occupied by the receptor R, and vice versa. Conformational entropy describes the
protein’s thermal fluctuations around its native state. This idea is based on the
prevalent view that free ligand and receptor are able to sample a range of orien-
tations around their primary native states, which are optimal for binding to each
other. In the context of Fig. 14.3, one could imagine many slightly different free
protein conformations at various energies, with an average energy as indicated by
the horizontal line at L ? R. Upon binding, the primary conformations of both
ligand and receptor are stabilized, greatly reducing their accessibilities to the
initial range of conformations. Solvation entropy refers to the energy required to
arrange water molecules around each other and around a protein. Upon protein
binding, formation of the binding interface reduces the surface area between
protein and water. Given that water molecules experience the greatest entropy
when they are allowed to arrange around each other, protein binding results in a
positive change in solvation entropy.

Using Eq. 14.9, we can rewrite Eq. 14.8 as:

KD ¼ e
DH
RT � DS

Rð Þ ð14:11Þ

This representation shows that manipulations of enthalpy and entropy alter the
free energy, and hence the binding affinity, of a given protein toward its intended
target molecule [22, 23]. To enhance enthalpic contributions one might, for
example, mutate amino acid residues within a binding interface to increase the
charge or size complementarity. However, these effects are difficult to predict
a priori using rational design; changes in the enthalpy of a protein–protein
interaction often have unintended effects on entropy, and vice versa, all of which
influence the KD value [19, 24].
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14.2.3 Binding Avidity

We now extend the kinetic model to the case of a bivalent protein ligand; models
describing proteins of higher order valency will follow the same principles out-
lined below. Bivalency increases the complexity of ligand–receptor binding
kinetics through the physical tethering of one binding site in close proximity to
another. The ligand is now a molecule containing two binding sites, each binding
to one receptor molecule on a cell surface. Hence, the binding equation is altered
as follows:

Lþ R !kon

koff

LR for monovalent ð14:12Þ

L2 þ R2 !
kon;bi

koff;bi

L2R2 for bivalent ð14:13Þ

where kon,bi and koff,bi are the apparent rate constants of the bivalent ligand to the
receptor. The term apparent is used to indicate empirically determined parameters
that cannot distinguish between the individual receptor binding events of each ligand
component. Often, there is an increase in the apparent affinity of a bivalent protein
compared with the affinities of its monovalent components, a phenomenon known as
avidity. To illustrate this point, we introduce the sequential binding reactions shown
in Fig. 14.4, a concept originally proposed by Jencks [25]. In this schematic, ligands
A, B, and A—B are free-floating, while their receptors are constrained to a surface
(i.e., cell membrane) at a certain density. A and B can be identical (monospecific
ligand) or different (bispecific ligand); the analysis is the same regardless of their
identities. First consider Fig. 14.4a, where the binding sites A and B are untethered.
In this case, the receptor binding events are independent monovalent interactions
that can be described by Eq. 14.12. Hence, the interactions of A and B with their
receptors are defined by their affinities KD,A and KD,B, respectively.

Now, we consider the more complex scenario in Fig. 14.4b, where A and B are
tethered. The binding of the first site, whether it be A or B, to its target receptor
follows the same monovalent binding kinetics as in Fig. 14.4a (State 1) and
assumes that the binding events are independent. Below we present the binding
equations of State 1 going to State 2:

A� Bþ RA � RB !
kon;A

koff;A

RB � RAA� B State 1! State 2að Þ ð14:14aÞ

A� Bþ RA � RB !
kon;B

koff;B

RA � RBB� A State 1! State 2bð Þ ð14:14bÞ

In Eqs. 14.14a and 14.14b, the receptors are represented as RA - RB to indicate
that they are on the same cell surface. In State 2, one ligand binding site is bound
to a receptor, and thus, the cell surface, while the other is brought to the surface but
still unbound. The second binding site is thus constrained to a volume defined by
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the space available to the linker joining A and B (State 2a and 2b). Although only
one of the binding sites is bound to a receptor, the second binding site is more
favorably placed near its receptor, increasing its probability of undergoing a
binding interaction. In effect, we have transitioned from an intermolecular binding
event to an intramolecular binding event [18, 26] as described by Eqs. 14.15a and
14.15b.

RB � RAA� B !
kon;B0

koff;B0
RAA� BRB State 2a! State 3ð Þ ð14:15aÞ

RA � RBB� A !
kon;A0

koff;A0
RAA� BRB State 2b! State 3ð Þ ð14:15bÞ

How do the apparent affinities KD,A
0 and KD,B

0 differ from the monovalent
affinities KD,A and KD,B? If we look at the binding events that occur from State 2 to
State 3, we see that the effective concentration of the second binding site around
free receptors has dramatically increased (Fig 14.5). It is important to recognize
that this effective concentration can be orders of magnitude greater than the
concentration of free ligand in solution, to the point where KD,A

0 � KD,A and
KD,B

0 � KD,B. In other words, at equilibrium, the dominant species in solution are
those in 14.15a and 14.15b representing State 2 and State 3. This phenomenon
explains the avidity effect: when the effective concentration of the second ligand is
so large that it drives the subsequent association reaction forward, the rate of

Fig. 14.4 Binding schematic of ligands A and B with their respective receptors. a Untethered
A and B bind receptors independent of each other with affinities KD,A and KD,B. b Tethered A—
B binds receptors in multiple states. State 1: both binding sites are unattached. State 2a,b: either
A or B binds independent of the other with affinities KD,A and KD,B. State 3: second binding event
depends on the first. Either A or B binds with affinities KD,A

0 and KD,B
0. Figure adapted from

Jencks [25]
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complete dissociation of the ligand from the cell surface is greatly reduced
compared with that of monovalent binding interactions.

Now, we relate increased effective concentration to increased overall affinity
due to bivalency. Ceff is a term describing the enhancement of effective concen-
tration of either A or B due to their tethering [19, 26]. We define Ceff as the ratio of
the ligand–receptor affinity of the monovalent binding event compared with their
apparent affinity in a bivalent binding event:

Ceff ¼
KD;A

KD;A0
¼ KD;B

KD;B0
ð14:16Þ

If Ceff [ 1 M, the bivalent protein has an increased apparent affinity to the cell
surface due to avidity effects. This sequential binding event can be represented by
an overall affinity KD,AB,bi.

KD;AB;bi ¼ KD;A � KD;B0 ¼KD;B � KD;A0 ð14:17Þ

Since the reaction going from State 2 to State 3 is unimolecular, KD,A
0 and KD,B

0

are unitless. KD,AB,bi therefore has units of M.
Avidity can increase the apparent affinity of a multivalent ligand to be orders of

magnitude greater compared with that of its monovalent components. As such,
multivalency is a common phenomenon exploited by nature to enhance the
affinities of protein ligands to their binding partners, eliminating the need to

Fig. 14.5 Avidity effects due to increased effective concentration. Left: Before binding, the
concentration of binding sites as seen by a cell surface receptor is equivalent to the ligand
concentration in solution. Right: Upon monovalent binding of site B, the effective concentration
of binding site A seen by the receptor is vastly increased, driving the association reaction forward

14 Engineering Multivalent and Multispecific Protein Therapeutics 373



produce large amounts of monovalent protein or to evolve a single binding domain
with high affinity. As examples, many growth factors utilize multivalency to
achieve overall binding affinities in the nM–pM range. Vascular endothelial
growth factor (VEGF) is a disulfide-linked homodimer that binds to two VEGF-
receptor 2 (VEGFR2) molecules on the cell surface and induces their dimerization,
stimulating downstream cell-signaling pathways [27, 28]. The strong affinity of
VEGF for its receptor is in part due to its bivalent binding properties; when one
VEGFR2-binding site was eliminated through directed mutagenesis, the affinity of
VEGF was reduced by two orders of magnitude [28]. Hepatocyte growth factor
(HGF) is a multidomain-soluble ligand that also binds to and dimerizes its cognate
receptor (c-MET) with pM affinity [29]. Recent studies have shown that individual
domains of HGF contribute weakly to c-MET binding, resulting in overall avidity
effects when all domains are present [30, 31]. As a further demonstration of avidity
effects in this system, a truncated HGF fragment termed NK1, despite its ability to
dimerize the receptor, binds c-MET with a reduced affinity (nM) and is orders of
magnitude less efficacious in inducing c-MET activation compared to HGF [30,
32]. In the context of protein therapeutics, the most well-studied natural multi-
valent protein is the antibody. Antibodies are modular, containing a constant (Fc)
domain that mediates immune system activity, and two identical antigen-binding
regions consisting of heavy and light variable chains. Natural antibodies are
bivalent, but monospecific, in that these two antigen binding sites interact with the
same target. Antibodies have been specifically evolved, either by nature or in the
laboratory, for high-affinity recognition of a wide range of antigen targets and thus
are applicable across a broad spectrum of medical problems [9, 10, 33].

14.2.4 Linkers and Avidity

Designing multivalent proteins with the desired kinetic properties can be carried
out by: (1) engineering the binding sites themselves, (2) optimizing the linker that
tethers the monovalent components, if applicable, or (3) both. Methods for altering
protein–protein interactions have been extensively reviewed, and include both
rational design and directed evolution [2–7]. In addition, much effort has gone into
linker development, as optimal flexibilities and length requirements differ among
systems [34, 35]. Linkers can strongly influence the avidity of multivalent protein
interactions through entropic effects, and thus, their optimization is essential for
achieving desired levels of therapeutic efficacy. In this subsection, we will describe
the relationship between linker entropy and ligand-binding kinetics.

To introduce linker thermodynamics, we will use a polymer chain as an
example of a model linker. Linkers can assume many different geometries and
chemical compositions but are often linear peptide chains of varying length [36].
Entropy demands that the linker exist in random orientations in solution; this
randomness is caused by thermal fluctuations. However, there is a deformation
cost to bending that opposes entropy. This property, which depends on linker
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composition, is referred to as its elasticity. To illustrate this concept, we introduce
a parameter called the persistence length LP, whose informal definition is the
length over which a polymer strand is relatively straight, and is a measure of the
strand’s elasticity or rigidity. Formally, it is the ratio of the linker’s elastic energy
over thermal energy. A small LP indicates a flexible strand since the deformation
cost is easily overcome by thermal fluctuations. Similarly, a large LP indicates a
rigid strand, since the deformation cost is large, and the strand is not easily bent to
different conformations. In Fig. 14.6, we present three different views of a polymer
strand: at length l � LP, the strand looks perfectly straight; at l & LP, the polymer
is still relatively straight, but one sees the initial deformation of the strand; at
l � LP, the linker can now be seen as a collection of rigid segments of length LP

where the hinges allow each segment freedom of translation and rotation, and
linker orientation can be approximated as a random walk in three dimensions.

To understand the mechanism of how linkers influence binding affinity, we will
explore avidity effects in the context of thermodynamics. The binding of the first
site in Fig. 14.4b (State 1) lowers the translational, rotational, and conformational
freedom of both molecules in the complex, represented by DS (see Eq. 14.10). As
a result, the effective concentrations of the other ligand-binding sites are increased;
in other words, the translational and rotational space that the tethered sites can
sample is restricted to a smaller volume around their receptors. Thus, the entropic
penalty for constraining any tethered binding site and its receptor in proximity
with each other is paid to an extent by the binding of the first ligand. The DG of
binding is therefore decreased for any subsequent interaction, lowering the
apparent KD for a multivalent ligand compared with that of a monovalent ligand.
The requirement for avidity is thus DGmulti;N \ DG1;mono þ DG2;mono þ � � � þ
DGN;mono [18], where DGmulti,N is the total energy loss upon binding of the mul-
tivalent ligand with valency N, and DG1,mono is the total energy loss upon binding
of an independent monovalent site 1. Linker length and elasticity determines the
magnitude of entropy loss for each binding event between a multivalent ligand and

Fig. 14.6 Polymer chain at three different length scales. As l increases, deformation of the chain
by thermal fluctuations randomizes the orientation
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receptors on a surface. On the simplest level, the longer and more flexible the
linker is, the greater the entropic penalty paid for each subsequent binding event.
To illustrate this concept, we expand our polymer chain model to include identical
ligand-binding sites (represented by d) interspersed along a chain of length
l � LP (Fig. 14.7). Each chain segment has several degrees of freedom from the
translational, rotational, and conformational contributions to entropy. Therefore,
each binding event results in an entropy loss for the linker as well as for the ligand
binding site and receptor. In Fig. 14.7, the first binding event on the left pays the
majority of the entropic penalty and localizes the entire ligand in proximity to
other receptors. Although subsequent binding interactions will also incur entropy
losses for the linker and ligand-binding sites, these losses decrease for each
additional binding event. If these entropic losses are less than the energy necessary
to bring each monovalent binding site from solution to the receptor, the overall
DGmulti,N is still lower than the sum of N separate DGd, mono and there will be an
avidity effect. However, if the linker is too elastic or too long, the overall entropic
penalty for binding the entire ligand increases, as would DGmulti,N. In this case,
avidity would decrease, resulting in a weaker binding affinity. If the overall
entropic penalty increases to the point where DGmulti,N = NDGd,mono, then no
avidity effect will be observed.

In the case of a an idealized multivalent protein, there is no entropy loss upon
the interaction of subsequent binding sites, and the apparent affinity is thus the
theoretical maximum; that is, the linker is perfectly designed so that the first
binding event essentially places all remaining binding sites in an optimal orien-
tation relative to their respective binding partners. A classic example of using
linkers that maximize avidity is the binding of trivalent vancomycin and trivalent
D-Ala-D-Ala [37]. The monovalent affinity between the vancomycin and D-Ala-
D-Ala monomers is *1 lM; by trimerizing both receptor and ligand, an overall
affinity of sub-fM binding was achieved, an increase of eleven orders of magni-
tude. The key to optimizing avidity in this case was selecting linkers rigid enough
to minimize entropy loss during intermolecular binding.

Fig. 14.7 Entropy losses from constraint of a flexible linker. Circles (d) represent ligand-
binding sites, while cylinders represent rigid segments of a flexible linker. Arrows indicate
degrees of freedom of movement for the polymer chain; each segment can undergo rotation (left),
extension (middle), and bending (right)
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Despite this elegant example of a ‘‘perfect’’ multivalent interaction, in the
majority of cases avidity effects will fall below the theoretical maximum.
In practice, even with an optimized linker, entropic penalties can still occur. In the
vancomycin/D-Ala-D-Ala example above, both interacting molecules were soluble
and presented to each other as pre-formed trimers, minimizing the entropy loss
upon binding compared with physiological protein–protein interactions that
require conformational changes or receptor clustering to effectively bind. Linker
design is ultimately a balance between elasticity and minimizing entropy loss. In
cases where receptor spatial orientation is well characterized, a rigid linker that
positions the binding sites at the exact distances between receptors is desirable.
This arrangement minimizes the loss of entropy upon binding of each site and
approaches the optimal affinity possible for the multivalent construct (Fig. 14.8,
left). In contrast, a short and/or rigid linker that cannot span two receptors results
in monovalent binding (Fig. 14.8, middle). Alternatively, the entropic costs con-
ferred by a long, elastic linker (Fig. 14.8, right) can be large enough to where
avidity effects are negligible. For more detailed information about linker effects on
receptor binding, the reader is referred to texts from Krishnamurthy et al. [19] and
Zhou [26].

A wide variety of linkers have been used for tethering multiple binding sites.
While chemical linkers of varying composition have been used to conjugate
proteins [38–40], challenges often arise with heterogeneous product formation and
purification; thus, these linkers are often used to tether peptides and small mole-
cules produced through synthetic methods. Peptide-based linkers, which can be
expressed as genetic fusions between proteins, have generated great interest as
alternatives [41]. Common elastic linkers include combinations of glycine and
serine, while inelastic linkers tend to include conformationally constrained amino
acids such as proline, or residues that form stable a-helices [36]. Natural protein
domains have also been exploited as tethers and provide geometrical rigidity to
restrain the binding sites of a multivalent protein [42]. The most well-studied

Fig. 14.8 Linker effects on binding. Left: Idealized case. Linker length and elasticity is
theoretically optimal for constraining B in proximity to its receptor upon binding of A. Middle:
Linker length is too short/inelastic, such that the limited volume sampled by B does not permit its
binding to its receptor. Right: Linker length is too long/elastic such that the volume sampled by
B is similar to free B in solution, resulting in negligible avidity effects
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example in protein therapeutics is again the antibody. The two variable regions of
an antibody are fused to a constant domain that fixes the spatial distance between
the antigen-binding sites. Antibodies have therefore been used as robust molecular
scaffolds to create more than 35 different fusion proteins, spanning a broad range
of multivalent and multispecific protein architectures [8, 9, 43]. Several such
antibodies have advanced to clinic trials, underscoring the adoption of multiva-
lency and multispecificity in novel protein design [43]. More recently, multiva-
lency and multispecificity have been engineered into single-domain proteins,
providing a novel method to constrain the orientation and topological arrangement
of binding sites [44–46].

Example 14.1: Tuning Protein Valency and Linker Design for Improved
Biological Potency.

Epidermal growth factor receptor (EGFR) overexpression is associated with
many cancers, thus there has been great interest in designing protein therapeutics
that inhibit the receptor and its downstream cell-signaling pathways. In Boersma
et al. [47], designed ankyrin repeat proteins (DARPins) were evolved to bind
distinct EGFR epitopes with sub-nM affinities. The authors then used these
engineered DARPins to create bispecific/bivalent, as well as bispecific/tetravalent
fusions, with the goal of improving biological efficacy.

A trend of increased efficacy, as measured by cell growth inhibition, was
observed with increased valency. Furthermore, the engineered molecules dem-
onstrated varying degrees of inhibition in cell culture models depending on linker
length, linker elasticity, and monomer orientation. Specifically, a bispecific/tet-
ravalent DARPin fusion was created by tethering individual monomeric subunits
to a rigid leucine zipper, via different elastic glycine or glycine-serine linkers
(inset). In this study, the shortest linkers, namely Gly4 and Gly2Ser2, resulted in
multivalent proteins with the highest levels of biological inhibition. These results
demonstrate that valency and linker length can be tuned to improve biological
potency.
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14.3 Tuning Selectivity Through Multivalency
and Multispecificity

In Sect. 14.2, we introduced fundamental biophysical principles underlying pro-
tein–protein interactions and discussed how these concepts explain avidity effects
in the case of multivalent proteins. The examples in the previous section used
multivalency and multispecificity as tools to engineer proteins with higher affinity
to a target of interest. We now consider protein therapeutics in a physiological
context, with the critical question: How can we use the properties of multivalency
and multispecificity to effectively distinguish between receptor targets that are
associated with disease versus those that are necessary for normal biological
processes? The goal of any protein therapeutic is to target specific cells and/or
specific biological pathways involved in disease pathology. Protein therapeutics
that bind a target receptor with high affinity and specificity can be effective in
cases where the target receptor is expressed at high levels within a disease site, or
if disease is caused by a mutated receptor that is distinct from the natural one.
Challenges arise, however, when there is not a marked difference between ‘‘target’’
and ‘‘non-target’’ states. The inability of a protein therapeutic to distinguish
between these two states can lead to undesired off-target effects and toxicity [48].
In this section, we will explore how target receptor selectivity can be increased
with multivalent and multispecific proteins, namely by preferentially targeting
diseased cells with higher numbers of receptors, or by targeting two different
receptors on diseased cells (Fig 14.9).

First, we will define specificity and selectivity in the context of this chapter.
Specificity refers to the ability of a protein therapeutic to distinguish between its
target receptor and all other biomolecules; namely, by having a higher binding
affinity to this target. Selectivity refers to the ability of a protein therapeutic to bind
with greater affinity to target receptors on diseased cells. Mathematically, it can be
represented as:

Selectivity ¼ #ligand bound to target cells
#ligand bound to non-target cells

ð14:18Þ

Specificity is usually required for, but does not guarantee, selectivity. Thera-
peutic efficacy is determined in part by selectivity, and whether a drug is able to
carry out its intended function without off-target effects.

As stated above, the important criteria for an effective protein therapeutic is
tight binding to target cells and weak to no binding to non-target cells. This
translates to the expression: KD,target � KD,non-target, which should be familiar to
readers as it is similar to our description of avidity. In Sect. 14.2.3, we defined
parameters for avidity where any subsequent binding event for a multivalent
protein has a stronger apparent affinity than that for a monovalent binding event
(KD,A

0 � KD,A and KD,B
0 � KD,B). When considering a protein therapeutic that

has specificity toward receptors on both target and non-target cells, to achieve
selectivity for target cells, it must bind these cells with an apparent affinity
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bolstered by avidity, while binding non-target cells at a weak, characteristically
monovalent affinity. Thus, by engineering a protein therapeutic to be multivalent
and/or multispecific, one can achieve this difference in apparent affinity. The
optimal therapeutic needs to strike a delicate balance: while the overall affinity for
the target cell should be strong, the individual affinities of each binding interaction
must be relatively weak. This is the key to selectivity.

Using the scenarios in Fig. 14.9 as model systems, we will demonstrate how
multivalency and multispecificity can lead to selectivity. More detailed analyses of
these models can be found in Caplan and Rosca [49], which is our main source for
this discussion. Each model will be complemented by an example from literature
that uses the concepts of multivalency and multispecificity to achieve high
selectivity in targeting a diseased state; these models can serve to inform the
design of protein therapeutics with improved efficacy and safety profiles.

14.3.1 Model 1: Selectivity Based on Receptor Density

For an intuitive understanding of selectivity, we will analyze the behavior of
monovalent, bivalent, and higher order multivalent ligands in a mixture of target
and non-target cells that differ in receptor density (Fig. 14.10).

Fig. 14.9 Two scenarios that can be exploited with multivalent and multispecific proteins to
preferentially distinguish between target and non-target cells. a Non-target and target cells both
express the same receptors (d), with target cells expressing receptors at a slightly higher density.
b Target cells express two receptor types abundant on non-target cells (d, j). Non-target cells
only exclusively express one receptor type
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Suppose diseased cells express twice as many receptors as normal cells, as in
Fig. 14.10. Let us begin by considering the case of a monovalent ligand, as shown
in the left panel. The affinity of the ligand for receptor is the same for both cell
types, and thus, the number of bound ligands on the cell surface is directly pro-
portional to the receptor density. In this example, the selectivity of the monovalent
ligand is simply 2:1 for diseased cells to normal cells; to make a general statement,
selectivity is equal to the receptor density ratio. Now, we will consider how a
bivalent ligand would behave. The schematic in the middle panel suggests that
selectivity is enhanced, and the relative number of bound ligands is greater than
the receptor density ratio. We can understand this phenomenon from the principle
of avidity. The first binding event has the same kinetics as that for the monovalent
ligand, but the increase in Ceff of the second binding site dramatically drives
further ligand–receptor association (Eq. 14.16). However, this increase in Ceff is
useful for increasing the apparent affinity only when there is an appropriately large
receptor density on the cell surface to participate in the second binding event. This
means that for a bivalent ligand, the apparent KD on cells with low receptor density
is similar to that of the monovalent ligand. In contrast, on cells with high receptor
density, avidity results in an apparent KD value that is much tighter than that for
the monovalent ligand. This difference in apparent affinity is the basis for a
multivalent protein’s selectivity for cells with higher receptor density. With this
idea in mind, since greater valency can lead to greater avidity, the selectivity must
also increase with valency as seen in the right panel. Thus, to design a selective
protein, one must determine both the degree of valency necessary, as well as the

Fig. 14.10 Selectivity increases with valency. Rratio is defined as the receptor density ratio of
target over non-target cells. In this scenario, Rratio = 2
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optimal binding affinity of each individual binding domain. A general strategy for
maximizing selectivity is to incorporate individual binding sites with weak affinity
to eliminate substantial binding to non-target cells with low receptor density, while
increasing valency such that strong affinity is achieved toward target cells with
higher receptor density. Figure 14.11 provides a graphical representation of the
selectivity depicted in Fig. 14.10 for a multivalent ligand. Note that even for cell
types with slight differences in receptor densities, one can in principle design
protein therapeutics to discriminate between target and non-target cells effectively.

At fixed target and non-target cell receptor densities, the selectivity phenom-
enon in Fig. 14.11 depends highly on ligand concentration. In Fig. 14.12, we see
that the selectivity of multivalent ligands can be described by bell-shaped curves.
In the case where ligand concentration is very low, selectivity is reduced since the
ligands form very few complexes on both target and non-target cells. At inter-
mediate levels of ligand concentration, selectivity reaches a peak and multivalent
ligands will display enhanced selectivity, as they have more opportunities to form
multiple binding interactions with receptors on the cell surface. Proteins with high
order valency have increased apparent affinity to target cells compared with

Fig. 14.11 Desired
selectivity for distinguishing
between target and non-target
cells with slightly different
receptor densities. The two
peaks represent two
overlapping cell populations.
The dark curve is the number
of ligand bound for a range of
receptor densities

Fig. 14.12 Increased
selectivity is observed
between cell types with a
fixed number of target and
non-target receptor densities
as ligand valency increases.
Selectivity peaks at
intermediate levels of ligand
concentration and decreases
at low and high
concentrations of ligand.
Figured adapted from
Perelson [50]
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non-target cells, which results in increased selectivity. As the ligand concentration
increases, the selectivity is again reduced, as the ligand is in great excess and will
bind receptors on both cell types primarily through monovalent interactions. In
other words, a high number of ligand molecules are competing for a limited
number of receptor sites, such that at equilibrium relatively few are able to bind
multivalently to the cell surface.

Example 14.2: Directing An Immune Response Against Cells that Express High
Levels of avb3 Integrin.

avb3 integrin is a cell surface receptor that is expressed at high levels on many
tumor cells and their vasculature. In Carlson et al. [51], avb3 integrin served as a
model receptor to test the selectivity of a tumor-targeting agent. In this study, a
modular multispecific agent was constructed by conjugating a peptide, containing
an integrin-binding Arg-Gly-Asp (RGD) motif, to a highly immunogenic trisac-
charide Gala(1-3)Galb(1-4)Glc (a-Gal). The a-Gal-RGD conjugate (inset) relies
on the binding of pentameric human anti-a-Gal IgM to the a-Gal moiety to recruit
the complement system and stimulate cell death. Anti-a-Gal IgM binds to a-Gal
through weak multivalent interactions: each of its five binding sites has a KD value
in the lM range, while the overall apparent KD to an array of a-Gal is in the fM
range. Drawing from the model introduced above, the anti-a-Gal IgM should bind
weakly to cells with a low avb3 integrin density, and strongly to cells with a high
avb3 integrin density.

The results showed that the multivalent strategy of cell targeting was highly
selective and discriminated between several cancer cell lines with varying densi-
ties of avb3 integrin. The a-Gal-RGD conjugate only induced death in cells with
receptor numbers above a certain threshold; cells with receptor numbers below this
threshold remained viable. While this study took advantage of the selectivity
inherent in the immune system, one can imagine using similar concepts to design
other multivalent proteins that mimic this recognition strategy.
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14.3.2 Model 2: Specificity Based on Receptor Type

We now describe a second, more complex model where effective targeting is not
achieved with the monospecific, multivalent proteins described above but instead
requires a different strategy. Suppose we have three cell types, two normal and one
diseased. The two normal cell types each express a different receptor (Receptor 1
or 2), while the diseased type expresses both receptor types (Fig. 14.9b). There is
no difference in receptor density between the normal and diseased cell types for
either receptor. If we create two monospecific, multivalent ligands, one that is
specific for Receptor 1 and another that is specific for Receptor 2, either ligand will
effectively bind the target cells, but will also have significant off-target binding
effects (Fig. 14.13). It is clear that neither a monovalent nor a monospecific,
multivalent ligand will confer selectivity in this scenario.

In this example, only a multispecific ligand will confer selectivity; it will bind
with monovalent affinity to either of the normal cells and will exhibit substantially
increased affinity for the diseased cells where multivalent ligand–receptor com-
plexes are possible (Fig. 14.14). As with the first model in Fig. 14.12, a similar
bell-shaped curve is seen in response to ligand concentration on both diseased and
normal cells. Consequently, multispecific protein therapeutics are often necessary
to effectively target one cell type over another and as such have generated great
interest for protein-based drug design [52].

Example 14.3: Bispecific Antibody Fragments Optimized for Tumor Targeting

Fig. 14.13 Monospecific ligands from Model 1 do not discriminate between target cells
(d ? j) and non-target cells (d only, j only). a Selectivity of a ligand specific for Receptor 1
(d). b Selectivity of a ligand specific for Receptor 2 (j)
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In this example, the target cells express two particular receptors that are also
individually abundant in non-target cells. Robinson et al. [53] engineered a bi-
specific single-chain Fv antibody (bs-scFv) whose variable regions bind to ErbB3
and human epidermal growth factor 2 (HER2) with affinities of 160 and 1.6 nM,
respectively, as measured by surface plasmon resonance. Despite this measured
ErbB3 affinity, the bs-scFv did not exhibit appreciable binding to an ErbB3+-

HER2- cell line, even at concentrations of 1 lM. The selectivity of the bs-scFv to
ErbB3+HER2+ cells over ErbB3-HER2+ cells was determined using flow
cytometry, with the goal of binding to cells expressing both receptors while
excluding cells that express one receptor. The results mirrored our description of
Model 2: at high antibody concentration, there was no discrimination between the
two cell types, most likely due to monovalent binding of the bs-scFv. As the
concentration of bs-scFv decreased, however, the selectivity gradually increased.
At 100 pM, there were ten bound ErbB3+HER2+ cells for every one ErbB3--

HER2+ cell bound. These data were confirmed in an in vivo experiment, where the
bs-scFv accumulated in tumors expressing both receptors to a significantly greater
extent compared with tumors expressing only one of the receptors. Thus, a
combination of multispecificity and low-affinity monovalent interactions between
ligand and receptor led to optimal targeting of a particular cancer cell type.

The above examples describe several points of consideration for improving the
selectivity of a protein therapeutic. Ideally, the target cell should be distinguished
from non-target cells in some way, typically by a unique receptor fingerprint.
Multivalency or multispecificity can be exploited to improve selectively; however,
receptor expression patterns and affinities of individual binding sites should be
carefully considered to optimize selectivity for target versus non-target cells. One
can often turn to nature for inspiration when designing protein therapeutics based
on these concepts; several reviews provide good examples where multivalency and
multispecificity are key to achieving a desired biological effect [12, 18].

Fig. 14.14 Three-
dimensional portrayal of
multispecific ligand
selectivity over a range of
receptor densities. The
multispecific ligand will bind
with monovalent affinity to
non-target cells expressing
individual receptors (d) and
(j), and with multivalent
affinity to target cells that
express both receptor types
(d ? j)
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14.4 Biological Principles for Multivalent and Multispecific
Protein Design

In Sect. 14.2, we saw that avidity effects from multivalency increase the overall
affinity of an interaction, and in Sect. 14.3, we saw that multivalency and multi-
specificity can be used to confer selectivity. We will now discuss ways in which
these concepts can be partnered with knowledge of underlying biological princi-
ples to design effective protein therapeutics. Some questions to consider at the
outset are the following:

1. What is the desired biological outcome, and what input signals should be
targeted?

2. What is the goal for the multivalent or multispecific protein? To increase
affinity? To increase selectivity? Or to control the oligomerization state of the
target?

3. Is affinity and selectivity enough to counter the effects of competing ligands and
the complexity of biochemical pathways?

In practice, it is sometimes difficult to predict the physiological response
elicited by a protein therapeutic. In particular, the biological consequences of
simultaneously modulating multiple biomedical targets is often unknown and can
have unintended effects [54]. However, examples of carefully designed multi-
valent and multispecific proteins that have achieved a desired therapeutic outcome
are growing [55], with several candidates moving through the clinical pipeline
[43]. In this section, we will present three complex biological problems and
provide examples of how multivalent and multispecific protein therapeutics can be
used to address them.

14.4.1 Complexity of Cell-Signaling Pathways: Receptor
Crosstalk and Biological Redundancies

Physiological responses are regulated by a complex network of cell-signaling
pathways. Receptor crosstalk, where multiple biochemical inputs modulate the
activity of one another (Fig. 14.15), occurs in both healthy and diseased states
[56–59]. In the context of oncology, receptor crosstalk has limited the efficacy of
traditional monospecific protein inhibitors, as alternative cell-signaling networks
can compensate for the effects of the inhibited pathway [60–62]. Nature has also
evolved mechanisms of biological redundancy where multiple ligands and
receptors carry out similar effects, thus inhibiting only one ligand/receptor inter-
action with a monospecific protein may limit therapeutic efficacy [59]. In contrast,
multiple cell-signaling pathways often need to be engaged to stimulate effective
tissue regeneration, which is difficult to achieve with a monospecific protein [63].
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Receptor crosstalk can be achieved through several mechanisms: cells may alter
their expression of non-target receptors, stimulating the target pathway through
alternate means, or non-target receptors may amplify or inhibit the signaling of the
target receptor to the point where even a high fraction of bound therapeutic does
not result in a significant physiological effect [64] (Fig. 14.15). Thus, mechanisms
for modulating the effects of multiple receptors are often sought to achieve
increased control over a biological system. Accordingly, combination therapy can
be more efficacious compared to treatment with individual monospecific agents,
particularly in oncology indications [64, 65]. However, potential drawbacks to
combination therapy are increased risk of toxicity from off-target effects, and
increased cost [54, 65]. Multispecific protein therapeutics, in which each com-
ponent binding site interacts with and inhibits a distinct receptor, have generated
much interest for addressing these concerns. Simultaneous inhibition or stimula-
tion of pathway inputs can greatly improve efficacy through additive or synergistic
effects, often at lower doses compared with monospecific agents [11, 66].

Example 14.4: A Bispecific Protein is More Potent Compared to Monospecific
Agents

VEGFR2 and avb3 integrin have been implicated in tumor-associated blood
vessel formation, a process known as angiogenesis. Due to compelling evidence
for crosstalk between VEGFR2 and avb3 integrin and their cell-signaling pathways

Fig. 14.15 Schematics representing receptor crosstalk. Black-filled shapes represent agonists
(j, d) while white-filled shapes represent antagonists (h, s). Two receptors may exhibit
crosstalk by stimulating the same pathway in parallel, or by affecting each other. Targeting one
receptor (second, third panels) incompletely effects the pathway. Only by stimulating or
antagonizing both receptors (first, fourth panels) is the pathway completely activated or inhibited

14 Engineering Multivalent and Multispecific Protein Therapeutics 387



[67], there has been great interest in developing multispecific proteins that inhibit
both of these receptors, with the goal of developing therapeutics that can effec-
tively block tumor neovascularization.

Papo et al. [45] used the native VEGF ligand as a molecular scaffold to create a
bispecific protein that bound to both VEGFR2 and avb3 integrin with high affinity.
The receptor-binding sites of a VEGF homodimer are located on opposite poles of
the protein. To create the bispecific molecule, VEGFR2 binding at one end of the
protein was abolished and replaced with a new epitope that conferred binding to
avb3 integrin (inset). Monospecific variants of these proteins that bound VEGFR2
or avb3 integrin alone were created for direct comparison. The bispecific protein
was able to simultaneously engage both VEGFR2 and avb3 integrin, and more
strongly inhibited receptor-mediated angiogenic processes in vitro and in vivo
compared to monospecific agents, which were only marginally effective. These
results demonstrate that antagonizing two receptors using a multispecific protein
can have synergistic or additive effects on biological potency.

14.4.2 Receptor Trafficking

Attenuation of cell signaling can occur through ligand-induced receptor internal-
ization or receptor desensitization [68]. Consequently, protein therapeutics that
alter cell surface receptor densities have the potential to affect disease pathologies
associated with receptor-mediated cell-signaling pathways. An intimate knowl-
edge of receptor internalization and trafficking dynamics is required to design
protein therapeutics that achieve this goal. Figure 14.16a shows a typical model
for receptor trafficking. Upon activation or clustering, a receptor is endocytosed
into the cell where it is sorted either for degradation or recycling back to the cell
surface. It is the relative rates of synthesis, endocytosis, recycling, and degradation
that determine the steady-state receptor density on the cell surface. For a detailed
analysis regarding mathematical models for receptor trafficking refer to Lauffen-
burger and Linderman [69]. Each of these rates is a potential target that could be
altered to regulate cell signaling through downstream pathways. For example, if
inhibition of receptor activity is desired, one might engineer a ligand that increases
endocytosis and degradation rates. If cell stimulation is desired, then one might
engineer a ligand that increases the recycling rate (Fig. 14.16b).

Thermodynamic principles play a large role in regulating receptor trafficking,
by directing receptor clustering and cell-signaling events. A major consideration is
therefore how to geometrically constrain a certain density of receptor (which
requires a large loss of entropy), while maintaining high affinity to the target cell
(low DG of binding). A multivalent and multispecific protein therapeutic works
particularly well in meeting these criteria. Optimization of linkers and binding site
orientation within these protein fusions can drastically reduce the entropy of
forming multiple ligand/receptor complexes on the cell surface.
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Example 14.5: Multivalent and Multispecific Therapeutic Proteins That Induce
Receptor Clustering and Downregulation

Multivalent and multispecific proteins targeting different epitopes of the same
receptor can have an inhibitory effect [70], with the notion that receptor clustering
through noncompetitive binding increases internalization and/or degradation rates,
resulting in signal attenuation. Recently, Spangler et al. [71] created a hexavalent,
trispecific protein that ablated cell signaling through ligand competition, receptor

Fig. 14.16 Schematic of receptor trafficking. a Trafficking of receptor X can be summed up by
the processes of synthesis, endocytosis, degradation and recycling. Xss is the steady-state
concentration of X on the cell surface. b Strategies for stimulating or inhibiting receptor X. Solid
arrows indicate increase in rate, dashed arrows indicated a decrease in rate. A mathematical
description of the concepts illustrated here is described in Lauffenburger and Linderman [69]
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clustering, and recruitment of immune system effector functions. Through com-
petitive and noncompetitive receptor binding, affinity was enhanced and the target
receptors were oriented in a specific spatial arrangement to promote receptor
downregulation. Toward this goal, multivalent/multispecific constructs were cre-
ated by linking an EGFR-specific antibody (cetuximab) to two engineered protein
domains (Fn3) that bind distinct EGFR epitopes. Constructs with Fn3 domains
attached at various locations on the antibody were tested for their ability to induce
EGFR downregulation. A fusion protein which has one EGFR-specific Fn3 domain
linked to the N-terminus of the heavy chain and another to the C-terminus of the
light chain (inset) was shown to have optimal efficacy and induced robust EGFR
clustering and internalization, consequently inhibiting downstream signaling
events. Interestingly, molecules with the same valencies and specificities, but
different orientations, were less effective; the superiority of a particular topology
underscores the relevance of antibody fusion geometry in eliciting optimum
receptor downregulation. In addition, this hexavalent, trispecific protein demon-
strated a remarkable ability to inhibit tumor growth in cetuximab-resistant BRAF
and KRAS mutant cancers. Finally, it was shown that the hexavalent, trispecific
fusion protein downregulates EGFR through both increased endocytosis and
decreased recycling. In comparison, combination monospecific therapy did not
increase endocytosis rates above baseline levels [72]. These experiments showed
that the topological arrangement and orientation of receptor-binding domains
strongly influenced apparent binding affinity, as well as the observed biological
effects.

14.4.3 Multispecific Proteins for Recruitment
and Delivery Applications

So far, we have seen applications where multispecific proteins target receptors on
the same cell surface. In medicine, there are many instances in which two different
cells, or a cell and a therapeutic moiety, need to be brought in close proximity for a
therapeutic effect (Fig. 14.1). In these cases, the multispecific protein is an
adaptor, rather than the actual therapeutic agent. Prime examples are bispecific
antibody fragments engineered to recruit immune system effector cells to tumors
[73]. In these constructs, one arm of the bispecific binds an overexpressed receptor
on the tumor surface, while the other arm binds a receptor unique to the effector
cell. More recently, there have been examples of adaptor bispecific proteins that
bring viruses or nanoparticles with a gene or drug payload to diseased cells [74,
75], as well as bispecific proteins that bridge stem cells to injured tissue during
tissue regeneration [76].

Cell recruitment and therapeutic delivery present interesting applications for
multispecific proteins. One can consider these scenarios as a series of smaller
protein engineering problems where the protein ligand requires separate affinity
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and selectivity optimization for each of its binding targets. Ineffective interactions
with target cells or therapeutic moieties may result in low efficacy or off-target
effects. In addition, the linker that bridges the components of a multispecific
protein adaptor may be instrumental in dictating the relative spatial distance and
orientation of the target cell or therapeutic entity necessary to promote the desired
biological effect. Thus, even if the multispecific protein does not directly serve as a
therapeutic agent and instead acts as an adaptor, its design still needs to follow
thermodynamic and kinetic principles as outline above.

Example 14.6: Engineered Hexavalent, Bispecific Proteins for Targeted Gene
Delivery

Targeted gene therapy has been a long-standing goal for a number of genetic
diseases. Dreier et al. [77] developed a modular, multispecific protein adaptor that
links adenoviruses (gene carriers) to target cells. For drug/gene delivery applica-
tions, the essential characteristic of a protein adaptor is extremely high affinity to
the therapeutic payload, in this case the adenovirus. Specifically, the dissociation
rate as determined by koff of the adaptor should be slower than the time needed to
deliver the therapeutic to target cells. This is important for both toxicity and
efficacy, as without an attached targeting moiety the therapeutic may act indis-
criminately on non-target cells. To accomplish this goal, the authors used the
capsid-stabilizing protein of lambdoid phage 21 (SHP domain) to create a trimer of
a designed ankyrin repeat protein (DARPin), evolved to bind a receptor recogni-
tion knob protein on adenovirus. The DARPin trimer was then genetically linked
to three identical DARPins, engineered to bind receptor targets expressed on
cancer cells (inset). Adenovirus complexed through the multispecific DARPin
adaptor was tested for transduction efficiency against several target cancer cell
lines.

First, SHP domain-mediated trimeric adaptors outperformed monovalent and
bivalent adaptor constructs in binding adenovirus knob protein. This suggests that
the additional valency of the trimer presented avidity effects that allowed strong
binding between adaptor and adenovirus. Second, spatial arrangement as well as
valency contributed to affinity. In one experiment, an adaptor construct with lin-
early arranged knob-specific DARPins dissociated from adenovirus within one day
and could not initiate target cell transduction. In contrast, a construct where the
knob-specific DARPins formed a triangular arrangement around the central SHP
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domain was able to stay attached to adenovirus and maintain unchanged trans-
duction efficiency for at least ten days. In this case, entropic effects from the
linkers had a large effect on avidity and proved to be an integral part of protein
design. In final experiments, the hexavalent, bispecific adaptor successfully led to
selective transduction of cell lines depending on the specificity of the receptor-
binding DARPins attached to the knob-binding trimer. As this study shows, an
effective adaptor for targeted gene delivery can be created by tuning valency and
binding orientation.

14.5 Conclusion

In this chapter, we present the biophysical principles underlying binding affinity,
avidity, and selectivity and provide examples of their considerations for the design
and engineering of protein therapeutics. Nature has long exploited the concepts of
multivalency and multispecificity for optimal control of biological processes.
Inspired by these examples, biomolecular engineers have begun to create elegant
protein-based molecular architectures that more effectively address complex
medical challenges.
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Chapter 15
Engineering Aptamers for Biomedical
Applications: Part I

Ya Cao and Genxi Li

15.1 Introduction

Since the discovery of ribozyme, an increasing number of functional nucleic acids,
which possess unique functions beyond carrying and passing genetic information,
have been found in nature or isolated from random oligonucleotides libraries [1].
Aptamer is one kind of man-made functional nucleic acids that can bind to target
with high affinity and specificity. The first aptamers were reported by different
groups in 1990 using the ‘‘systematic evolution of ligands by exponential
enrichment (SELEX)’’ technique [2, 3]. After the past 20 years, aptamers have
been selected against various types of target molecules, ranging from small ions
[4] to large molecular weight proteins [5] or even supramolecular complexes (e.g.,
cells [6]).

Several characteristics inherent to aptamers may make them attractive for
biomedical applications. On the one hand, aptamers show a high affinity for their
targets. The dissociation constants (Kd) of aptamer-target complexes typically
range from the picomolars to nanomolars, comparable to other recognition mol-
ecules [7]. Aptamers also possess extremely high target specificity. For example,
the L-arginine aptamer has a selectivity of 12,000-fold higher for the L-arginine
than that for D-arginine [8]. Because of these merits, aptamers have become ideal
molecular recognition elements for diagnosis [9], targeted drug delivery [10] and
bioimaging [11]. On the other hand, some aptamers can bind to a specific protein
and further inhibit its function or protein–protein interactions [12]. As a conse-
quence, aptamers hold great potential as therapeutics in clinical studies [13, 14].
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In addition, the small molecular weight of aptamer allows cost-effective chemical
synthesis, fast tissue penetration, low immunogenicity, and toxicity [15], which
may further promote the biomedical applications of aptamers.

Despite the list of advantages and potential applications, aptamers also suffer
from some shortcomings. High susceptibility to nuclease-mediated degradation is
the main drawback to applying aptamers in biological fluids [16]. In terms of bio-
sensor, which is a simple-to-operate analytical device that leads to a number of
biomedical applications (e.g., glucose monitoring) [17, 18], the lack of intrinsic
property to transduce the binding event into measurable signal [19–21] may dis-
courage the application of aptamers in this field. Fortunately, because of their oli-
gonucleotide nature, aptamers can be modified with chemical groups, linkers, and
reporter molecules or can be combined with other functional nucleic acids [22]. Such
molecular engineering may facilitate the utilization of aptamers for a wide range of
biomedical applications. In this chapter, we will give an introduction to the SELEX
process, detail the methods for aptamer engineering, and highlight recent devel-
opments, particularly in the field of biosensor with a focus on engineered aptamers.

15.2 Aptamer Selection by SELEX

15.2.1 Standard SELEX

Aptamers are typically selected via the SELEX procedure. Figure 15.1 shows a
traditional SELEX process that involves repeating cycles of three steps [23]. The
first step is the generation of a random oligonucleotide library, typically containing
1015–1016 single-stranded DNA or RNA molecules. The sequence of these oli-
gonucleotides is comprised of a variable region franked on both sides with con-
stant primers. The second step is initiated by exposing the library to a target of
interest. The few nucleic acids that bind to the target are subsequently separated
from nonbinding molecules by filtration (for protein target) or by affinity chro-
matography (for small molecules target) [24]. After separation, the nucleic acids
bound to the target are eluted and amplified by the polymerase chain reaction
(PCR) in the final step, generating a smaller library enriched in target-binding
sequences for next cycle. To yield an aptamer with ideal affinity, 8–15 cycles are
usually required [25].

15.2.2 Improved SELEX

Along with the continuous development, a series of improving methods for
SELEX have been developed, with the purpose of enhancing the efficiency of the
selection or increasing the universality of aptamers [26, 27].
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The most critical step of SELEX is to separate the binding sequences from the
unbound ones, which can affect the quality of aptamers and the speed of selection.
In pursuit of an efficient selection system, a number of separation techniques,
beyond conventionally used filtration and affinity chromatography, have been
tested in recent years, such as capillary electrophoresis (CE) [28], deoxyribonu-
clease digestion [29], surface plasmon resonance (SPR) [30], and atomic force
microscopy (AFM) [31]. A particularly interesting technology is the CE-SELEX
that can offer great efficiency and isolate aptamers with low dissociation constants.
The first use of CE-SELEX was reported by Mendonsa and Bowser [28]. With the
method, they obtained a human immunoglobulin E (IgE) aptamer by four selection
rounds, with the affinity only a bit lower than that of the aptamer gained from
conventional SELEX after 15 cycles. Till now, CE-SELEX has been successfully
used to isolate high-affinity aptamers for large quantities of targets, such as neu-
ropeptide Y [32] and ricin toxin [33]. Microfluidic SELEX (M-SELEX) technology
may provide another valuable way to enhance the selection efficiency, considering
their advantages of low cost, good reproducibility, and automation [34, 35]. By
combining the magnetic bead-based separation with the microfluidic technology,
Soh and coworkers have proposed a highly effective M-SELEX method [36]. In the
screening process of the improved method, picomolar amounts of target protein
conjugated to magnetic beads is first incubated with a random nucleic acid pool.
Then, any bead-bound nucleic acids are partitioned in a disposable microfluidic
chip by applying a magnetic field. After bead elution, the captured nucleic acids are

Fig. 15.1 The general procedure for systematic evolution of ligands by exponential enrichment
(SELEX). Recreated with kind permission of Elsevier Ltd [100]
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amplified via PCR and used for the next cycle of selection. As a proof of principle,
an aptamer against streptavidin has been generated in only three selection rounds
with dissociation constants ranging from 25 to 65 nm.

Apart from purified molecules, complex targets have been increasingly adopted
for the selection of aptamers. Cell-SELEX is a newly developed strategy using
whole living cells as targets, which can be performed without prior knowledge of
cell surface molecules [37]. As a result, a variety of aptamers capable of recog-
nizing specific types of cells have been discovered [38–40]. Moreover, molecules
on the cell membrane will keep their natural structures and contain possible
posttranslational modifications throughout the Cell-SELEX process. Thus, apta-
mers selected using the Cell-SELEX process will be able to identify their targets
with native conformations [16]. Tissues have also been used as targets for aptamer
screen. Very recently, Liu et al. [41] reported a use of SELEX system to isolate
aptamers specific for adipose tissue, which is considered as an important thera-
peutic target for obesity and related metabolic disorders.

15.3 Engineering Aptamers for Biosensor Development

A biosensor is commonly composed of at least three components, that is, a bio-
recognition element, a signal-transduction system, and a physical readout instru-
ment. Up to now, various recognition elements, including antibodies [42],
receptors [43], small molecules [44], and enzymes [45], have been extensively
studied and utilized for sensing. Among them, antibodies are the most commonly
used ligands owing to their special high affinity and selectivity upon interacting
with target molecules. However, having been developed for about 70 years,
antibodies still exhibit many limitations in bioanalytical applications, such as pH
and temperature sensitivity, laborious and expensive producing process, easy
degradation [46]. Aptamers, which are chemically stable and cost-effective, can be
promising alternatives to antibodies in the fields of biosensors. More importantly,
aptamers may offer remarkable flexibility and convenience in engineering, which
would further improve their properties and make them easily incorporated into
novel bioassays.

15.3.1 Engineering to Improve the Bioavailability
of Aptamers

Aptamers are selected in buffer systems and built from four natural DNA or RNA
bases that are easily degraded by nucleases. The resulting short half-life and low
binding affinity of aptamers in biological fluids would severely restrict the prac-
tical clinical application of aptamer-based biosensors (aptasensors). To overcome
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these problems, many efforts have been made to engineer aptamers with enhanced
bioavailability [47].

Chemical modifications have been firstly introduced to different parts of apta-
mers to produce nuclease-resistant oligonucleotides. Inspired by nature that RNAs
can be protected by methylation of the 20-hydroxyl groups, researchers have
introduced several modifications into aptamer at the 20- position of ribose moiety,
including 20-methoxy [48], 20-fluoro [49] and 20-amino [50], by solid-phase-based
chemical synthesis. These modifications have shown to effectively increase the
stability of aptamers in complex biological fluids. Locked nucleic acids (LNAs), in
which the 20-oxygen of ribose and the 40-carbon is bridged by a methylene group,
are a novel class of modified nucleotides. Incorporation of LNAs into aptamer can
provide enhanced thermal stability and good resistance against nuclease hydro-
lysis, without affecting the binding capability to the target. Successful applications
of LNAs have been reported to a number of known aptamers, such as thrombin-
binding aptamer [51] and Tenascin-C-binding aptamer [52].

From another viewpoint, the C5 position on thymine or uracil is the most
permissive sites for modifications accepted by polymerases [53], laying the
foundation for efficient SELEX with 50-modified bases. In a recent study, Shoji
et al. screened a thalidomide-binding aptamer from a library of non-natural DNA
prepared with 5-N-(6-aminohexyl) carbamoylmethyl-20deoxyuridine triphosphate
instead of thiamine triphosphate [54]. The obtained modified DNA aptamer can be
stable against several nucleases and show high enantioselectivity for the (R)-form
thalidomide with a Kd of 1.0 lM. In contrast to post-SELEX modifications of
existing aptamers, performing SELEX on a library containing modified nucleo-
tides may not only enhance nuclease resistance but also increase target affinity
[55].

Modifications have also been introduced to the phosphodiester backbone [56].
Gorenstein and coworkers have obtained a modified DNA aptamer specific to the
nuclear factor for human IL6 from a fully substituted phosphorothioate library
[57]. Detailed experimental studies reveal that the modified aptamer can possess
reduced nuclease activity and bind at least 5-fold tighter to the target than the
normal backbone aptamer.

Another important set of modifications is performed at 30-termini or 50-termini
of aptamers. The capping of oligonucleotide terminus has been demonstrated
capable of increasing the resistance of aptamers to exonucleases. For example, an
inverted thymidine cap can make the RNA aptamer against coagulation factor IXa
stable in human plasma for at least 5 h [58]. Similar phenomenon may also happen
to a keratinocyte growth factor aptamer modified with 20-fluorides, 20-Omethyl
groups, and 30-capping by inverted thymidine [59].

Other than chemical modification, multiple aptamer assembly offers an alter-
native way to enhance the bioavailability of aptamers through polyvalent inter-
actions [60, 61]. Thrombin is a multifunctional serine protease with pro-coagulant
and anticoagulant activities. Several aptamers have been selected against the
enzyme [62–64]. One of the most intensively used aptamers is the 15-base
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thrombin aptamer (TBA15), which binds to the fibrinogen-binding exosite to
inactivate the enzyme. Although being functional, the practical application of
TBA15 is usually restricted by relatively low binding affinity. To increase the
activity of TBA15, a series of methods have been proposed by engineering
assemblies of TBA15 with other thrombin aptamers [65, 66]. For instance, by using
a poly-dT linker, Ikebukuro and coworkers have connected the TBA15 with a 29-
base aptamer (TBA29), which may recognize a different exosite of thrombin with
high affinity [67]. The aptamer dimer can have a Kd value of 0.15 nM, much lower
than those of the individual precursor aptamers (3.5 nM for TBA29 and 20.2 nM
for TBA15).

Another possible way to achieve polyvalent interactions relies on the use of
nanomaterial–aptamer conjugates. One typical work conducted by Hsu et al. [68]
is to covalently link the TBA15 and TBA29 to gold nanoparticles (AuNPs) through
disulfide bonds together with sulfated galactose acid (sulf-Gal). Experimental
results reveal that the 15-TBA15/TBA29/sulf-Gal–AuNPs conjugates can be stable
in human plasma for at least 48 h and exhibit ultrahigh affinity toward thrombin
(Kd = 3.4 9 10-12 M). In another work, Au–Ag nanorods are utilized for mul-
tiple attachments of aptamers selected for CCRE-CEM cells [69]. Simultaneous
immobilization of 80 aptamers can result in *26-fold enhanced binding affinity
compared to that of single aptamer molecule. Apart from the enhanced binding
affinity, nanomaterial–aptamer conjugates can also protect the aptamer against
nuclease-mediated degradation. For example, Lin and coworkers have reported an
ATP biosensor that can be directly used in living cells by preparing an aptamer/
graphene oxide nanocomplex [70]. Another example is a thiol-modified aptamer
attached with methylene blue that is chemisorbed on AuNPs through gold–thiol
bond [71]. The resulting AuNPs–aptamer conjugates can exhibit high stability
during exposing to complex biofluids, proving that the immobilized aptamer is
sufficiently robust for clinical diagnostic applications. Above examples clearly
show that nanomaterial–aptamer conjugates are effective for fabricating aptasen-
sors for diagnostics of biological samples [72]. With advances in nanotechnology
and aptamer selection, a significant progress in this direction can be highly
expected.

15.3.2 Engineering to Generate Detectable Signals

The application of aptamers in the field of biosensor mainly relies on their acting
as recognition molecules with high binding affinity and specificity. However, like
most other biomolecules, aptamers do not respond in any readily measurable way
upon target binding [19–21]. Therefore, rational engineering of aptamers, such as
incorporation with other functional nucleic acids or modification with molecular
reporters, which can provide potentially solutions to the problem, may promote the
development of aptasensors.
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15.3.2.1 Signal Generation Incorporating Functional Nucleic Acids

Since the first report in 1996 [73], molecular beacons, defined as ‘‘nucleic acid
probes able to undergo spontaneous conformational change after hybridizing their
complementary strands,’’ have become a new kind of DNA probes that are widely
used in DNA/RNA studies [74–76]. Engineering aptamers into molecular aptamer
beacons (MABs) might efficiently combine the binding affinity of aptamers with
the signal generation mechanism of molecular beacons. A common strategy to
design MABs has been proposed by Stanton and coworkers [77], which can be
used for the engineering of many aptamers. For instance, a thrombin aptamer has
been engineered into a MAB by adding nucleotides to its 50-end, complementary to
a small sequence at the 30-end of the aptamer. The hairpin structure formed in the
absence of the target is then broken by the addition of thrombin, generating an
increased fluorescence signal. Similar approaches have also been used to construct
sensors for potassium ion [78], IgE [79], interferon-c [80], and CCRF-CEM cells
[81]. Very recently, Tan and coworkers reported a new type of MABs, named as
triple helix molecular switch (THMS) [82]. The THMS consists of a dual-labeled
signal-transduction probe (STP) and a central aptamer sequence that is extended
with two arm segments. In the absence of target, the two arm segments of the
aptamer are hybridized with the loop sequence of STP, enforcing the STP to hold
an ‘‘open’’ configuration. However, upon target binding, the aptamer motif formes
a complex with target, resulting in the release of the STP, which leads to new
signal readout (Fig. 15.2). Based on this strategy, thrombin, ATP, and L-argin-
inamide can be sensitively detected.

Catalytic nucleic acids (DNAzymes or ribozymes) are a class of nucleic acid-
based biocatalysts capable of performing chemical transformations [83]. Coupling
of aptamers with catalytic nucleic acids may result in novel functional nucleic
acids that can be applied for both molecular recognition and signal generation in
sensors. A simple way to engineer aptamers in combination with catalytic nucleic
acids is to make the catalytic activity to be aptamer-target dependent [84, 85]. For
instance, in a work reported by Achenbach el al. [86], an ATP aptamer is directly

Fig. 15.2 An aptamer-based sensing platform using a triple helix molecular switch (THMS).
Recreated with kind permission of American Chemical Society [82]
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linked to a RNA-cleaving DNAzyme. A blocker strand is used to inhibit the
catalytic activity by annealing with the aptamer–DNAzyme junction. Upon
addition of ATP, however, the blocker strand could be liberated, consequently
triggering the action of the DNAzyme. In a different approach, an adenosine
aptamer is engineered to be embedded in the catalytic core of an Mg2+-dependent
10–23 DNAzyme [87]. The sequence of the whole DNA strand is designed to
avoid forming active structure to perform cleavage of the substrate in the absence
of target. However, binding of adenosine could induce a structural change of the
aptamer region, activating the DNAzyme and resulting in an increased signal
(Fig. 15.3).

Besides engineering aptamers in conjugation with molecular beacons and cat-
alytic nucleic acids, rationally designed aptamer cooperativities have also been
used for biosensor development [88, 89]. Recognition and signal-transduction
mechanism of such aptamer assemblies is that target binding of the recognition
aptamer will induce weakening or enhancement of the binding ability of the
reporting aptamer, which may subsequently generate detectable signals [24]. On the
basis of positive cooperativities, Stojanovic et al. have reported a label-free fluo-
rescent biosensor by using the aptamer against malachite green (MG) dye as a
reporting element and the ATP aptamer as a recognition element [90]. Target
binding by the ATP aptamer will increase the affinity and possibility for MG to bind
to the reporting aptamer and exhibit high fluorescence intensity. Negative coo-
perativities have also been used for preparing such aptamer assemblies. For
example, Wang et al. have proposed a bifunctional aptamer that contains an anti-
thrombin region and a hemin–aptamer region [91]. Interestingly, the two functional
regions share six crucial bases, thus making thrombin binding inhibited by hemin.

Fig. 15.3 A fluorescent aptasensor for adenosine on the basis of an aptamer–DNAzyme junction.
Recreated with kind permission of American Chemical Society [87]
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In another work, the hemin–aptamer is split in two parts and fused with an aden-
osine aptamer and a linker sequence [92]. Binding of adenosine can force the two
split of hemin–aptamer away from one another. However, once the adenosine
deaminase (ADA)-catalyzed deamination process takes place, adenosine will be
converted to inosine and released from the electrode, enabling the hemin–aptamer
complex to be formed on the electrode surface to give an electrochemical response
(Fig. 15.4). Based on this biosensor, the authors are able to assay the ADA activity
with a detect limit of 0.2 U ml-1.

15.3.2.2 Signal Generation Using Molecular Reporters

Through engineering aptamers with molecular reporters, the binding events can be
simply converted into measureable signals. In fact, almost all sorts of reporters,
including fluorophores [93], redox-active reporting units [94], proteins [95] and
nanomaterials [96] can be covalently linked to aptamers. The development of
reporter-linked aptamers is mainly focused on the design of different signaling
strategies, so we will give an introduction on molecular reporters in the viewpoint
of assay formats in this section.

In 1996, Drolet et al. detailed the first reporter-linked aptamer assay for
detecting human vascular endothelial growth factor (VEGF) [97]. In this approach,
a capture monoclonal antibody was immobilized on the microtiter plate surface
and a VEGF aptamer was labeled on the 50-terminus with a fluorescein moiety. In

Fig. 15.4 An electrochemical sensor based on negative aptamer cooperativities. Recreated with
kind permission of American Chemical Society [92]
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the presence of the target protein, the analyte would be captured by the antibody
and the aptamer, forming a sandwich structure. Subsequently, an alkaline phos-
phatase-conjugated antifluorescein FAB fragment was added to bind fluorescein
and generate chemiluminescence signals, which were directly concerned with the
concentration of VEGF. Ever since then, sandwich designs based on reporter-
linked aptamers have been widely used for biosensing, while thrombin [62, 63]
and platelet-derived growth factor (PDGF) [98] that include two binding sites for
the aptamers are often utilized as model targets. Figure 15.5 shows a typical work
for thrombin assay. Specifically, the thrombin aptamer is covalently attached to a
maleimide-functionalized siloxane monolayer. After capturing thrombin to the
surface by the aptamer, AuNP-conjugated thrombin aptamer is then added to bind
to the other site on thrombin [99]. The resulting AuNP seeds on the glass slides are
then enlarged in the growth solution. Therefore, absorbance spectra of the func-
tionalized surfaces can be monitored upon analyzing different concentrations of
thrombin, and a detection limit of 2 nM can be achieved.

Sandwich structure strategy offers a feasible way to utilize reporter-linked
aptamers for constructing biosensing systems with high sensitivity and specificity.
However, since the assays based on sandwich structure rely on the possibility that
two or more recognition molecules including aptamer can simultaneously bind to
one target molecular without mutual interference, it can hardly be applied to the
assays of all kinds of targets. For example, small molecules, which are usually
buried within the small binding pocket of aptamer structures, usually leaving little
room for the interaction with a second recognition element [100, 101], would
unlikely be assayed in this format. On the other hand, proteins have complex
spatial structures and they can interact with aptamers in different ways, offering a
variety of possibilities for biosensor design. However, unfortunately, only a few
proteins possess two recognition sites to make the recognition molecules including

Fig. 15.5 A sandwich-type AuNP-conjugated aptamer-based colorimetric sensor for thrombin.
Recreated with kind permission of American Chemical Society [99]
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aptamer bind to two different epitopes [102]. So the sandwich approach based on
the use of reporter-linked aptamers is mainly confined to the detection of a few
kinds of proteins, such as thrombin [103, 104], PDGF [105, 106], and IgE [107].

It has been known that some aptamers will fold their flexible, single-stranded
chains into unique secondary or tertiary structures when interacting with their
targets. Provided the aptamers are engineered with reporter molecules, this
behavior would leave the reporter moieties away from or in close proximity to
quenchers for fluorescent detection, or electrodes for electrochemical detection,
resulting in a detectable signal change. Therefore, the structural change of
reporter-linked aptamers upon target binding has also been developed as an effi-
cient strategy for signal generation. Fluorescence is a popular method used in this
strategy. By attaching two pyrene molecules to both ends of a PDGF aptamer, Tan
and coworkers have proposed a fluorescent biosensor to monitor the target protein
in complex biological fluids [108]. In the absence of PDGF, the two ends of the
aptamer are far away. Nevertheless, when the target exists, the target–aptamer
interaction will induce aptamer conformation re-arrangement, causing the two
pyrene molecules close to each other. Consequently, the fluorescence emission of
the aptamer is switched from 400 to 485 nm. Such a shift in emission wavelength
can solve the significant problem of background signal, allowing direct detection
of PDGF in complex biological fluids.

Electrochemical means have also received increasing attentions in recent years
for the use in this strategy as signal readout technique. Compared with optical
assays, the sensing systems based on the fundamental of electrochemistry may be
more stable, more cost-effective, easier to miniaturize, and less sensitive to con-
taminants [109, 110]. Therefore, emerging efforts have been made to combine the
target-induced structural change of reporter-linked aptamers with different kinds of
modified electrodes for biosensing. One typical example is the work conducted by
Xiao et al., which is based on the fact that the thrombin aptamer will undergo a
structural re-arrangement upon target binding [111]. The biosensor is constructed
by covalently attaching a thrombin aptamer, dually labeled with thiol and meth-
ylene blue at either end, to a gold electrode. In the initial state, the aptamer adopts
a flexible, unfolded configuration, enabling the electrical communication of
methylene blue with the electrode. After interaction with thrombin, the aptamer is
driven to fold into a G-quadruplex structure to make the electrochemical label
away from the electrode surface, shielding the electron transfer, so the analytical
signal is diminished. In a similar manner, potassium ion has also been detected
with specificity [112]. In the meantime, since this sensing design has a critical
disadvantage of negative signal, several ‘‘signal-on’’ approaches are proposed. One
approach is based on the frequency tuning of the voltammetric measurements
[113]. By appropriately changing the scan pulse frequency of square-wave vol-
tammetry, the difference in the structure of target-free and target-bound aptamers
can be read out electrochemically, resulting in successful ‘‘signal-on’’ assay of
thrombin and cocaine [114]. In another approach, the interaction between the
labeled aptamer and its target is rationally designed to shorten the distance of the
electroactive labels from the electrode, thereby increasing the redox current. In a
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typical work, an anti-theophylline RNA aptamer with a terminal electroactive
ferrocene (Fc) group as the redox reporter is immobilized on gold electrode
(Fig. 15.6) [115]. In the absence of the analyte, the aptamer stays in a relatively
open conformation, and the Fc moiety will be in various distant positions relative
to the electrode surface. However, binding of theophylline will completely fold the
aptamer, placing the Fc units in close proximity to the electrode surface, and
thereby enhances the electron transfer efficiency, producing an increasing elec-
trochemical current. To date, the same principle has also been applied to design
sensors for the detection of thrombin [116], cocaine [117], VEGF [118], and
potassium ion [119].

Besides the target-induced structural change strategy, rationally engineering
reporter-linked aptamers into split fragments has brought a new direction for
developing sensing devices. Typically, the aptamer is divided into two subunits
that cannot interact with one another in the absence of the target; the specific
ligand may induce self-assembly of aptamer fragments into supramolecular
structures, generating a detectable signal. For the assays based on split-type
strategy, small molecules are the common detection targets. Such small molecules
include cocaine [120–122], ATP [123], and adenosine [124]. In addition to the
small molecules, some proteins can also be assayed by using the split-type strategy
[125, 126]. For instance, in a work conducted by Liu et al., an anti-thrombin
aptamer is divided into two halves. While one part is immobilized on a gold
electrode surface via S–Au reaction, the other is functionalized with Ru(bpy)3

2+-
doped silica nanoparticles (Ru-SNPs) [127]. The target-directed assembly of the
two fragments will make the concentration of Ru-SNPs at the electrode surface to
be increased. By monitoring the electrochemiluminescence signal, thrombin can
be selectively detected with a detection limit of 0.2 pM.

In the two assay strategies mentioned above, knowledge of the secondary
structure of aptamers is crucial for either sensor design or split engineering.

Fig. 15.6 A signal-on electrochemical aptasensor for theophylline detection by making use of
the target-induced structural change of Fc-linked aptamer. Recreated with kind permission of
American Chemical Society [115]
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However, many aptamers cannot have an easily determined secondary structure
[128]. To overcome this problem, numerous efforts have been devoted to establish
alternative strategies. For instance, since aptamers can associate either with
complementary DNA (cDNA) strands or with target analytes, the structure
switching from an aptamer/DNA duplex to an aptamer/target complex may offer a
feasible way to develop biosensors that have little restrictions on the knowledge of
the secondary structure of aptamers. A representative assay conducted by Mei
et al. is to use a fluorophore-linked aptamer [129]. In the resting state, fluorescence
is quenched by the quencher-modified cDNA. The introduction of the target will
force the departure of the cDNA strand from the aptamer, resulting in a fluores-
cence recovery. Using AuNPs as the quencher, Fan and coworkers have proposed a
multicolor sensor, which can be used to simultaneously detect adenosine, potas-
sium ion, and cocaine (Fig. 15.7) [130]. This strategy has also been extended to
fabricate electrochemical biosensors based on the design that redox-tagged

Fig. 15.7 A multicolor aptasensor based on the structure switching from an aptamer/DNA
duplex to an aptamer/target complex. Recreated with kind permission of Wiley–VCH [130]
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aptamer hybridizes with its complementary sequence which is immobilized on an
electrode surface [131, 132]. Since the presence of the target will release the
aptamer strand from the electrode, electrochemical signals are thereby changed. Of
note, such electrochemical biosensors will present signal-off results, largely pre-
cluding their further development. Recently, Chen and coworkers have reported a
signal-on platform for adenosine detection based on the quenching of Ru-SNPs
electrochemiluminescence by ferrocene [133], which may provide a promising
method to overcome the shortcoming of the signal-off methodology.

Single-stranded aptamer has been demonstrated to adsorb stably on the surface of
nanomaterials, e.g., AuNPs [134], single-wall carbon nanotubes [135] and graphene
oxides [136]. Interestingly, when the target is present, the aptamers will interact with
their targets and be released from the nanomaterials [137–139]. On the basis of this
feature, a series of aptamer sensing approaches have been generated [140–142].
Figure 15.8 shows a classical assay strategy [143]. The redox-tagged aptamers are
initially bound onto the surface of magnetic graphene nanosheets (MGPs) that are
adsorbed on an electrode surface. However, the interaction between the aptamer and
MGPs can be easily disturbed by the formation of aptamer-target complexes.
Therefore, in the presence of the targets, the redox-tagged aptamers are released
from the electrode surface, resulting in decreased electrochemical signals. Through
coupling DNase I-based catalytic recycling of the analytes, low detection limits
(0.1 pM for ATP and 1.5 pM for cocaine) can be obtained.

15.3.3 Engineering to Achieve Signal Amplification

In some cases, the sensitivity of aptamer-based assays is not satisfactory because
of the low abundance of target biomolecules in complex biofluids. For this reason,
signal amplification strategies, such as nucleic acid amplification, catalytic signal

Fig. 15.8 Ultrasensitive aptamer-based multiplexed electrochemical detection with the aid of
magnetic graphene nanosheets and DNase I. Recreated with kind permission of American
Chemical Society [143]

410 Y. Cao and G. Li



amplification, and nanomaterial-mediated amplification, have been incorporated
into aptasensors. Since several excellent and comprehensive reviews on signal
amplification using functional nanomaterials have already been published [144,
145], only an introduction on the first two strategies is offered here.

15.3.3.1 Nucleic Acid Amplification

The chemical nature of oligonucleotides makes aptamers readily engineered to
trigger nucleic acid amplification processes. As a result, a variety of sequence
amplification methods, including PCR, rolling circle amplification (RCA), nicking
endonuclease (NEase) or exonuclease-assisted amplification approaches, have
been used in aptasensors fabrication.

PCR is one of the most powerful DNA amplification techniques and thus has
been widely used in molecular diagnostic research [146, 147]. Making use of PCR
can amplify a single or a few copies of a piece of DNA across several orders of
magnitude, significantly improving assay sensitivity [148]. Figure 15.9 shows the
utilization of PCR for IgG detection by using PCR template tethered aptamer.
Firstly, the target molecules are captured on a surface, and the IgG aptamer is
subjected to coupling with a double-stranded PCR template [149]. Then, direct
monitoring of the PCR products may enable the fluorescent detection of the target
protein with a greatly enhanced sensitivity. In another work, Landegren and
coworkers have developed a novel aptamer and PCR-based strategy for protein
detection, termed as proximity ligation assay (PLA) [150]. In this study, aptamers
specific for PDGF are extended at both ends to be a pair of proximity probes. Upon
simultaneous recognition of the same target, the extensions of such probes effi-
ciently hybridize to a connector oligonucleotide, which is followed by the ligation
of oligonucleotides and real-time PCR amplification. Given the sensitivity of the
assay, PLA has also been adapted to detect other targets [151, 152].

Different from PCR, RCA is an isothermal DNA amplification method that uses
a short DNA primer and a circular, single-stranded template [153]. In a RCA
process, DNA polymerase continuously replicates around the template and dis-
places the synthesized fragment, forming a long concatemeric DNA product with
repeated units that are complementary to the template. Because of the needless of
thermal cycling and the nuclease resistance of circular template, RCA is often
employed as a signal amplification technique in clinical diagnostics [154, 155].
Adaptation of aptamers to RCA has yielded a series of sensitive sensors [156,
157]. For example, Ellington and coworkers have prepared a novel conformation-
switching aptamer-based biosensor for PDGF detection [158]. Since the presence
of protein target can induce circularization of the aptamer, triggering the sub-
sequent RCA process, by monitoring the generated fluorescence signal, down to
0.4-nM PDGF can be detected.

NEases are a class of restriction endonucleases that recognize specific nucle-
otide sequences in double-stranded DNA but cleave only one of the strands at a
fixed position [159]. The unique cleaving feature of NEase makes it favorable for
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performing isothermal target recycling, which enables the development of ultra-
sensitive detection of nucleic acids [160, 161]. In the past few years, NEase-
assisted amplification has been often utilized for conducting aptamer-based assays
[162, 163]. Figure 15.10a shows a typical work conducted by Zhu et al. [164]. In
this system, the potassium-binding aptamer is designed to hybridize with a linker,
forming two complete recognition sites for NEase. The subsequent nicking process
may generate a cycle of nicking–dissociation–hybridization, resulting in the
cleavage of many linkers. On the contrary, in the presence of potassium ions, the
aptamer will bind with the ions, leading to the silence of NEase and the accu-
mulation of linker molecules. By coupling the NEases-assisted amplification with
probe DNA-functionalized AuNPs, potassium ion can be sensitively detected with
a detection limit of *0.1 mM. However, the above assay may hardly be extended
to other analytes, due to the requirement of a NEase recognition site in the aptamer
sequence. Recently, Qu and coworkers have reported a more universal strategy on
the basis of a structurally engineered aptamer [165]. In this study, Qu et al. have
used two hairpin structures, one of which is a MAB that contains an IgE aptamer
and a trigger sequence, while another one is complementary to the trigger. Since
recognition of the target will open the hairpin structure of the MAB, exposing the
trigger sequence, a complete recognition site for NEase is formed, activating the
autonomous nicking–dissociation–hybridization process (Fig. 15.10b). By moni-
toring the increase in fluorescence intensity, a detection limit of 5 pM can be
achieved for IgE detection.

Besides NEases, other nucleic acid-cleaving enzymes, especially exonucleases,
have also been employed for signal amplification [166]. Exonuclease III (Exo III)
is an enzyme of the 30-50 exonuclease family, catalyzing the stepwise removal of
mononucleotides from 30-hydroxyl termini of double-stranded DNA [167]. Pre-
vious studies have demonstrated the effectiveness of Exo III for amplified DNA
detection [168, 169]. Using Exo III for regenerating analytes, Willner and
coworkers have proposed a sensitive aptasensor for ATP detection [170]. The
assay system involves the use of an engineered aptamer that, upon binding the

Fig. 15.9 Schematic representation of PCR-based signal amplification. Recreated with kind
permission of American Chemical Society [149]
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target, may trigger the Exo III-catalyzed digestion of aptamer and the recycling of
the analyte (Fig. 15.11). In theory, one ATP molecule can eventually result in the
digestion of numerous aptamers, thus the detection system can yield ultrahigh

Fig. 15.10 Nicking endonuclease-assisted signal amplification (NESA): a NESA process is
activated by the formation of aptamer/linker duplex. The presence of target will break the duplex,
thereby inhibiting the NESA process. Recreated with kind permission of American Chemical
Society [164]. b Binding of target induces the structural change of the engineered aptamer,
triggering the autonomous enzyme-mediated signal amplification. Recreated with kind permis-
sion of Elsevier Ltd [165]

Fig. 15.11 An amplified fluorescence aptasensor using Exonuclease III-aided target recycling.
Recreated with kind permission of Wiley–VCH [170]
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sensitivity. In another aptasensor for Ochratoxin A detection, RecJf exonuclease
that degrades single-stranded DNA in the direction of 50–30 is utilized by Tong
et al. [171]. For the fabrication of this sensor, Ochratoxin A aptamer is initially
engineered with three bases addition at the 50 end to make it able to be recognized
by the exonuclease upon target binding. Signal amplification is achieved through
the formation of aptamer-target complex and the subsequent RecJf exonuclease-
catalyzed target recycling. Due to the signal amplification approach, sensitive
detection of Ochratoxin A can be achieved.

15.3.3.2 Catalytic Signal Amplification

The ability to catalyze many cycles of conversions of substrates into products
makes a catalyst an ideal signal amplifier [172]. Based on the association of
aptamers with catalytic labels, the sensitivity of the fabricated biosensors can be
markedly improved. Enzymes are the most commonly used catalysts in aptasen-
sors. For instance, Zhu et al. have engineered an enzyme–aptamer conjugate by
coupling the horseradish peroxidase (HRP) with mucin 1 (MUC1) aptamer using a
bifunctional cross-linker [173]. As shown in Fig. 15.12a, dual-recognition between
the aptamers and MUC1-overexpressed breast cancer cells can fabricate the for-
mation of sandwich architecture and bring enzyme–aptamer conjugates to the
electrode surface. Since the attached HPR can efficiently catalyze the reduction of
hydrogen peroxide (H2O2), sensitive signal readout can be obtained. As a result,
down to 100 cells can be detected with this sensor.

In addition to enzymes, some nanomaterials are reported to be able to act as
effective catalysts [174–176], so they have been incorporated with aptamers for
constructing biosensors. For example, the electrocatalytic behavior of platinum
nanoparticles (Pt NPs) has been employed for the amplified electrochemical
detection of cocaine with a detection limit of 10 lM [177]. In the meanwhile, a
colorimetric thrombin biosensor has been developed by using aptamer-conjugated
AuNPs as catalytic labels [178]. The analytical procedure of the biosensor consists
of the interaction of target with aptamer-functionalized magnetic particles, fol-
lowed by binding the second aptamer-conjugated AuNPs. The resulting sandwich-
type complex is then collected by magnetic field and utilized to catalyze the
decolorization of organic dyes, which may lead to significant decreases in absor-
bance. Benefited from AuNP-based catalytic signal amplification, this biosensor
can be applied for thrombin detection with very high sensitivity and selectivity.

As described in Sect. 15.3.2.1, catalytic nucleic acids have been introduced into
different aptasensors as signaling moiety. However, in most of these designs, the
enzymatic reaction is only single turnover, which will greatly limit the sensitivity of
the fabricated biosensor [179]. In 1998, G-quadruplex structures were reported to
exhibit peroxidase mimetic activity after binding with hemin [180]. In the presence of
H2O2/luminol or 2, 20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS2-),
the resulting HRP-mimicking DNAzyme can catalyze multiple turnover reactions.
Recent studies have also demonstrated the excellent electrocatalytic activity of the
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DNAzyme [181–183], as well as new functions that may mimic NADH oxidase and
NADH peroxidase activities [184]. Given these unique properties, the hemin-G-
quadruplex complex is regarded as an ideal catalyst, and the incorporation of the
complex in aptasensors is expanding rapidly [185, 186]. As an example, Zhu et al.
have developed an optical sensor for the detection of human leukemic lymphoblasts
(CCRF-CEM cells) by adapting the DNAzyme and an aptamer that is extended with a
linker sequence for targeting CCRF-CEM cells [187]. In the absence of target cells,
the extended aptamer will hybridize with the base sequence that can fold into
G-quadruplex structure, consequently inhibiting the formation of hemin-contained
DNAzyme. However, the presence of CCRF-CEM cells will induce the dissociation
of the duplex, activating the formation of the DNAzyme, which can catalyze the
oxidation of ABTS2- to give a detectable signal (Fig. 15.12b).

Fig. 15.12 Aptasensors with catalytic signal amplification. a Horseradish peroxidase–aptamer
conjugates were employed to catalyze the electrochemical reduction of H2O2 and enabled the
sensitive detection of target cells. Recreated with kind permission of Elsevier Ltd [173]. b The
presence of target cell induced the formation of hemin-contained DNAzyme, catalyzing multiple
turnover reactions. Recreated with kind permission of Springer [187]
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15.4 Conclusion

The information presented in this chapter clearly shows that significant progress
has been made in engineering aptamers and applying them for developing apta-
sensors. However, the clinical use of aptasensors is still limited. One issue is that
most aptasensors are conducted and optimized in buffer solution, leading to poor
performance in biological fluids. Another fatal problem is the limited number of
aptamers that used in the development of aptasensors. As counted by Mascini and
coworkers, almost 60 % studies on aptamer-based assays in the past 10 years are
dominated by only eight well-known aptamers [102]. In addition, some post-
SELEX aptamer engineering methods may affect the affinity and specificity of the
original aptamers, which will restrict their practical applications. However, con-
sidering the enormous and great efforts of biologists, chemists, and engineers, it is
believed that rationally engineered aptamer-based biosensors will become real
valuable tools for clinical application in the near future.
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Chapter 16
Engineering Aptamers for Biomedical
Applications: Part II

Laura Cerchia, Luciano Cellai and Vittorio de Franciscis

16.1 Introduction

The last decade has witnessed an enormous advance in the identification of dis-
ease-associated molecular targets for the development of new therapeutic and
imaging agents. Indeed, the development of high-affinity reagents to selectively
target affected tissues and organs has led to substantial advantages in combating
important life-threatening diseases, including cancer. Major hurdles are repre-
sented by the lack of efficient, safe, and specific delivery systems able to selec-
tively target the diseased tissue or organs. Until now, monoclonal antibodies are
considered to be the molecules of choice predominantly used for cell-specific
targeting. Nucleic acid aptamers have been recently shown to represent a valuable
alternative to antibodies because may couple the advantages of their chemical
nature to the high specific binding of antibodies to their proper targets. Indeed,
aptamers have similar binding affinities as monoclonal antibodies, and like anti-
bodies, they can be used for the recognition and sometimes the inhibition of
disease-associated proteins [1, 2]. On the other hand, aptamers have a number of
unique properties that make them particularly interesting for diverse areas, not just
as alternatives to antibodies, but as main tools of medical and analytical strategies.
They are produced chemically in a readily scalable process, thus avoiding the use
of animal cells and assuring an easy, relatively inexpensive, and rapid production
with high batch fidelity. At difference of protein-based reagents that undergo
irreversible denaturation, functional aptamers, once denatured, can be regenerated
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easily within minutes. Aptamers have shown no or low immunogenicity and are
generally non-toxic [3, 4], which is an important advantage in comparison with
antibodies for clinical applications requiring long period treatments.

Aptamers are short, structured single-stranded DNA or RNA able to bind, due
to their specific three-dimensional shapes, with high affinity and specificity to a
multitude of targets ranging from small chemical compounds to cells and tissues
[1, 5–8]. They can be developed against almost any target protein through iterative
cycles of in vitro screening of a combinatorial oligonucleotide library for target
binding by a process named systematic evolution of ligands by exponential
enrichment (SELEX) [9, 10]. Aptamers have a small size (ca. 15 kDa) which
allows easy membrane penetration and short blood residence and can have been
chemically modified to enhance their stability, bioavailability, and pharmacoki-
netics [11–13]. Furthermore, introduction of functional groups during the chemical
synthesis of aptamers allows their subsequent derivatization with other molecules
(nanocarriers, tracers for imaging, drugs). Aptamers can then perform therapeutic
functions both acting as direct therapeutic agents and upon conjugation, as drug-
targeting vectors, addressing drugs onto specific aptamer-sensitive targets [6, 7].

16.2 Aptamers Against Cell Surface Proteins as Delivery
Systems: The Goal of Specificity

A great promise in developing specific molecular probes for disease biomarker
discovery and for diagnostic and therapeutic applications is represented by the
cell-SELEX strategy that allows us to select aptamers against even rare antigens if
specifically expressed on living cells used as target for selection [6, 14–16]. This
approach permits to select aptamers against cell surface transmembrane proteins,
including receptor tyrosine kinase, in a physiological context, and can be carried
out even when the purification of the target protein in native conformations can be
difficult [17–22]. Furthermore, cell-SELEX can be developed without prior
knowledge of the multiple proteins exposed on the surface of the target cells
allowing the selection of aptamer ligands that specifically recognize a surface
molecular signature specific of the cells.

As recently shown, when applied to cancer cell lines, cell-SELEX consents to
select a set of aptamers that, by binding, distinguish with high accuracy even close
tumor types in terms of malignancy, therapeutic response, metastatic potential,
proliferation, and apoptotic rate, thus representing an ideal tool for supporting a
more specific and selective antitumor therapy [6, 16, 18].

It has been reported that several aptamers by binding cell surface proteins are
transported through the plasma membrane, thus acting as specific delivery agents
for a variety of imaging and therapeutic agents including RNAs (siRNAs, miR-
NAs, antagomiRs) whose activity depends on their effective delivery to intracel-
lular compartments [6, 23–26]. This approach combines the cell-type-specific
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expression of proteins, as targets of therapeutic value, on the surface of cell
populations, to the high affinity and specificity of aptamers versus such proteins.
This means that aptamers may function as specific recognition ligands for targeted
proteins exposed on the surface of the targeted cell type. Thus, aptamers can
permit that conjugated reagents impart their therapeutic effect onto a specific
subset of cells. Since non-targeted cells should not be exposed to the conjugated
reagent, the risk of unwanted side effects is largely reduced.

The ability of aptamers to penetrate from outside the target cell to the cytosol,
thus assisting the tissue-specific internalization of transported molecules, becomes
crucial when an effective delivery strategy for those molecules is still lacking, as in
the case of therapeutic antisense, siRNA or miRNA (ONs). Indeed, while the
therapeutic value of sequence-specific gene silencing with small ncRNA is being
evaluated in preclinical and clinical trials, the highly negatively charged RNA has
the problem of requiring transport across cell membranes to the cytosol. Conse-
quently, the development of vectors for specific ncRNA delivery is one of the key
hurdles to overcome before RNA-based therapeutics can achieve widespread
clinical use. A variety of natural and synthetic nanocarriers, including liposomes,
micelles, exosomes, synthetic organic polymers, and inorganic materials, have
been developed for the delivery of short ncRNAs, and some of them have entered
clinical evaluation. However, these carriers are unable to specifically target a given
cell or tissue unless driven by a recognition moiety as MoAbs or aptamers.

Several variants of the SELEX approach have been recently used by us and
others to generate aptamers as specific ligands of membrane-bound receptors
[19, 20, 27–31] or to select aptamers for cell-specific internalization [22]. These
aptamers have been shown to be invaluable reagents for cell-specific targeting able
to distinguish target cells both grown in vitro and in mouse xenograft in vivo.
Some aptamers revealed as potent antagonist of the transmembrane receptor tar-
gets, and more recently, cell-specific aptamers have proved to mediate specific
targeting of nanoparticles, anticancer drugs, toxins, enzymes, radionuclides, virus,
and siRNAs (Fig. 16.1). The cargoes are attached to the aptamers either by direct
conjugation or by using delivery carrier nanoparticles for loading [25].

16.3 The Conjugation of Aptamers

Biomolecules can be conjugated with other biomolecules, forming bioconjugates,
and with chemical entities of a different nature, giving rise to assemblies endowed
with new properties. In the field of medicinal chemistry, the goal of conjugation is,
for example, the enhancement of drug potency, a more precise and effective tar-
geting, an improvement in absorption, distribution, metabolism, elimination, and
toxicity, the development of new therapeutic systems, the development of novel
diagnostics and biosensors. Common components of conjugates are small mole-
cules, such as drugs, biotin, fluorescent dyes, and larger molecules, such as pro-
teins, oligosaccharides, nucleic acids, synthetic polymers, and also nanomaterials.
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Aptamers are commonly synthesized by solid-phase chemical synthesis;
therefore, chemical conjugation is possible at any position in the molecule, dif-
ferently from proteins and peptides that can accept conjugation only on specific
residues.

Common strategies for the post-synthesis, covalent bioconjugation of aptamers
exploit the coupling of a terminal group like an amino group with a reactive
succinimidyl ester or of a sulfhydryl group with a reactive maleimide.

Common strategies for the post-synthesis, non-covalent bioconjugation of
aptamers are mainly based on interactions regulating nucleic acids and proteins
structural assembly and association, involving the use of post-synthetic linkers, of
sticky ends, or similar ways.

16.3.1 Conjugation of Aptamers with siRNA/miRNA

Because of their nucleic acid nature, the rational design of structured conjugates of
aptamers with siRNA, with miRNAs, or even with larger therapeutic RNA-based
molecules is greatly simplified. Recently, different groups have constructed dis-
tinct aptamer–siRNA conjugates for successful delivery of siRNA into target cells
by employing diverse strategies to realize the chimeric molecules. Since aptamers

cell-type-specific adrug delivery

inhibitory aptamer

b) c) aptamer-siRNA conjugates

g) aptamer-nanoparticles

f) aptamer-protein

e) aptamer-doxorubicind) aptamer-tracer
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Fig. 16.1 Aptamers against cell surface proteins. Aptamers can act both as direct antagonist of
the transmembrane receptor targets a and as delivery agents (b–g). b Aptamer–streptavidin–
siRNA conjugates; c aptamer–siRNA chimeras; d aptamer–radionuclide/fluorescent agent
conjugates; e aptamer–doxorubicin; f aptamer–protein conjugates; g aptamer–nanoparticles–drug
conjugates
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are commonly prepared by automated synthesis, they can be directly fused with
their partner component in the chimeric molecule by the design and synthesis of
single longer molecules. Additionally, particular labels, like many dyes or biotin,
can be directly added as labeled phosphoramidite within the same process. In
addition, aptamers and siRNA molecules can be assembled via a protein con-
nector, or alternatively, completely RNA-based chimeric molecules can be gen-
erated by means of several approaches (see below).

16.3.1.1 Streptavidin–Aptamer–siRNA Conjugates

One of the first studies on the development of aptamer–siRNA conjugates involved
the non-covalent conjugation of a 27-mer siRNA-targeting laminin A/C and
GAPDH genes with the antiprostate-specific membrane antigen (PSMA) A9 RNA
aptamer via a streptavidin bridge [32]. The siRNA aptamer and the RNA aptamer
were chemically conjugated with biotin. Further, to enhance siRNA release in the
cytoplasm, a reducible disulfide linker was designed between the sense strand of
siRNA and the biotin group. In cell-based assays, the resulting conjugates were
efficacious in silencing target genes at levels comparable with what observed with
conventional lipid-based reagents.

16.3.1.2 Aptamer–siRNA/MiRNA Conjugates Consisting Only of RNA
Components

Research has gone beyond with the aim to develop completely RNA-based
delivery methods, thus reducing the various side effects associated with reagents
such as proteins. The first report of a delivery system consisting only of RNA
components was by McNamara et al. [33]. They described an approach in which
the anti-PSMA A10 aptamer was covalently conjugated at the 30 end to the 21-mer
sequence complementary to the antisense strand of the siRNA and the chimeras
were formed by annealing to the siRNA antisense strand. The resulting aptamer–
siRNA molecules were shown to be selectively internalized into PSMA-positive
cells and to effectively target the tumor survival genes polo-like kinase 1 and BCL-
2. Further developments, including truncation of the aptamer portion, swapping of
the sense and antisense strands of the siRNA portion, and addition to the chimera
of a two-nucleotide 30-overhang and of a PEG tail, produced analogous chimeric
RNAs displaying enhanced silencing activity and specificity, and optimized
in vivo kinetics [34]. By applying the same approach, PSMA aptamer–siRNA
fusions were generated to target two key components of the nonsense-mediated
mRNA decay (NMD) [35]. Tumor-targeted NMD inhibition forms the basis of a
clinically feasible approach to enhance the antigenicity of disseminated tumors
leading to their immune recognition and rejection.

Again by using the anti-PSMA A10 aptamer as a vector, Wullner et al. suc-
ceeded in generating bivalent aptamer–siRNA constructs in which the siRNA
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against the eukaryotic elongation factor was used as a linker to join the two
aptamers, or alternatively, the siRNAs were appended onto the 30 ends of each
aptamer [36].

Most work in the generation of aptamer–siRNA chimeric molecules has been
performed by the group of Rossi JJ by using the 20-F-modified RNA aptamer
targeting the HIV-1 envelope glycoprotein gp120 as a vector. The gp-120 aptamer
was covalently linked to siRNAs that target the HIV-1 tat/rev common exon, thus
generating a novel anti-gp120 aptamer–siRNA chimera in which both components
function as anti-HIV agents, thus showing a dual inhibitory function [37]. Further,
a highly versatile approach was developed by the same group by using a G-C-rich
dsRNA of 16 nucleotides ‘‘stick’’ as the scaffold to link the aptamer and the
siRNAs. The two complementary sticky sequences were chemically conjugated at
the 30 end of the aptamer and of one of the two siRNA strands, thereby allowing
the aptamer and siRNA portions to be non-covalently conjugated via Watson–
Crick base-pairing by simple mixing. Both aptamer and siRNA were separated
from each sticky strand by a flexible seven-unit three-carbon linker. The assembly
proved efficacious both in vitro and in vivo [38, 39]. The functional assembly
‘‘aptamer–stick–siRNA’’ displayed a great versatility offering the possibility to
easily combine different siRNAs to the vector aptamer, thus envisaging the pos-
sibility of using these chimeras for an antiretroviral siRNA combinatorial therapy
[26, 40].

Recently, by using the delivery stick approach, we have generated completely
RNA-based chimeric molecules containing internalizing aptamers coupled to
therapeutic miRNAs that are down-regulated in human tumors and whose
expression results in selective tumor growth inhibition. We have shown that when
applied to cells expressing the specific aptamer target, the chimeric molecules are
internalized and processed by Dicer, thus increasing miRNA cellular level and
inhibiting miRNA target protein (our personal communication).

Two approaches have been reported to generate RNA-based chimeric mole-
cules by directly fusing the aptamer with its partner component in a single longer
molecule. In the first construct, Ni et al. [41] linked a short hairpin RNA against
the DNA-activated protein kinase to a truncated A10 aptamer generating a single
intact nuclease-stabilized molecule. The 30-terminus of the A10 aptamer was
conjugated to the passenger (sense) strand, followed by a 10-mer loop sequence
and then by the guide or silencing (antisense) strand of the siRNA. In the second
construct, chimeric molecules containing internalizing antimucin 1 (MUC1) apt-
amer fused to therapeutic miR-29b palindromic sequence were generated by direct
synthesis. Applied to cells expressing the specific aptamer target, the chimeric
molecules proved to be internalized and to increase miRNA cellular level [42].

With the increasing development of the conjugation strategies, the list of
aptamers against surface epitopes that are being used as delivery agents for siRNA/
miRNA is growing rapidly and now includes, in addition to PSMA and gp120
aptamers, those against CD4 [43], epidermal growth factor receptor 2 (HER2)
[22], MUC 1 [30, 42], B cell-activating factor (BAFF) receptor (BAFF-R) [44],
transferrin receptor [45], (see Table 16.1).
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16.3.2 Covalent Conjugation of Aptamers with Drugs

Conjugation of aptamers with drugs can be used as a tool favoring specific cell
targeting and internalization, in particular for drugs like antitumor drugs, which
often lack cell specificity and produce life-threatening toxic side effects in patients.

Doxorubicin is the most utilized anticancer drug against neoplasms including
acute lymphoblastic and myeloblastic leukemias, and malignant lymphomas,
although producing heavy side effects among which cumulative cardiac damage.
In order to improve its therapeutic potential, doxorubicin was covalently conju-
gated to DNA aptamer Sgc8c [46], selected for human T cell ALL CCRF-CEM
cell lines, that can act as a drug carrier, targeting protein tyrosine kinase 7 (PTK7),
a transmembrane receptor highly expressed in CCRF-CEM cells. To this aim,
doxorubicin was reacted with N-(e-maleimidocaproic acid) hydrazide to yield the
C-13 (6-maleimidocaproyl) hydrazone derivative and then combined with the
50-thiol-modified sgc8c DNA, prepared by automated synthesis. The linked sgc8c
aptamer prevents the non-specific uptake of doxorubicin and decreases cellular
toxicity to non-target cells.

However, despite the fact that anti-CEM/PTK7 aptamer has been reported to
bind specifically to leukemia cell lines thus indicating PTK7 as a new biomarker
specific for leukemia cells, Li et al. by examining how the aptamer performed with
additional cell lines, which were not of hematopoietic origin, showed that it is
possible that the aptamer instead of a specific binding to PTK7 may identify a
propensity for adherence, thus needing further investigation [47].

16.3.3 Conjugation of Aptamers with Synthetic Polymers

Conjugation of biomolecules to synthetic polymers, such as polyethylene glycol
(PEG), is used to increase the hydrodynamic volume to molecular weight ratio and
thus improve their performance as therapeutics influencing their permanence in the
body. Aptamers are relatively small, and charged molecules subject to rapid renal
elimination and PEGylation of aptamers can overcome this potential limitation.

Table 16.1 Aptamers as delivery agents for siRNA/miRNA

Aptamer composition Target siRNA/miRNA delivery References

RNA, 20-F-Py PSMA siRNA [32–36, 41]
RNA, 20-F-Py PSMA miRNA [51]
RNA, 20-F-Py gp120 siRNA [37–40]
RNA, 20-F-Py CD4 siRNA [43]
RNA, 20-F-Py HER2 siRNA [22]
DNA Mucin 1 miRNA [30, 42]
RNA, 20-F-Py TfR siRNA [45]
RNA, 20-F-Py BAFF-R siRNA [44]
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PEG shows low toxicity, non-immunogenicity, and high solubility in water and is
commercially available in various configurations (linear, branched, or comb-
shaped) and molecular weights and with a large variety of terminal functional
groups suitable for conjugation.

PEGylated aptamers have been prepared by coupling the activated polymer to
amino-modified aptamers [48]. In addition, comb polymers of PEG acrylate con-
taining a pyridyl disulfide terminus have been reversibly conjugated to siRNAs [49].

As an example of more recent PEGylation chemistry, a 30-thiol-modified
(disulfide protected) 25-nucleotide DNA aptamer, selected against the protein core
of MUC1 glycoprotein, was successfully conjugated via a maleimide–thiol reac-
tion to a range of maleimide-activated PEGs. The affinity of the PEG–aptamer
conjugate for the target resulted to vary according to the structure and confor-
mation of the synthetic polymer [50].

PEG was also used as a spacer and linker for a second polymer, polyamido-
amine (PAMAM), to construct a multicomponent, multifunction aptamer conju-
gate. PAMAM, due to the positively charged amino groups present on its surface,
can bind, transport, and deliver therapeutic nucleic acids like siRNA and miRNA.
The multicomponent conjugate was accomplished by combining first PEG with
PAMAM and then adding aptamer A10-3.2, a shortened version (39 nucleotides)
of PSMA-specific aptamer A10, more easily synthesized, more stable, and more
efficient than A10 itself. In details, PAMAM dendrimer was reacted with a-ma-
leimidyl-x-N-hydroxysuccinimidyl polyethylene glycol to give PAMAM/PEG
conjugate further reacted with sulfhydryl A10-3.2. The conjugate PAMAM/PEG/
aptamer was used as a vehicle for the safe and effective target delivery of miR-15a
and miR-16-1, identified as tumor suppressor genes in prostate cancer. These
miRNA/PAMAM/PEG/aptamer conjugates proved ca. fivefold more active than
miRNA/PAMAM/PEG conjugates, lacking the aptamer, in viability assays on
PSMA-positive human prostate adenocarcinoma (LNCaP) cells [51].

16.3.4 Conjugation of Aptamers with Nanoparticles

The integration of cell-type-specific aptamers with nanocarriers like liposomes,
micelles, synthetic polymer nanoparticles, carbon nanotubes, quantum dots (QDs),
and other nanoparticles can produce new, versatile, and multifunctional specific
delivery vehicles. Aptamer-functionalized nanoparticles have a size in the mid-
nanometer range, allowing preferential accumulation in target tissues and organs
through an enhanced permeability and retention effect, facilitating cellular entry by
endocytosis. Conjugation with nanocarriers can also reduce renal clearance and
improve circulation half-life and biodistribution in vivo [26].
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16.3.4.1 Conjugation of Aptamers with Synthetic Polymer
Nanoparticles

Aptamer–nanoparticles were prepared by first synthesizing a poly(lactic acid)
(PLA)-block-PEG copolymer, with a terminal carboxylic acid functional group
(PLAPEG- COOH), by ring-opening polymerization of the D,L-lactic acid dimeric
lactide and OH-PEG3400-COOH. Nanoparticles were then prepared using the
water-in-oil-in-water solvent evaporation procedure (double-emulsion method).
These nanoparticles (Mn = 10,500) carry carboxylic acid groups available for
covalent conjugation to amino-modified aptamers, forming a negative charge
surface, which may minimize non-specific interactions with the negatively charged
aptamers. The presence of PEG on particle surface enhances circulating half-life.
The nanoparticles were conjugated with 30-NH2-modified A10 RNA aptamer-
targeting PSMA and the resulting bioconjugates proved to efficiently target and
take up by PSMA-expressing prostate LNCaP cells [52].

16.3.4.2 Conjugation of Aptamers to Drug Carrier Synthetic Polymer
Nanoparticles

An aptamer–nanoparticles-based delivery system, targeting the transmembrane
MUC1 protein, overexpressed in most malignant adenocarcinomas, has been
realized for delivering the anticancer drug paclitaxel to MUC1-positive tumor
cells. To this aim, the S2.2, 25-nucleotide MUC1 aptamer was synthesized as
chimeric ON with a 30-NH2-modified 73-nucleotide spacer and covalently con-
jugated to a nanoparticle made of poly(lactic-co-glycolic-acid) (PLGA, 50:50,
MW = 16,000). The paclitaxel–Apt–NP assembly was realized using the emul-
sion/evaporation method. The MUC1 Apt–NP system proved to enhance the
delivery of paclitaxel to MUC1-positive MCF-7 cells in vitro [53].

16.3.4.3 Conjugation of Aptamers to Self-assembling Nanoparticles

Self-assembling nanoparticles, able to deliver siRNA and other therapeutics to
targeted cells, can be obtained by fusion with the packaging phi29 motor RNA
(pRNA). For example, a CD4 aptamer and a siRNA against survivine were
covalently fused with pRNA and assembled into dimers that proved to specifically
bind to CD4-expressing cells and to be internalized, knocking down the target
transcripts [54].

16.3.4.4 Conjugation of Aptamers to Form Micelles

An amphiphilic block copolymer made of a hydrophilic oligonucleotide and a
hydrophobic polymer, in aqueous solution, can self-assemble into a spherical or a
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nanorod-like micelle. An aptamer with a hydrophobic polymeric tail attached to its
end can form a highly ordered micelle-like structure, in which the aptamer not only
acts as the building block for the nanostructure, but also performs the recognition
of its specific target. Furthermore, the dense packing of the aptamer in the micelle
can greatly improve binding affinity to its specific targets. Micelles are also con-
sidered to be dynamic and soft materials, which may interact with the dynamic
lipid bilayer of the cell membrane favoring drug delivery.

Aptamer TDO5, specific to Ramos cells (a B-cell lymphoma cell line), gen-
erated by automated synthesis, has been directly fused to a PEG linker carrying a
diacyl lipid tail. This TDO5 amphiphilic conjugate self-assembled into a spherical
micelle structure, as demonstrated by transmission electron microscopy (TEM).
The average diameter of TDO5–micelles, estimated to contain 1,000 copies of
conjugate unit, resulted 68 ± 13 nm, consistent with the hydrodynamic diameter
of 67.22 nm measured by dynamic light scattering. The TDO5–micelles demon-
strated extremely rapid recognition of the target cells, were found to enhance the
binding capability of otherwise low-affinity TDO5 aptamer at physiological
temperature, and helped cell internalization. Additionally, the aptamer–micelles
displayed low koff once on the cell membrane, high sensitivity, low critical micelle
concentration values, great dynamic specificity in flow channel systems that mimic
drug delivery in a flowing system, thereby appearing to function as an efficient
detection/delivery vehicle in the biological living system [55].

16.3.4.5 Conjugation of Aptamers with Liposomes

Liposomes can be loaded with pharmaceuticals, in particular highly toxic or poorly
soluble chemotherapeutics. A therapeutic aptamer–liposome (100 nm diameter)
drug delivery system was molecularly engineered by assembling hydrogenated soy
phosphatidylcholine, cholesterol, methoxy poly-(ethylene glycol)-distearoyl-
phosphatidyl-ethanolamine and maleimide-terminated poly-(ethylene glycol)-
distearoyl-phosphatidyl-ethanolamine, in a second step covalently linked to
30-thiol-modified sgc8 aptamer, which has high binding affinity toward leukemia
CEM-CCRF cells. The liposome system proved stabilized by PEG coating and
able to bind target cells and deliver a model drug [56].

16.3.4.6 Conjugation of Aptamers with Gold Nanoparticles

Gold nanoparticles (AuNPs) hold great promise for biological and medicinal
applications. AuNPs can be synthesized by reducing tetrachloroauric acid with
trisodium citrate. AuNPs can be characterized by UV–vis spectroscopy and
TEM. The concentration of the AuNPs can be calculated according to Beer’s law
using an extinction coefficient of 2.4 9 108 M-1 cm- 1 at 520 nm for the 12 nm
AuNPs [57].
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They have unique colorimetric, conductivity, and nonlinear optical properties,
easy surface conjugation with biological entities, high stability, biological com-
patibility, controllable morphology, and size dispersion. On the basis of their
unique surface plasmon resonance (SPR) property, dispersed AuNPs appear red,
whereas their aggregates appear purple allowing target-induced colorimetric
assays generally based on their assembly or disassembly associated with target
recognition [58].

Detection methods relying on the conjugation of ONs with AuNPs show more
sensitivity than conventional assays based on ONs probes, so that AuNPs func-
tionalized in particular with an aptamer (Apt) provide a powerful platform for
targeted delivery, detection, and therapy. Some tests based on Apt-AuNPs have
been commercialized [59].

AuNPs can be directly functionalized with thiolated aptamers and other thio-
lated ONs by chemisorption. With the introduction of the Apt-AuNPs platform,
many kinds of analytes have been monitored on the basis of different mechanisms.

According to a bridging mechanism, AuNPs modified with aptamers for
platelet-derived growth factors (PDGFs) produced a highly specific sensing system
with detection limits of 3.2 nM [60]. Aggregation and redispersion of AuNPs
connected to specific color changes can be achieved by inducing loss or screening
of surface charges [61]. Assays based on the process of AuNPs disassembly can be
performed with ODNs-AuNPs first cross-linked by an aptamer sequence to form
aggregates that are forced to dissociate upon binding of a specific target [62].

Aptamers linked to the surface of solid AuNPs can result hindered in assuming
the functional conformation with respect to free solution, and their target recog-
nition ability can result impaired. To overcome this problem, AuNPs have been
assembled with ONs complementary (cON) to a non-functional part of the aptamer
sequence, allowing the subsequent hybridization of the aptamer, in this way
leaving the functional part more exposed to solution and free to assume the
appropriate conformation [63]. Taking advantage of the highly efficient fluores-
cence quenching properties of AuNPs for proximately fluorescent dyes through
energy transfer processes (FRET) [64], this method of bioconjugation was applied
to perform the multiplex detection of small molecules (adenosine, potassium, and
cocaine) through the utilization of aptamer-based multicolor fluorescent AuNPs
probes.

The strategy exploiting a 30-FAM-Apt:cON-AuNPs probe has been applied to
the monitoring of a protein, on the basis of the hybrid disruption and release of the
aptamer from the Apt:cON-AuNPs assembly upon binding by its target protein.
Upon hybridization, the fluorescence of the 30-FAM-Apt is quenched through
FRET by the AuNP, while in the presence of the target protein, the aptamer is
induced to fold, fitting to its target and disrupting the hybrid, which causes
30-FAM-Apt to be released and the generation of a fluorescence signal.

Recombinant human erythropoietin-a (rHuEPO-a) has been monitored by a
simple signal transduction system made of 30-FAM-modified aptamer (35 nt)
hybridized to a partially complementary ON linked to AuNPs through a 50-thiol
linker. This simple method has shown high selectivity. It was observed that the
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cON length and composition should be optimized; the average cON loading
attached to each AuNPs can be estimated [65]; the Apt:cODN-AuNPs probe
should be equilibrated in solution with, for example, BSA for preventing non-
specific binding with any possible interfering proteins.

16.3.4.7 Conjugation of Aptamers to Quantum Dot Nanoparticles

Among aptamer–siRNA chimeric delivery systems, those based on inorganic
nanoparticles are positively charged; consequently, negatively charged aptamer-
siRNA may collapse onto their cationic carriers, thus affecting aptamer confor-
mation and selective binding. To overcome this problem, aptamer–siRNA
chimeras were linked onto quantum dot (QD) nanoparticles following a two-step
approach. siRNA molecules (targeting eGFP), modified with a thiol reactive
group, were first adsorbed onto polyethylene imine (PEI)-coated nanoparticles,
and then, thiol-modified aptamers (targeting PSMA) were added to form aptamer–
siRNA chimeras through the thiol-disulfide exchange reaction. The non-covalent
adsorption facilitates the release of siRNA from the nanocarrier inside cells;
additionally, neutralizing some of the positive charges on the nanoparticle surface,
their interaction with aptamers is weakened, thus helping to retain aptamer
properties [66]. Highly stable, water-soluble QDs were prepared by molecular
self-assembly of hydrophobic QDs with amphiphilic copolymers poly (maleic
anhydride-alt-1-tetradecene). Adding carbodiimide-activated QDs to polyethyl-
eneimine yields single non-aggregated PEI-QDs. QDs excellent photoluminescent
properties allows real-time monitoring.

Aptamer–siRNA chimeras directly adsorbed in one step onto nanoparticles
elicited only ca. 8 % improvement in selective gene silencing with respect to non-
targeted nanoparticle siRNA complexes, while the two-step approach produced
34 % more silenced cells.

16.3.4.8 Conjugation of Aptamers to Magnetic Nanoparticles

Biocompatible aptamer-conjugated magnetic nanoparticles (ACMNPs) have been
prepared by conjugating streptavidin-coated iron oxide nanoparticles with biotin-
labeled aptamers and used for cancer cell detection and pattern recognition [67]. In
fact, binding of the aptamer to target cells produces an aggregation of dispersed
ACMNPs and this variation determines a decrease in spin–spin relaxation time
(T2) of adjacent water protons that can be measured by an NMR analyzer. The
ACMNPs can detect as few as 10 cancer cells in a 250 lL sample; their specificity
and sensitivity are maintained also in complex biological samples. Since cell lines
more abundant in receptors produce comparatively larger T2 variations, distinct
recognition patterns can be associated with different levels of receptor expression
in different cell lines. ACMNPs can be arranged in arrays able to recognize pat-
terns of different types of cancer cells.

438 L. Cerchia et al.



A nanosurgeon system was prepared by modifying the surface of commercially
available carboxylated dextran-coated MNPs, with a diameter of 200 ± 50 nm,
through conjugation, via the carbodiimide chemistry, with a 50-NH2-modified
GB-10 aptamer, specifically targeting human glioblastoma cell lines. Aptamer-
conjugated magnetic nanoparticles, controlled by an externally applied three-
dimensional rotational magnetic field, proved able to perform selective surgical
actions on target cells in in vitro studies [68].

16.3.4.9 Conjugation of Aptamers to Silica-Coated Magnetic
Nanoparticles

ACNPs made of silica-coated magnetic (MNPs) and fluorophore-doped silica
nanoparticles (FNPs) have been conjugated to highly selective aptamers to detect
and extract targeted cells in a variety of matrices, according to dual nanoparticles-
based assays. Following to an accurate process of optimization, the best
performing ACNPs proved to be the 60 nm MNPs, with the most efficient capacity
of extraction, and the tetramethylrhodamine-doped FNPs, showing the greatest
signal-to-background ratio. The use of multiple aptamer sequences on the NPs
increased sensitivity without impacting selectivity, allowing us to reach a theo-
retical limit of detection of 6.6 cells. This approach can be adapted for different
types of cancer cells [69].

16.3.5 Conjugation of Aptamers with 99mTc for Single-
Photon Emission Computed Tomography

Despite the fact that to date only a few aptamers have been developed as targeting
agents in imaging modalities, very promising examples indicate their great
potential in this field. Among them, the TTA1 aptamer directed against tenascin-C
(TN-C) [70] has been extensively modified for performing single-photon emission
computed tomography (SPECT), an imaging technique using gamma rays that
allows for visualization of tumors at a spatial resolution in the submillimeter range.
Indeed, to improve aptamer in vivo stability and guarantee a good blood persis-
tence leading to sufficient signal-to-noise ratios for imaging, aptamer backbone
(20-F-Py containing RNA, 39 mer) has been further modified with the addition of
20-OMe purine substitutions, a thymidine cap at the 30 end and locked nucleic acids
(LNA) in not binding critical stem [71]. The TTA1 derivative has been conjugated
with mercapto-acetyl diglycine (MAG2) chelate via a hexyl-aminolinker at the 50

end, labeled with 99mTc and administrated by intravenous injection in murine
xenograft models of glioblastoma and breast cancer [48]. Data showed a rapid
renal and hepatobiliary clearance, 0.2 and 1.5 %ID/g at 3 h, respectively, and a
rapid tumor penetration (6 % injected dose at 60 min). Tumor retention was
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durable (2.7 % injected dose at 60 min), and the tumor-to-blood signal was sig-
nificantly high, thus enabling clear tumor imaging.

Also, DNA aptamers that target MUC1 have been labeled with 99mTc [72]. Four
types of chelating agents have been coupled to the aptamer to generate novel
complexes for diagnostic imaging: MetCyc, MAG3, DOTA, and porphyrin. Dif-
ferent from the monomeric Tc-MetCyc-Apt and Tc-MAG3-Apt, the tetrameric
compounds, DOTA and porphyrin, conjugated with 99mTc were able to grab four
aptamer molecules modified at 50 by inserting amine groups to facilitate coupling
with the ligands carboxylic terminations and at 30 ends to protect against nuclease
degradation. Despite the fact that the tetrameric complexes showed improved
tumor retention and pharmacokinetic properties compared to the monomeric
compounds, biodistribution studies have shown the presence of free Tc in the
stomach and large intestine highlighting some kind of lack in the Tc–aptamer
binding [73]. In another study by Pieve et al. [74], anti-MUC1 aptamers have been
successfully conjugated to MAG2 chelator and labeled with 99mTc to analyze
biodistribution of the aptamer in MCF7 xenograft-bearing nude mice. Even if the
radiolabeled aptamers demonstrate good tumor uptake and clearance, they require
further optimization before diagnostic use.

16.4 Modifications of Aptamers

RNA aptamers resulting from the SELEX process are single-stranded oligoribo-
nucleotides composed in the average of ca. 80 bases. In general, they are not
utilized as such but could be truncated to the minimal target-binding domain,
usually down to 25–50 ribonucleotides, in order to reduce the risk of unwanted
interactions. The reduction in the aptamer length, combined with different modi-
fications (Fig. 16.2), may allow to first increase their stability in the biological
media of application and second to render their chemical synthesis easier and more
convenient in terms of final yield and accordingly also of economic cost.

It is well known that RNA aptamers, siRNAs, miRNAs, and other synthetic
RNAs exposed to cells or tissues for performing therapeutic, diagnostic, or ther-
anostic functions must be generally protected to overcome degradation by ribo-
nucleases, with the consequent loss of their potential activity. In order to enhance
resistance to nuclease attack, chemical modifications at position 20 of ribonu-
cleotides can be exploited with success, since ribonucleases utilize the 20-OH
group for the cleavage of the adjacent phosphodiester bond. In particular, sub-
stitution at the 20 position of ribonucleotides with 20-amino (20-NH2), 20-fluoro
(20-F), or a variety of 20-O-alkyl moieties has proven to lend resistance preventing
degradation [75].

The most used chemical modification for the development of RNA aptamers
stable in animal serum is the substitution of 20-OH with 20-F in pyrimidines. Such
RNA can also be efficiently transcribed in vitro with a mutant viral RNA poly-
merase, thus facilitating its use in the SELEX process [9, 10, 75]. However, the
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stability of RNA modified with 20-fluoro-modified pyrimidines in the different
contexts has not yet been well assessed.

It is noteworthy to mention that in culture media contaminated by mycoplasma,
there are multiple mycoplasma-derived ribonucleases that can readily degrade also
RNA modified with either 20-F or 20-O-methyl-modified pyrimidines [76].

Comparing the modification of aptamers with either 20-NH2 or 20-F pyrimi-
dines, it was concluded that (1) 20-NH2 modification decreases the thermal stability
of model DNA/DNA, RNA/RNA, and RNA/DNA duplexes [77, 78] that, on the
contrary, is increased by substitution with 20-F [79–81]; (2) 20- NH2 groups
increase in general the conformational flexibility of ODNs, and this may limit the
binding affinity of 20- NH2-pyrimidine-modified aptamers, while 20-F-pyrimidine-
modified aptamers may adopt more rigid conformations and, thus, may exhibit
higher binding affinities for their targets; (3) the chemical synthesis of 20-F-
pyrimidine-modified aptamers is more economical, i.e., the coupling efficiency of
20-F-pyrimidine phosphoramidites during automated synthesis is greater than that
of 20-NH2-pyrimidine phosphoramidites and the 20-F groups do not require pro-
tection/deprotection steps [82].

Another way to make ONs resistant to nucleases is the transformation of the
phosphodiester backbone into a phosphorothioate backbone, with the substitution of
non-bonding oxygen of the bridging phosphate group with a sulfur atom, by the use
of sulfurizing agents directly within the automated synthesis of the ONs. Analo-
gously, resistance can be acquired by the synthesis of ONs as LNAs, by the use of the

Fig. 16.2 Possible chemical modifications of aptamers
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appropriate phosphoramidites (Exiqon A/S), in which the ribose moiety is modified
with an extra bridge connecting the 20 oxygen and 40 carbon [83]. The substitution of
RNAs with LNAs leads to nuclease insensitivity and higher melting temperatures.
For example, the introduction of LNA modifications in the TN-C aptamer signifi-
cantly improved its plasma stability and enhanced its tumor uptake [71].

A challenging approach to enhance stability of aptamers is based on the selection
of RNA aptamers binding to the mirror image of an intended target molecule (e.g.,
an unnatural D-amino acid peptide), followed by the chemical synthesis of the
mirror images of the selected sequences, named Spiegelmers [84]. Since they are
enantiomers of natural nucleic acids, they are not recognized by nucleases. Two
Spiegelmers, NOX-A12 and NOX-E36, are in clinical trials for the treatment of
type 2 diabetes and hematologic tumors, respectively [reviewed in 7, 8].

In order to render the chemical synthesis of RNA aptamers more efficient and
less costly, systematic studies are usually carried out with the aim of defining the
minimal length of the aptamer compatible with an acceptable binding affinity for
the target. In fact, the chemistry at the basis of the oligoribonucleotide synthesis is
such that the shorter is the sequence to synthesize, the higher is the final yield and
the lower is the cost. A type of refinement consists in the screening of the single
bases along the natural sequence that must/can be kept as unmodified ribonu-
cleosides. A further refinement consists in protecting the 30 end of the oligoribo-
nucleotide from degradation by replacing a number of phosphodiester bonds with
phosphorothioate bonds and to introduce an initial 30-30 oligodesoxynucleotidic
capping junction.

With the support of computational programs, able to predict the conformational
structure of the aptamer of interest, tracts can be identified along the sequence that
can be substituted with non-nucleosidic bridges, like (CH2CH2O) units, thus
improving stability and final yield, while reducing the cost.

16.5 Conclusions

In the last decade, researches in the field of aptamer have generated great interest
because of their high potential as targeting agents. They discriminate between
closely related targets and are characterized by high specificity and low toxicity,
thus representing a valid alternative to antibodies for in vivo cell recognition.
Further, due to their relatively simple chemistry, aptamers have several advantages
that make this class of molecules as highly promising for their use in clinic.
Development of new effective selection methodologies as, for example, whole-
cell-SELEX, has recently offered the possibility to generate aptamers able to
internalize into the cell in a receptor-mediated manner and thus molecules of
choice for the cell-specific delivery of nucleic acid-based therapeutics. The
increasing knowledge gathered in the last decade of the molecular mechanisms of
RNA interference has boosted the interest in this class of molecules, including
siRNAs, microRNAs, antisense oligonucleotides, and ribozymes as safe and
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highly selective therapeutics. In this respect, because of their chemical nature,
aptamers are more easier than antibodies to accept functional groups needed to
create conjugates with nanoparticles or other macromolecules. Therefore, the
combined advantages of cell-specific aptamers with those of nanoparticles and
RNAi-based therapeutic agents provide now a very attractive and flexible new
approach for selective delivery in the desired cells or tissue.
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Chapter 17
Engineering DNA Vaccines for Cancer
Therapy

Brian M. Olson and Douglas G. McNeel

Abbreviations

APC Antigen-presenting cell
CMV IE Cytomegalovirus immediate–early
CTL Cytotoxic T lymphocyte
DC Dendritic cell
ER Endoplasmic reticulum
GM-CSF Granulocyte-macrophage colony-stimulating factor
HIV Human immunodeficiency virus
HRPC Hormone-refractory prostate cancer
HPV Human papillomavirus
HSP Heat-shock protein
IL Interleukin
MHC Major histocompatibility antigen
NK Natural killer
PAP Prostatic acid phosphatase
Poly-A Poly-adenylation
PSA Prostate-specific antigen
PSMA Prostate-specific membrane antigen
TH T helper cell

17.1 Introduction

Cancer is one of the central public health problems across the globe, with more than
1.5 million new diagnoses and more than half a million cancer deaths in the United
States alone [1]. Despite its pernicious impact throughout society, medical research
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has made significant advances in the treatment of patients with disease. While these
therapies have provided options to help control or even cure some malignancies, they
are also often associated with significant side effects. For example, chemotherapy
(treatment utilizing cytotoxic anti-neoplastic agents) can be used to specifically
target rapidly dividing cells, which is one of the main characteristics of tumor cells.
However, many other cell types also undergo rapid cell division (such as blood cells
and hair follicles), and as such are also targets of these chemotherapeutic agents,
leading to side effects such as immunosuppression and hair loss. As such, research
has sought to identify alternative therapeutic modalities that can be used to therapies
that can provide clinical efficacy without the life-altering side effects.

The relationship between the immune system and cancer has been studied for
more than a century, with research showing that the immune system has the ability
to recognize and eliminate tumor cells. While preexisting anti-tumor immune
responses are nearly always insufficient to elicit tumor regression, tumor immu-
nologists have sought to take advantage of the potential of these responses by
designing therapies aimed at enhancing the quantity and quality of anti-tumor
immune responses. The development of such tumor immunotherapies has seen
several exciting advances in recent years, with the approval of a vaccine for
advanced prostate cancer (sipuleucel-T [2]) and an effective treatment for meta-
static melanoma (ipilimumab [3]). However, even before the approval of these
treatments, the first vaccine approved in the US for the treatment of cancer was a
DNA vaccine for canine melanoma [4–6]. A DNA vaccine is a circular DNA
plasmid that (in the case of anti-tumor vaccines) encodes the cDNA of a specific
protein antigen that is expressed by tumor cells, and when given to patients can
augment antigen-specific immune responses. In this chapter, we will be reviewing
the use of DNA vaccines for the treatment of cancer, focusing on how these vac-
cines are designed and characterized. Furthermore, we discuss ways in which DNA
vaccines are being engineered to enhance their immune and anti-tumor efficacy.

17.1.1 Tumor Immunology

The immune system is composed of many different cell types whose basic function
is to recognize and distinguish foreign and self-antigens and help eliminate
infected or other potentially harmful cells (such as tumor cells) from the body. The
immune system is broadly divided into two subgroups with innate and adaptive
components. Innate immunity is the body’s first line of defense, in which cells
such as macrophages, dendritic cells (DCs), and natural killer (NK) cells provide
an immediate, nonspecific immune response. In addition, the innate immune
response helps activate adaptive immunity by both serving as antigen-presenting
cells (APCs) as well as providing the inflammatory signals necessary to recruit and
activate the lymphocytes that mediate adaptive immunity.

The adaptive immune system is designed to recognize and target specific protein
antigens that the immune system recognizes as nonself. The adaptive (or acquired)
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immune system further subdivided into two branches, humoral (B-cell) and cellular
(T-cell) immunity. Humoral immunity is mediated primarily by antibody produc-
tion, which occurs after bone marrow-derived B cells encounter their specific
extracellular antigen, which triggers the production of antigen-specific immuno-
globulin that can neutralize these antigens. Alternatively, cellular immunity is
composed of T cells, both CD4+ T helper (TH) cells and CD8+ cytotoxic T lym-
phocytes (CTL). T cells are generated by progenitors in the bone marrow and
undergo a complex process of differentiation and maturation in the thymus. T cells
recognize specific peptide antigens in the context of major histocompatibility
complexes (MHC, also known as human leukocyte antigens (HLA) in humans). In
the case of CD4+ T cells, these TH cells recognize peptides (12–18 residues) that
are presented on the surface of professional APCs bound to MHC class II. When TH

cells are activated, they can secrete cytokines that help activate and direct the
adaptive immune responses toward a cellular (Th1) or humoral (Th2)-type phe-
notype. Alternatively, CD8+ T cells recognize smaller, usually nonameric, peptides
that are derived from intracellular antigens and are presented on the surface of all
nucleated nongerm cells bound to MHC class I. When CD8+ T cells encounter a
cell displaying their specific antigen and receive proper co-stimulation from APCs,
they become activated and can differentiate and exponentially proliferate into
effector CTL that have the same peptide-specificity as the original T cell. These
activated CTL can then go back into circulation, searching for other cells that are
displaying the same peptide, which they can bind to and lyse using a variety of
effector mechanisms. This ability to directly lyse target cells has led cellular
immunity to play a central role in immune-mediated tumor recognition and
rejection.

Our understanding of the immune system’s ability to recognize and eliminate
tumor cells has undergone considerable evolution since the seminal work of Paul
Ehrlich in 1909 (and Thomas and Burnet half a century later), in which he first
proposed that the immune system can help prevent the outgrowth of malignant
tumor cells [7–9]. Specific changes to this ‘‘immune surveillance hypothesis’’ have
been based on our improved understanding of the immune system and cancer
biology, including findings such as:

• Case reports of immune-mediated spontaneous tumor regression, particularly
melanoma and neuroblastomas [10].

• Increased lymphocyte infiltration of tumors is associated with enhanced
prognosis and is a predictor of enhanced prognosis in a variety of malignancies
[11–16].

• Immunosuppressed patients (such as patients with AIDS or transplant recipients)
have higher cancer occurrences than patients with normal immune function
[17–21].

• Increased incidences of cancer in elderly patients have been shown to be correlated
with a decrease in immune function, especially cellular immunity [1, 22–24].

• Tumor antigen-specific antibodies and T cells have been observed in patients
with several types of tumors [25–32].
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These observations show that the immune system is capable of recognizing and
eliminating tumor cells. However, the tumor in turn is able to recognize these
immune responses and undergoes a process of ‘‘immunoediting’’, where the tumor
undergoes changes to avoid immune detection. This can include decreasing the
expression of MHC class I molecules or the antigen being targeted, increasing the
expression of factors that can inhibit immune responses (including surface mole-
cules such as PD-L1 and PD-L2 as well as secreted factors such as indoleamine 2,
3-dioxygenase), or other mechanisms [33–41]. However, while this is clearly an
imperfect system, it provides a clear rationale for therapies directed at augmenting
the immunogenicity of tumors or anti-tumor immune responses themselves.

17.1.2 Tumor Immunotherapy

The goal of tumor immunotherapy is to harness the immune system to generate or
augment productive anti-tumor immune responses. Cancer immunotherapeutics
are divided into two subtypes: passive and active immunotherapy. Passive
immunotherapy involves the transfer of immunological mediators (such as tumor-
specific antibodies or autologous T cells) into tumor-bearing hosts, where the
transferred immune agents are able to direct an anti-tumor response without
augmenting the host’s own immune system. Alternatively, active immunotherapy
(including immunotherapeutic vaccines) is designed to utilize vaccines to elicit
and/or augment the host’s own intrinsic anti-tumor immune responses. These
active immunotherapeutics are also subdivided into either antigen-specific or
antigen-nonspecific vaccines. Antigen-nonspecific vaccines are designed to elicit
an anti-tumor immune response to any and all antigens displayed by tumor cells.
Common examples of this type of vaccine are irradiated tumor cell vaccines, such
as the GVAX vaccine for prostate cancer [42, 43].

As opposed to nonspecific vaccines, antigen-specific vaccines are designed to
elicit an anti-tumor immune response against one particular antigen that is made and
displayed by tumor cells. To utilize antigen-specific vaccines, one first needs to
identify an appropriate antigen to target. There are several considerations to take into
account when selecting an appropriate tumor antigen to target; in fact, the National
Cancer Institute convened a panel of some of the nation’s top tumor immunologists to
narrow down the innumerable factors that go into antigen selection and prioritize a
list of characteristics that can be used to identify a potentially ideal vaccine target
antigen [27]. The top antigen characteristic this panel identified was the therapeutic
activity of a vaccine targeting this antigen, ideally in clinical trials or in preclinical
studies. This panel identified antigen immunogenicity as being the second most
important attribute; whether the antigen is naturally recognized by antibody or T-cell
responses in individuals with cancer. The next antigen characteristic was oncoge-
nicity; whether the antigen contributes to the proliferation of tumor cells. This is an
often overlooked characteristic; however, it can have an important impact on the
ultimate success of antigen-specific vaccines. As stated above, tumor cells can
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decrease their expression of the target antigen to avoid anti-tumor immune responses.
However, if the targeted antigen plays a critical role in oncogenicity, decreasing
expression of this antigen will result in the selection of tumor cell variants with
potentially decreased proliferative capacity. Specificity was another characteristic
that was identified as being important to a vaccine target antigen—whether an
antigen is only expressed in cancer cells, or whether it is overexpressed or has other
modifications that make its expression unique to tumor cells. The expression level of
the antigen was also identified by this NCI panel, both in terms of the frequency and
amplitude of expression. Other factors include whether the antigen is expressed by
stem cells, the number of patients that express the antigen of interest, the number of
immunogenic epitopes contained within that antigen, and the cellular location of
expression. By carefully considering the biological mechanisms that contribute to a
particular cancer type, it is possible to engineer antigen-specific vaccines that target
antigens with many of these characteristics.

In addition to selecting an appropriate antigen to target, another important
consideration is the type of vaccination approach to utilize. There are several
classes of vaccines that have been used extensively, including peptide or protein
vaccines, antigen-pulsed APCs vaccines, viral vaccines, bacterial vaccines, and
DNA vaccines. Each of these approaches has been and is currently being char-
acterized in clinical trials, and each has advantages and disadvantages associated
with the particular means of delivery. Peptide and protein vaccines have the benefit
of using a highly purified vaccine delivered without extraneous antigens, as is the
case with antigen-presenting cell, viral, and bacterial vaccines. In particular,
several peptide vaccines targeting specific tumor antigen-derived epitopes have
been evaluated clinically, including peptides targeting antigens such as prostate-
specific antigen (PSA) in prostate cancer or HER2/neu in breast cancer [44–48].
However, since these vaccines are delivered as extracellular antigens, they elicit
predominantly Th2-type (humoral) immune responses, which are largely ineffec-
tive against intracellular tumor antigens [49, 50]. Furthermore, peptide vaccines
(which target specific peptide epitopes derived from tumor antigens) are limited by
the MHC specificity of the peptide, restricting the potential patient population.
Antigen-pulsed APC vaccines are used to deliver autologous, antigen-loaded
APCs to patients, where they are designed to activate the host’s intrinsic antigen-
specific T-cell responses [2, 51–53]. These vaccines have been tested extensively
in preclinical models and clinical trials where they have been shown to provide a
modest clinical benefit. The best example of this type of vaccine approach is
sipuleucel-T, a vaccine which takes a patient’s APCs and pulses them with a
fusion protein comprised of prostatic acid phosphatase (PAP, a prostate tumor-
associated antigen) and granulocyte-macrophage colony-stimulating factor
(GM-CSF, an immunostimulatory cytokine). In a randomized phase III clinical
trial, this vaccine was shown to provide a significant increase in overall survival in
immunized patients, leading to its approval for the treatment of patients with
castrate-resistant prostate cancer [2]. However, while these vaccines have shown
some efficacy in clinical trials, they require autologous APCs and as such have to
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be specifically created and tailored for each individual patient, making it very
costly and cumbersome in terms of production, storage, and delivery.

An alternative approach to protein and APC-based vaccines are genetic vac-
cines, such as viral, bacterial, or DNA vaccines, which are designed to deliver
cDNA encoding the antigen of interest to host APCs. These APCs can then express
the encoded antigen, which is naturally processed and presented via MHC class I
to circulating CD8+ T cells [54, 55]. Alternatively, these vectors can also be taken
up by non-APCs at the injection site (by cells such as keratinocytes or monocytes),
and via cross-presentation can be displayed on the surface of APCs bound to MHC
class II [54, 55]. As a result, these vaccines are able to elicit both humoral and
cellular antigen-specific immunity, a characteristic that sets genetic vaccines apart
from most other types of active immunotherapy [54, 55]. Viral vaccines employ a
viral vector that also encodes the cDNA of the antigen of interest and are able to
utilize the viral vector to efficiently enter host APCs at the injection site [56, 57].
An example of a viral vaccine is PROSTVAC, which is a viral vaccine encoding
PSA. This vaccine was shown to provide an increase in overall survival in a
randomized phase II clinical trial [58]. However, this vaccine also illustrates some
of the challenges associated with viral constructs. In this immunization schema,
the first vaccination is a vaccinia virus encoding PSA, and all subsequent booster
vaccinations are fowlpox virus encoding PSA. This is required because patients
can generate potent immune responses to the virus itself, which can compromise
the response against the encoded antigen. Bacterial vaccines are similar to viral
vaccines in that they use an immunogenic pathogen as a vector to deliver the gene
of interest to host APCs [59]. A prime example of bacterial vaccines is CRS-207,
which is a live-attenuated strain of Listeria monocytogenes that is engineered to
encode mesothelin [60]. This vaccine has been studied in multiple phase I trials in
patients with mesothelin-expressing cancers, including pancreatic cancer, and has
been shown to activate mesothelin-specific immune responses and is currently in
being evaluated in later-stage clinical trials [60]. However, bacterial vectors also
suffer from deleterious and potentially harmful responses to the bacterial vector
itself. Alternatively, DNA vaccines are nonpathogenic vectors that are easy to
create, modify, store, and transport, and have been shown to elicit potent antigen-
specific immune responses against several malignancies (including cancer) in both
preclinical models as well as clinical trials [61–64].

17.2 DNA Vaccines

The use of DNA vaccines to treat cancer dates back to research conducted by
Wolff and colleagues at the University of Wisconsin, who found that if naked
DNA is injected into recipients, host cells can take up this DNA and express the
encoded antigen [65]. Later research has shown that DNA vaccines can directly
transfect APCs, which can then express the encoded antigen and subsequently
present antigen-derived peptides bound to MHC complexes or can transfect host
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cells such as melanocytes or keratinocytes, which can subsequently be cross-
presented on host APCs to activate an immune response [61]. This was first
translated into a vaccine targeting influenza in studies which showed that immu-
nization with a DNA vaccine encoding an influenza nucleoprotein could elicit
protective immunity [66]. This has since been translated into several different
malignancies, including several types of solid tumors (such as melanoma, prostate,
and breast cancer), which have shown that immunization with DNA vaccines can
elicit potent antigen-specific immune responses [61–64].

DNA vaccines have several benefits compared to other immunization approa-
ches. As opposed to passive immunotherapies or protein/APC vaccine approaches,
DNA vaccines can activate both arms of the adaptive immune system, eliciting
CD4+ and CD8+ cellular immunity in addition to humoral responses as well. And
while viral and bacterial vaccines are also able to stimulate both humoral and
cellular immunity, DNA vaccines have the benefit of not being associated with any
other pathogens, preventing deleterious and potentially harmful responses to
vector-specific antigens. Additionally, by incorporating immunostimulatory CpG
motifs in the backbone of the DNA plasmid itself, DNA vaccines are also able to
stimulate innate immune responses [67, 68]. As opposed to APC vaccines, DNA
vaccines are an ‘‘off-the-shelf’’ vaccine option, which can be easily stored,
transported, and administered (making global immunization approaches much
more feasible). Furthermore, DNA vaccines are convenient in that in addition to
being able to target a specific antigen (or multiple antigens in the same vector),
they can be easily modified to incorporate additional antigens or co-stimulatory
molecules and can be rapidly produced for large-scale production.

Given these attractive qualities, several groups have investigated the use of DNA
vaccines to treat a variety of diseases. This includes viral infections, such as human
immunodeficiency virus (HIV), influenza, human papillomavirus (HPV), measles,
and ebola, as well as other infectious diseases such as malaria [61, 69–72]. Addi-
tionally, DNA vaccines have also been used for a variety of other conditions,
including allergies or autoimmune diseases such as multiple sclerosis [61, 73–76].
And while many of these vaccines are currently in preclinical and early-stage
clinical trials, several DNA vaccines have been approved for the treatment of
various animal diseases, including canine melanoma [4–6], equine West Nile virus
[77], and infectious hematopoietic necrosis in salmon [78].

However, DNA vaccines have been most heavily studied in the field of cancer,
where they have entered clinical trials for more than a dozen malignancies [61–64].
DNA vaccines (as is the case with most immunotherapies) have been most heavily
studied in patients with melanoma, where vaccines have been tested in phase I
clinical trials targeting antigens such as gp100, tyrosinase, and other melanoma
differentiation antigens [79–83]. One of these trials was conducted by Wolchok and
colleagues, in which patients with stage III/IV melanoma were immunized with
both human and mouse tyrosinase [81]. By immunizing with DNA vaccines
encoding both the human protein as well as the highly homologous mouse tyrosi-
nase protein, the authors sought to take advantage of targeting both the endogenous
antigen as well as a highly homologous xenoantigen, thus eliciting stronger immune
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responses against the native tyrosinase antigen. In this trial, patients were immu-
nized intramuscularly every three weeks with 100–1,500 lg of plasmid DNA
encoding either human or mouse tyrosinase. Following three immunizations with
one construct, the patients then crossed over and received three immunizations with
the DNA vaccine from the other species. In this trial, the authors found that nearly
half of the patients (7/17) developed antigen-specific T-cell responses, and patients
were found to have a median survival of greater than 42 months (whereas median
survival of patients with this stage of disease is 36 months [81]). In another trial
targeting patients with stage III/IV melanoma, patients were immunized with a
DNA vaccine encoding seven MHC class I-restricted epitopes from a variety of
melanoma tumor-associated antigens (tyrosinase, melan-A, MAGE-1, MAGE-3,
and NY-ESO; [83, 84]). In this trial, patients received either two or four DNA
immunizations (composed of 2,000 or 4,000 lg DNA per immunization) every
three weeks, followed by up to four booster immunizations using an Ankara virus
encoding these same antigens. In this trial, 22/31 patients were found to develop
antigen-specific T-cell responses, and 8/41 patients had a radiographic clinical
benefit by response evaluation criteria in solid tumors (RECIST) [83, 84].

Prostate cancer has also shown itself to be a disease particularly suitable to
immunotherapeutic intervention, with DNA vaccines targeting antigens such as
PAP, PSA, and prostate-specific membrane antigen (PSMA) being evaluated in
clinical trials [85–90]. In one of the earliest prostate cancer DNA vaccine clinical
trials, patients with hormone-refractory prostate cancer (HRPC) were immunized
five times every four weeks with a DNA vaccine encoding PSA [87, 88]. In this
trial, 2/8 patients developed antigen-specific immune responses shortly following
immunization, and 4/8 patients developed immune responses in long-term follow-
up [87, 88]. Furthermore, patients with PSA-specific immune responses were also
found to have decreases in serum PSA values (a serum biomarker of disease).
Another phase I/II vaccine trial targeting PSMA, where HRPC patients were
immunized five times with a PSMA DNA vaccine, delivered either intramuscu-
larly or via electroporation (a technique that utilizes electrical currents to increase
gene transfection [90, 91]). In this trial, 29/30 patients developed a CD4+ T-cell
responses, 16/30 patients developed an epitope-specific CD8+ T-cell response, and
14/24 patients had an increase in PSA doubling-time (a potential marker of clinical
efficacy in prostate cancer) at any point during the study [90, 91]. Finally, in a
phase I clinical trial evaluating a DNA vaccine targeting PAP in prostate cancer
patients (who were immunized intradermally up to six times biweekly), it was
found that 10/22 patients developed antigen-specific immune responses two weeks
following immunization, and 8/22 patients had long-term antigen-specific immune
responses 3–12 months following the final immunization [85]. Interestingly, it was
these long-term immune responses that were found to correlate with a favorable
change in PSA doubling-time, highlighting the importance of comprehensive
immune monitoring when evaluating the efficacy of DNA vaccines [86].

While DNA vaccines have shown an ability to generate antigen-specific immune
responses in immunized individuals, there have not been resounding clinical
responses in these (albeit underpowered) clinical trials. Therefore, efforts are being
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undertaken to determine methods that can be used to engineer DNA vaccines to
increase their immune and anti-tumor efficacy. Many investigations are seeking to
determine whether methods of delivery can be optimized to improve the efficacy of
DNA vaccines, as well as altered schedules of administration, ideal patient popu-
lations to immunize, and exogenous adjuvants. However, the remainder of this
review will focus on molecular modifications to plasmid DNA itself that have been
pursued to enhance the immune and anti-tumor efficacy of DNA vaccines. Spe-
cifically, we will focus on previous efforts to engineer specific elements into DNA
vaccines to increase their antigen expression, increase antigen processing and
presentation, and enhance their intrinsic immunogenicity, as outlined in Table 17.1.

Table 17.1 Modifications to enhance the immune and anti-tumor efficacy of DNA vaccines
Class of
modification

Modification to
plasmid backbone

Resultant alterations References

Increasing antigen expression
Gene promoter Increased transcription [92–94]
Intronic sequence Increased transcription [95–97]
Enhancer/transactivator Increased transcription [62, 99, 100]
Polyadenylation sequences Increased transcription termination efficiency [62, 93, 101]
Multiple stop codons Increased transcription termination efficiency [62]
Kozak sequence Increased translation initiation [93, 102, 103]
Codon optimization Increased translation efficiency [93, 104–108]

Increasing antigen processing and presentation
Ubiquitination fusion Increased degradation [110–115]
PEST sequence Increased ubiquitination and subsequent

degradation
[116–118]

Amino-terminal residue Increased degradation [119–121]
Induced protein misfolding Increased degradation [103, 122]
Signal sequence Increased MHC class I presentation

of minigenes
[123–126]

HSPs Increased MHC I and II presentation,
increased MHC expression

[127–134]

Target to endosome/lysosome Increased MHC II processing and presentation [108, 135]
Intrinsic immunogenicity

CpG motifs and other
DNA sensor motifs

Activation of innate immune responses [136–143]

TH epitopes Activation of CD4 + T cells, and subsequent
production of immunostimulatory
cytokines

[54, 90, 91,
144–146]

Cytokines/chemokines Enhanced T-cell activation [147]
Co-stimulatory molecules Enhance antigen-presentation capacity

of APCs that take up plasmid
[147]
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17.3 Engineering DNA Vaccines to Enhance
Their Immune and Anti-tumor Efficacy

17.3.1 Increasing Antigen Expression

DNA vaccines are composed of a circular bacterial plasmid that normally contains
a minimum of two components: the antigen expression unit (composed of pro-
moter/enhancer sequences followed by the coding sequence for the targeted
antigen) and the bacterial production unit (composed of bacterial sequences nec-
essary for plasmid amplification and selection). The construction of bacterial
plasmids with vaccine inserts is accomplished using recombinant DNA technol-
ogy, where the cDNA of the tumor antigen is cloned into a bacterial DNA plasmid
backbone under the expression of a eukaryotic promoter. Once constructed, the
vaccine plasmid is transformed into bacteria, where bacterial growth produces
multiple plasmid copies. The plasmid DNA is then purified from the bacteria by
separating the circular plasmid from the much larger bacterial DNA and other
bacterial impurities and then used for immunization studies. However, while this is
the base construct for a DNA vaccine, several elements can be incorporated into
this DNA backbone to enhance the expression of the encoded antigen when
delivered to recipient APCs, and this increased expression can result in stronger
antigen-specific immune responses.

17.3.1.1 Promoters and Transcriptional Enhancer Elements

While early DNA plasmids were designed to drive gene expression using strong
promoters from oncogenic viruses such as SV40 or RSV, the vaccines that have
been translated into human studies have predominantly utilized promoters from
nononcogenic sources, such as the human cytomegalovirus immediate–early
(CMV IE) promoter [92, 93]. Alternatively, groups have investigated the use of
tissue-specific promoters to drive antigen expression in specific cell types, to both
specifically target the cell of interest as well as avoiding potentially detrimental
effects of antigen expression in irrelevant cell types. This technique has been used
to specifically target myocytes or keratinocytes and could also be used to spe-
cifically drive antigen expression within dendritic cells, B cells, or macrophages,
selectively targeting host APCs for expression of the antigen of interest [93, 94].

In connection with the promoter of interest, gene expression can be enhanced
by including an intronic sequence. For example, when using the CMV IE pro-
moter, the CMV intron A sequence is commonly incorporated into the plasmid
backbone. Inclusion of introns has been shown to result in increased gene
expression, which occurs due to increased gene transcription [95–97]. Similarly,
the incorporation of various enhancer, transactivator, and leader sequences can
further enhance gene transcription. One commonly used element is the human
T-cell leukemia virus (HTLV) 50 long terminal repeat (LTR), which can enhance
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transcription and the inclusion of which has been shown to enhance immune
responses following DNA vaccination [62, 98]. Additionally, in studies evaluating
an HIV DNA vaccine, the incorporation of an IgE leader sequence enhanced the
immunogenicity of this vaccine [99, 100].

17.3.1.2 Transcription Termination Signals

While the use of strong promoters incorporated into DNA vaccines can help drive
expression of the encoded antigen, the termination of gene transcription is also a
process that needs to be enhanced to ensure that there is not a bottleneck that slows
the overall gene expression process. Therefore, DNA vaccines commonly incor-
porate polyadenylation (poly-A) sequences downstream of the encoded antigen
that can enhance the efficiency of transcription termination and export of mRNA
from the nucleus. The selection of an appropriate poly-A signal is an important
factor in the construction of an appropriate DNA vaccine backbone, as it can have
a significant impact on the efficiency of the promoter in driving gene expression
[101]. Commonly used poly-A sequences are from SV40, rabbit b-globulin, and
especially bovine growth hormone, which has a synergistic effect on gene tran-
scription when combined with the CMV promoter [62, 93, 101]. Another impor-
tant method of ensuring efficient termination of transcription is including a second
stop codon to the 30 end of the gene of interest. This can prevent read through by
RNA polymerase, which can potentially result in mRNA products that are the
incorrect size and lead to RNA secondary structures which can decrease mRNA
stability and impede efficient translation.

17.3.1.3 Kozak Sequence

In addition to adding DNA elements that can enhance the transcription of the
encoded antigen, DNA vaccines can also be engineered to include factors that can
drive translation of the gene transcript. One of these elements is a Kozak sequence,
a small consensus sequence (GCCGCC(A/G)CC) located immediately upstream to
the ATG start site that can serve as a eukaryotic ribosomal initiation sequence,
slowing the rate of scanning by the ribosome and increasing the chance of recog-
nition of the AUG start site [93, 102]. Interestingly, we have found that inclusion of
this sequence can be required for efficient translation of a gene product encoded by
a DNA vaccine [103 and Olson and McNeel, unpublished observations].

17.3.1.4 Codon Optimization

Another important factor that can affect the efficiency of protein translation is
codon usage. All species have different ideal codon usage; therefore, optimizing
the specific codons used can have a direct impact on how efficiently these codons
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are translated into protein. Doing so will optimize the transcribed product to the
tRNAs that are most commonly available in the host organism, as well as avoiding
secondary RNA structures that can have a detrimental impact on RNA stability.
The impact of codon optimization has been shown in DNA vaccines for a variety
of diseases, including studies using DNA vaccines encoding bacterial and parasite
epitopes where the natural sequences were altered to encode optimized codons for
expression in mammals, which led to enhanced expression and immune responses
[93, 104, 105]. Codon optimization has also been shown to impact the immune and
anti-tumor efficacy of DNA vaccines for cancer. In preclinical studies using a
DNA vaccine targeting the oncogenic protein E7 from HPV16, a codon-optimized
construct was able to induce protein expression several fold higher than the native
codons, induced a stronger immune response, and protected immunize animals
from tumor growth [106–108].

17.3.2 Increasing Antigen Processing and Presentation

After DNA vaccines are taken up by host APCs and the encoded gene is tran-
scribed and translated, the next step in the antigen-presentation pathway is that the
newly translated protein is degraded by the proteasome into small peptide frag-
ments. These peptides are then shuttled to the endoplasmic reticulum (ER), where
they bind to MHC class I molecules and are then sent to the surface of the cell and
presented to circulating CD8+ T cells. Alternatively, for presentation on MHC
class II molecules, an extracellular antigen (either the protein itself or a non-APC
that has taken up the DNA plasmid and expressed the antigen) is taken up by
professional APCs, and the antigen-containing endosome then degrades this
antigen into short peptide fragments. Meanwhile, MHC class II molecules are
synthesized in the ER and then secreted, where they will then fuse with antigen-
containing endosomes. As a result, the antigen-derived peptides can bind to MHC
class II and are then shuttled to the surface of the cell and presented to circulating
CD4+ T cells. As this processing and presentation pathway plays a central role in
the development of antigen-specific immunity, research has focused on engi-
neering sequences into the plasmid DNA that can increase antigen degradation,
processing, and presentation (reviewed in [109]).

17.3.2.1 Increasing Antigen Degradation

To enhance antigens being presented through the MHC class I pathway, a variety
of approaches have been taken to increase the degradation of vaccine-encoded
antigens by the proteasome. Some of this research has focused on increasing
protein ubiquitination (ubiquitin being a post-translational modification that trig-
gers transport to the proteasome) by directly fusing an ubiquitin moiety to the gene
of interest, which can serve as a base for subsequent polyubiquitination (which is
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required for efficient proteasomal degradation [110]). This has been shown to
enhance the proteasomal degradation of antigens encoded by DNA vaccines, as
well as inducing stronger antigen-specific immune responses, in several disease
models including cancer [111–115].

In addition to directly fusing ubiquitin moieties to the encoded antigen,
increased protein degradation can be induced by incorporating specific sequences
that target proteins for proteasomal degradation, such as a PEST sequence.
A PEST sequence is a short region of amino acids rich in proline (P), glutamic acid
(E), serine (S), and threonine (T) and are associated with decreased protein half-
life [116]. This has been translated to studies using DNA vaccines in several
disease models, including HIV and cancer [117, 118]. In a study evaluating
immune responses to the tumor-associated antigen E7 from HPV16, it was found
that a PEST sequence associated with the gene of interest was required for
maximal immune and anti-tumor efficacy [117]. In addition to PEST sequences,
increased protein degradation can be induced simply by altering the amino acid
that is encoded at the amino terminus of the protein. This so-called N-end rule has
shown that the amino acid that is exposed at the amino terminus following the
removal of the initiating methionine can have a direct impact on the half-life of the
protein [119]. This has been incorporated into DNA vaccines, where proteins
whose amino termini are engineered to have shorter half-lives have been shown to
induce stronger antigen-specific immune responses [120, 121].

In addition to these specific mechanisms to increase proteasomal degradation of
encoded antigens, other characteristics of the antigen of interest can be engineered
to enhanced protein degradation. For example, misfolded proteins are rapidly
ubiquitinated and degraded by the proteasome. This can be utilized in DNA
vaccines by incorporating protein sequences that trigger protein misfolding, which
has been shown to increase the generation of MHC class I-restricted peptides
[122]. Alternatively, misfolding can be induced by altering the sequence of the
encoded antigen (for example, putting the carboxy terminal domain at the 50 end of
the coding sequence). We have observed increased proteasomal degradation in our
own studies evaluating a DNA vaccine targeting a domain of the androgen
receptor, which is quickly degraded via the proteasome [103 and Olson and
McNeel, unpublished observations].

17.3.2.2 Increasing Antigen Presentation

While generating increased frequencies of MHC-restricted peptides can result in
enhanced immune responses, it is necessary that these peptides are appropriately
presented on MHC class I molecules on the surface of cells. This presentation
process can be enhanced in a number of ways. One technique that is used to
enhance the presentation of DNA vaccines encoding minigenes (specific T-cell
epitopes, rather than the full-length protein) is to incorporate a signal sequence
proximal to the 50 end of the coding sequence. This triggers the gene product to
enter the secretory pathway, first being transported to the ER, where it can
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subsequently bind to MHC class I and be presented on the surface of cells [123].
This has been shown to enhance antigen-specific T-cell responses and can increase
the anti-tumor efficacy of vaccines [124–126].

In addition to directly routing peptides to the ER, another method that has been
shown to increase antigen presentation is incorporating heat shock proteins (HSPs)
into antigen-specific vaccines. These HSPs induce antigen-specific immune
responses using a variety of mechanisms: HSP-derived peptides have been shown
to be immunologically recognized, activating innate immunity by acting as a
danger signal, increasing MHC class I expression, and triggering expression of
immunostimulatory cytokines [127–130]. In addition, HSPs have been suggested
to directly increase the presentation of antigen-derived peptides by facilitating
their transport to the ER or to other APCs, and DNA vaccines fusing antigen to
HSPs have been shown to increase antigen presentation and induce enhanced
immune responses [131–134].

17.3.2.3 Increasing MHC Class II Antigen Processing and Presentation

While engineering DNA vaccines to enhance the degradation and presentation of
intracellular antigens is useful when one is trying to elicit a CD8+ T-cell response
against an intracellular antigen, sometimes it is desirable to focus on enhancing
MHC class II-restricted immune responses. Some of the previously described
methods, in particular fusion constructs encoding both the antigen of interest and
HSPs, as well as the incorporation of signal sequences upstream of full-length
antigens, can be used to enhance cross-presentation of antigens encoded by DNA
vaccines. However, there are specific modifications that can be engineered into
DNA vaccines that can enhance antigen presentation on MHC class II molecules.
One such modification is to direct the antigen of interest to be trafficked to the
endosomal/lysosomal pathway. This is commonly achieved by fusing the gene of
interest to the cytoplasmic domain of lysosome-associated membrane protein 1
(LAMP-1), which contains an amino acid sequence that targets antigens to the
endosomal/lysosomal pathway. This has been used in the context of DNA vac-
cines, where a vaccine targeting HPV16 E7 fused to this region of LAMP-1
enhanced the immune and anti-tumor efficacy of this vaccine [108, 135].

17.3.3 Intrinsic Immunogenicity of DNA Vaccines

While the primary goal of DNA vaccines for the treatment of cancer is to elicit and/or
augment an antigen-specific immune response to a particular tumor-associated
antigen, enhancing this antigen-specific response does not solely focus on making
changes to the antigen of interest. Other antigen-nonspecific elements can be engi-
neered into DNA vaccines that can activate innate and adaptive immunity, which can
subsequently enhance the immune response directed against the antigen of interest.
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17.3.3.1 CpG Motifs

While DNA vaccines are designed to elicit immune responses to the encoded
antigen, plasmid DNA itself has been shown to be immunogenic. This is largely
through the incorporation of Immunostimulatory sequences (ISS), which contain
cytosine-guanine (CpG) nucleotide repeats. These repeats are unmethylated when
the DNA plasmid is produced in bacteria, and this unmethylated DNA is then
recognized as foreign when injected into mammals. As a result, these CpG repeats
have been shown to activate innate immune responses (in part through signaling
via TLR9) and can enhance the immune efficacy of DNA vaccines through the
recruitment of immune populations and increased expression of immunostimula-
tory cytokines [136–139]. Additionally, other DNA sensors can recognize plasmid
DNA and can lead to the activation of innate immune responses [140–143].

17.3.3.2 Fusion to Immunostimulatory Molecules

While many efforts to enhance the immunogenicity of DNA vaccines have focused
on mechanisms to enhance the expression, processing, and presentation of the
encoded antigen, groups have also investigated enhancing the efficacy of these
vaccines by encoding other immunostimulatory molecules into the vaccine con-
struct that can have an antigen-nonspecific effect on enhancing the immune
response. One mechanism that has been pursued is incorporating strong TH epi-
topes into the vaccine construct. These TH epitopes can recruit and engage CD4+ T
cells at the vaccine site, which can help nonspecifically enhance the immune
response against the encoded antigen. These TH epitopes have been evaluated in
preclinical models as well as clinical trials, including epitopes from tetanus toxoid,
viral proteins, other bacteria, and other pathogens, where they have been shown to
enhance antigen-specific immune responses in vivo [54, 90, 91, 144–146].

In addition to encoding specific epitopes to enhance T-cell responses, tumor
immunologists have also investigated incorporating other adjuvants into the vac-
cine backbone to increase the immune and anti-tumor efficacy of these vaccines.
This has included the expression of various cytokines, such as IL-2, IL-12, IFNc,
GM-CSF, and IL-15, as well as various chemokines [147]. In addition, groups
have investigated including various other co-stimulatory molecules, such as CD80,
CD86, CD40, or CD40L, which have been shown to enhance immune responses to
DNA vaccines in vivo [147].

17.4 Concluding Remarks

The development of DNA vaccines for the treatment of cancer has seen significant
advances since their inception nearly 20 years ago. However, despite their safe
administration in clinical trials, significant hurdles remain before these vaccines
can be fully implemented into clinical practice. Research into optimal methods of
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delivery should continue to be investigated, as well as combinatorial therapies
combining vaccination with other immunotherapeutic agents or standard therapies
with known immunomodulatory effects. Furthermore, in addition to selecting the
appropriate antigens to target, DNA vaccines should be optimized by engineering
specific components into the DNA backbone that can enhance the immune
response against the antigen of interest. Given the facile nature of incorporating
and evaluating these specific elements within the context of a DNA plasmid, DNA
vaccines serve as an ideal platform to evaluate the effects of these specific
elements, and how they can act in concert to affect anti-tumor immunity. By
identifying the ideal combination of elements within a DNA vaccine, it will be
possible to generate vaccines that can provide an effective therapeutic option for
patients with cancer.
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Chapter 18
Multifunctional Nanoscale Delivery
Systems for Nucleic Acids

Richard Conroy and Belinda Seto

18.1 Introduction

The ability to deliver nucleic acids to specific sites within the body is a significant
engineering problem, but one that, when fully addressed, will radically change
how diseases and conditions are treated. Only a small fraction of the discoveries
made in the laboratory have progressed to clinical trials because of challenges in
developing efficient, sensitive, and specific delivery systems. Ideally, a delivery
system is taken up only by the targeted cells and does not cause unwanted side
effects, the nucleic acid cargo is not degraded before reaching its intracellular
target, and there is sufficient delivery to produce a sustained therapeutic effect.
However, in a complex, heterogeneous human population, all of these character-
istics are hard to achieve reproducibility.

Of the more than 1,800 gene therapy clinical trials started by the end of 2012,
more than two-thirds have used viral vectors, but fewer than 5 % have progressed
beyond the equivalent of phase II of the US Food and Drug Administration (FDA)
regulatory process. Two-thirds of the studies have been carried out in the United
States and a similar fraction has focused on cancer-related indications [1]. The
number of small interfering ribonucleic acids (siRNA) clinical trials is more
modest at around 30 studies, although for this type of nucleic acid, the use of
synthetic vectors outnumbers the use of viral vectors [2].

Synthetic and viral delivery systems offer contrasting advantages. In general
terms, viral vectors promise excellent performance characteristics and make better
use of multiple biological systems but have significant safety concerns, whereas
synthetic vectors have better safety profiles, but much lower efficiency. Much of the
work over the past two decades has focused on addressing these safety and efficacy
concerns and optimizing one or two steps of what is a multi-step delivery process.
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However, beyond discovery-driven research and individual step optimization, it is
clear that by taking a systems approach to delivery, there are multiple paths to more
widespread clinical reality with safe and effective multifunctional nanoscale
delivery systems tailored to individual conditions and therapeutic agents.

Delivery systems are not absolutely required for deoxyribonucleic acid (DNA)
to generate a therapeutic effect in vivo. Local delivery of naked DNA into skeletal
muscle [3], heart muscle [4], and into tumors [5] is sufficient to induce a response.
Indeed, naked or plasmid DNAs (pDNA) are the third most common delivery
approach used in gene therapy clinical trials and are three times more common
than liposome systems [1]. However, for RNA interference (RNAi) therapies,
nucleases will degrade up to 70 % of naked siRNA molecules within minutes of
systemic administration [6], requiring chemical modification or a protective carrier
for efficient use. To increase their efficiency and effectiveness, they need to be
protected from capture and degradation before reaching their target, to have their
anionic backbone shielded for efficient cell uptake, and to be targeted to cells of
interest without provoking an immune response or increasing systemic clearance.
Although at a very early stage, the potential to rationally design and engineer
multifunctional vectors is particularly exciting and a step toward making nucleic-
acid-based therapy a routine clinical tool.

The growing availability of tools to engineer delivery systems at the nanometer
level, commensurate with the persistence length of nucleic acids, has led to a
deeper understanding of how the unique properties of matter can be exploited in
this size range, as well as enhancing in vivo delivery. The size, shape, charge,
composition, mechanical stiffness, and surface functionalization of delivery sys-
tems influence both the physiological and cellular barriers to delivery. For
example, particles above 200 nm in size are susceptible to phagocytosis in the
reticular endothelial system, and particles below 100 nm can get caught in Kupffer
cells, while particles below 5 nm are removed by glomerular filtration. Particles
below 40 nm can freely diffuse in a cell’s cytoplasm, while below 5 nm, they can
cross the capillary endothelium and particles below 1 nm in size can translocate
the cell membrane. Most nanoscale delivery systems fall in the 5–200 nm range
and, after systemic administration, circulate in the blood stream until cleared or
moved into the extracellular space. If they come in contact with a target cell, they
can enter the cell through a number of mechanisms. For example, if they enter by
endocytosis, the nucleic acids need to make a timely escape before degradation in
a lysosome.

All of these interactions can be tuned by engineering the delivery system’s
physical, chemical, and biological characteristics. An ideal multifunctional nano-
scale delivery system efficiently delivers its nucleic acid cargo to the desired site
and effectively releases the cargo at the desired time, while performing additional
functions, such as simultaneous drug delivery, providing imaging contrast, or
environmental sensing. For efficient and effective delivery, the system should
include site-specific targeting and the ability to disrupt the normal cell pathways to
deliver its nucleic acid payload. While doing this, the delivery system and payload
must be carefully tuned not to stimulate the immune system, create toxicity, or be
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captured or degraded by the circulatory system. In this chapter, we will review
recent research developments in both viral and nonviral vectors, focusing on
progress toward the clinical application of these nanoscale delivery systems.

18.2 Delivery Systems

The delivery of nucleic acids in vivo requires a safe, stable, sensitive, and specific
approach. In order to prevent degradation, to reduce side effects, and promote
efficient delivery, nucleic acids can be encapsulated, bound, or complexed into
nanometer-sized constructs. The physical and chemical properties of these con-
structs can be tuned to change clearance rates, uptake processes, and intracellular
fate and to account for delivery method. Although systemic injection is the most
common delivery method, physical methods such as stereotactic injection and
ballistic delivery as well as the use of optical, magnetic, electric, and ultrasound
fields to generate force and disrupt the cell membrane can be used to enhance
uptake. Effective delivery of nucleic acids can also be achieved by topical
administration [7], nasal delivery [8], and direct injection into the brain [9].

18.2.1 Viral Delivery Systems for Nucleic Acids

Viruses are efficient vehicles for delivering nucleic acids to a wide range of
organisms. Viruses have evolved natural mechanisms to enter their host cells and are
capable of delivering kilobase-long nucleic acid sequences to a wide range of target
cells. These are major advantages in vivo, where the goal is to deliver the nucleic
acids to specific targets without causing significant harm to the host. As such, viral
vectors have been designed to be stable, achieve efficient transduction, and have
high viral titer and sustained expression of the heterologous nucleic acids of interest
(transgenes). Figure 18.1 illustrates general schemes for the design of three com-
monly used viral vectors. Despite the many advantages of viral delivery vectors,
they are known to be capable of producing several adverse effects, which include
immune reactions, oncogene activation, and nonspecific cellular tropism [10].

18.2.1.1 Retroviral Vectors

Retroviruses are enveloped RNA viruses of 80–130 nm in diameter with a genome
size of 8–11 kilobases (kb) [11]. Retroviral genomes are made up of gag, pol, env,
and 50 and 30 long terminal repeats (LTR). Retroviral vectors are rendered repli-
cation defective by deleting the structural, envelope, and enzymatic genes, and
instead, the desired transgenes are inserted [12]. These replication-defective vec-
tors, or proviruses, are incapable of continuing to spread after the initial infection of
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the target cells. The initial round of vector replication is dependent on several cis
acting elements from the viral genome, including a promoter and polyadenylation
signal, reverse transcription signal, transfer RNA (tRNA), primer binding site
(PBS), and a polyurine tract, to initiate complementary DNA (cDNA) synthesis.
Cellular tRNA binds to the PBS to initiate reverse transcription. Vectors containing
the transgene are then packaged into viral particles as directed by a packaging
signal (W), PBS, and LTRs. Helper viruses, or plasmids, that carry the viral genes
gag/pol and env, but lacking the packaging signal w [13], are required to express the
viral proteins needed to produce vector-containing infectious viral particles. The
helper function can also be provided by transfecting helper plasmids into cell
cultures to produce helper cells [14]. The process of expressing the transgene in the
retroviral vectors and delivering them to the target cells is called transduction [13].

Fig. 18.1 Viral vector designs
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Entry of the viral vectors into targeted cells is an essential first step in viral-
vector-based gene delivery. Gaining entry into cells involves the interaction of the
viral envelope with the host cell receptor. For lentiviral vectors, which are derived
from human immunodeficiency virus type 1 (HIV1) [15], this involves a two-stage
process [16]. Initially, the glycoprotein 120 (gp120) subunit of the envelope
protein interacts with the target cell receptor CD4. The resulting conformational
changes in gp120 allow binding with the co-receptors CXCR4 or CCR5, which
belong to the chemokine family [17, 18]. Subsequently, another envelope protein
subunit, gp41, signals fusion that is then followed by the release of viral capsid
into the cytoplasm of the target cells. In addition to viral entry, the envelope plays
an important role in determining cellular tropism by a technique called pseudo-
typing, where a viral vector is combined with foreign envelope proteins. Cellular
tropism enhances the range of susceptible cells for the viral vectors. The lentiviral
vector envelope can be substituted by the vesicular stomatitis virus G glycoprotein
(VSV-G). This pseudotyping strategy has been shown not only to increase the
range of possible target cell types, but also to improve stability and increase viral
titers [13, 19]. Gammaretroviral vectors, e.g., murine leukemia viral vectors,
transduce only dividing cells [20] and have a narrow range of cells that can have
genetic material transferred to them. However, these vectors have ready access to
the host genome because the nuclear membrane is removed during cell division. In
contrast, lentiviral vectors transduce a wide variety of cell types, both dividing and
nondividing cells such as neurons and B and T cells, albeit with varying degree of
transduction efficiency [19, 21, 22].

A distinguishing feature of retroviruses is their ability to integrate into the host
genome, resulting in sustained expression of the transgene. However, integration
presents challenges in vector design if the vector is inserted at a site where the
regulatory elements in the vector result in transcriptional activation of oncogenes
[23]. Such insertional mutagenesis was the underlying cause for the adverse events in
an early human gene transfer trial involving patients with severe combined immu-
nodeficiency defect (SCID) [24]. Some patients involved in this trial subsequently
developed T-cell leukemia. For lentiviral vectors, the risk of insertional mutagenesis
can be reduced by designing self-inactivation (SIN) vectors that lack the viral
transcriptional control elements, promoter/enhancer, and, thus, reduce the possibility
of activating an oncogene located adjacent to the vector integration site [25]. Strat-
egies have also been developed to target specific chromosomal insertion sites for the
transgenes [26]. Research has also led to approaches to avoid integration. Because
integration requires integrase attachment on the LTRs, mutating the integrase gene or
modifying the attachment sequences of the LTRs may eliminate integration [27]. The
transgene can also be expressed as episomal DNA without integration into the host
genome. Such expression can occur for a relatively long duration in nondividing
cells, such as retina cells [28, 29], or transiently in dividing cells.

Gammaretroviral vectors can accommodate up to 7 kb sequences [30, 31],
while lentiviral vectors can accommodate larger transgenes, up to 10 kb [25].
In addition to the length of the inserted sequences, vector design must also
consider stability issues. Retroviral vectors have half-lives of a few hours at 37 �C
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and up to a few months at -80 �C. A contributing factor to the instability is the
loss of function of the envelope protein. Another factor to consider is viral titer.
Lentiviral vectors can be produced at 107 transducing units/ml. The titer can be
increased to 109–1010 transducing units/ml by ultracentrifugation [25]. However,
titers may decrease when larger transgenes are inserted.

The first human gene transfer was conducted in 1989, as an immunotherapy
to treat patients with advanced melanoma, using retroviral vectors and tumor-
infiltrating lymphocytes [32, 33]. Targeted gene therapy began in 1990 with the
adenosine deaminase gene for treatment of SCID [34]. Since then, numerous
disorders have been treated by gene therapy [35]. They include inherited genetic
disorders that involve autosomal X-linked recessive single genes or some auto-
somal dominant genes, and some acquired diseases, such as cancer, vascular
diseases, neurodegenerative disorders, and inflammatory diseases. The first clinical
trial using lentiviral vectors was approved in 2002 [36]. Currently several clinical
trials are underway in which lentiviral vectors have been used to: (1) treat HIV
infection, (2) transduce neuronal cells of the central nervous system for the
treatment of Parkinson’s disease [37], and (3) deliver beta-globin gene for beta-
thalassemia treatment [38].

There are safety concerns with the use of retroviral vectors for gene delivery.
Both gammaretroviral and lentiviral vectors have the potential to illicit an immune
response from the host. Immune reactions toward the viral vector result in rejec-
tion of all expressing cells. However, it should be noted that immune response is a
beneficial outcome if lentiviral vectors are used to deliver genetic vaccines to treat
HIV infection. Another serious safety issue is homologous recombination, which
occurs when the packaging virus recombines with the vector to produce replication
competent viruses. These viruses can produce harmful infections, and additionally
gammaretroviruses can also cause cancer if an oncogene is activated by insertional
mutagenesis [39]. In contrast, there is no evidence that lentiviral vectors result in
oncogene activation through insertional mutagenesis. Another concern is the
spread of the vector beyond the intended target tissue, which may cause persistent
unwanted biological activity or unpredictable responses. All of these concerns
have increased caution in the use of retroviral vectors although their advantages
can be overwhelmingly attractive.

18.2.1.2 Adeno-Associated Viral Vectors

Adeno-associated virus (AAV) is a small, single-stranded DNA virus of 4,681
nucleotides (nt). The wild-type (wt) genome is made up of two genes, rep and cap,
that encode four replication proteins and three capsid proteins, respectively. The
three capsid proteins, Vp1, Vp2, and Vp3, are produced from the same open reading
frame, but from differential splicing (Vp1) and alternative translational start sites
(Vp2 and Vp3, respectively) [40]. Vp3 is the most abundant subunit in the virion
and interacts with the host cell receptor. Recognition of Vp3 by the receptor
determines cellular tropism of the virus. A phospholipase domain, essential for viral
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infectivity, has been identified in the unique N-terminus of Vp1 [41, 42]. The
functional significance of Vp2 remains to be resolved. The viral genome is flanked
on either side by 145-bp inverted terminal repeats (ITR) [43]. With the deletion of
most of the viral genes, transgenes can be inserted into the cis 145-bp ITRs, to
create a recombinant AAV (rAAV). The transgene can be expressed in the trans-
duced cells without integration into the host cell genome and persists as episomal
DNA [44]. The small genome size poses a limitation for AAV vector in delivering
large transgenes. However, recent studies have shown delivery of genomes up to
6 kb, although delivery of these larger payloads was less efficient [43, 45]. Typi-
cally, transgenes of up to 5 kb are delivered. Strategies have been developed to
improve efficiency, for example by splitting the vectors, with each vector con-
taining approximately half of the transgene within the same cell. This approach,
however, is still limited by viral packaging capacity. Additionally, cells have to be
infected with different viral particles to achieve full transgene expression.

Transcapsidation is an approach to improve the packaging capacity, increase
tissue tropisms, and transduction efficiency, where more than 100 different capsids
from different serotypes can be exchanged to produce dozens of rAAV containing
the same genome [45]. AAV serotype 2 is the best-studied AAV and was the first
one used for gene transfer. However, vectors derived from alternative serotypes,
e.g., 1, 4, 5, and 6 have been packaged with the same vector genome, but different
viral capsids to improve efficiency and tropisms [46, 47].

rAAVs have been used in gene therapies in human muscle, liver, lung, central
nervous system [48], and recently in the retina [49]. In a gene therapy trial of
Parkinson’s patients, there was an improvement in the Unified Parkinson’s Disease
Rating Scale (UPDRS) after 6 months for patients who received the glutamic acid
decarboxylase (GAD) gene carried by an AAV2 vector that was delivered to the
subthalamic nucleus [50]. rAAV2 vector carrying the gene encoding retinal
pigment epithelium-specific 65-kilodalton protein (RPE65) has been used in a
gene therapy trial to treat severe retinal dystrophy [51]. These results show
promise, but further clinical trials are needed to demonstrate clinical significance.

18.2.2 Nonviral Delivery Systems

There has been a four-decade long history of nonviral delivery system develop-
ment, prompted by on-going safety concerns associated with viral vectors. DNA
transfection protocols emerged in the late 1970s, and liposome-based gene delivery
strategies were first reported in the 1980s, though the field really took off in the late
1990s with the discovery of siRNA which required the use of a delivery system
in vivo. Nonviral delivery systems are attractive because they typically have lower
immunogenicity, lower toxicity, and their production can be easily scaled for
widespread clinical use; but they also have disadvantages. These disadvantages
lead to lower efficiency at each stage of the delivery process, with an overall
efficiency \0.1 %.
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There are a number of basic engineering considerations in the design of all
synthetic vectors. They should be nontoxic, nonimmunogenic, and biodegradable,
protect their nucleic acid cargo against degradation, and efficiently deliver their
cargo to both the cells of interest and the desired intracellular target. Optimizing
the efficiency of nonviral delivery has been the focus of much research, which
includes understanding the best targeting approach for selecting the cells of
interest, how the stability of formulations change after administration, and how to
get efficient endosomal release. Some of the barriers to delivery are illustrated in
Fig. 18.2 and include: (1) formation of nucleic acid complex, (2) entry of the
complex into the cells of interest, (3) endosomal escape of the nucleic acids,
(4) dissociation of the complex, and (5) transport of the nucleic acid to site of
action [52]. In contrast to viral vectors, synthetic vectors are poorly optimized to
take advantage of existing cellular architecture. In particular, they cannot control
endosomal release, have low diffusion rate, and are unable to take advantage of
active transport mechanisms. Ideally for DNA, delivery is perinuclear, and for
siRNA, it is targeting of the RNA-induced silencing complex (RISC). However,
the rate-limiting steps of delivery are not fully understood, and there is not a good
mechanistic understanding of how to rationally optimize loading rate.

A further challenge has been that the optimization of synthetic vectors for
efficient in vitro cell culture delivery rarely translates to similar in vivo results.
Monolayers of selected cells, in a carefully controlled environment, are not rep-
resentative of the complex in vivo environment. The in vivo environment is a
three-dimensional heterogeneous structure in an extracellular matrix, complete
with enzymes, different cell morphologies, and a circulatory and immune system
that cannot be easily replicated in vitro. In the worst case, some parameters can be
optimized in vitro based on misleading effects which do not occur in vivo. In cell
culture, size can be an advantage due to sedimentation efficiency, but in vivo
smaller (less than 40 nm) particles are favored because of faster diffusion rates
[53]. Another example is that positively charged vectors are beneficial in vitro for
binding nucleic acids and enhancing uptake by interacting with the negatively
charged cell membrane. However in vivo, negatively charged serum will bind to
the vector, significantly reducing effectiveness. Some of the common designs for
synthetic nanoscale delivery systems are illustrated in Fig. 18.3 and described in
more detail in the following sections.

18.2.2.1 Bioconjugation

Bioconjugation is a technique for improving delivery by covalently linking nucleic
acids to bioactive targeting agents. Bioconjugation to lipids, sugars, polyethylene
glycol (PEG), and peptides is in principle more attractive than delivery with
cationic liposomes and cationic polymers due to the advantages of smaller-size
and enhanced pharmacokinetics. They easily clear systemic circulation and, thus,
can be useful for targeting oligonucleotides to cells that are not in direct contact
with the vasculature such as hepatocytes. Bioconjugates of oligonucleotides have
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Fig. 18.2 Systemic and cellular barriers to delivery in vivo
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been used to deliver oligonucleotides to treat liver fibrosis [54]. Lipids, which are
common targeting agents, have also been conjugated with nucleic acids for
delivery of DNA, antisense oligonucleotides, and siRNA. Development of
bioconjugated therapeutic drugs is more advanced; for example, site-specific
anticancer drugs have been designed to consist of the hydrophobic drug linked to
the nucleoside analog to form an amphiphilic bioconjugate. After cell uptake, the
inactive bioconjugates or prodrugs are activated only at the target site by pH
change or enzymatic cleavage.

18.2.2.2 Cell-Penetrating Peptides

Cell-penetrating peptides (CCP) are short peptides, typically arginine or lysine
rich, that enhance cell uptake of an attached cargo [55]. Because of their cationic
nature, they bind to the anionic glycan moieties of the extracellular matrix through
electrostatic interactions [56]. Their ability to penetrate the cell membrane has
been exploited to deliver large molecules, such as drugs, into cells. The positively
charged CPPs are also useful for delivering negatively charged DNA or siRNA via
electrostatic interactions. However, electrostatic interactions require excess CPPs,
in approximately a 10:1 ratio, to maintain an overall positive charge in order
to bind to glycans. A major shortcoming of CPPs as a drug delivery vehicle is their
lack of specificity, but approaches have been developed to overcome this short-
coming and enhance target cell specificity. For neutral molecules, such as anti-
sense oligomers and peptide nucleic acids (PNA), CPPs can be used as a delivery
vehicle by covalent chemical conjugation. There are inherent disadvantages to
using this conjugation process because the cargo may be altered as a result.
Alternatively, as a way to combat this disadvantage, CPPs can form a complex
with PNA, via complementary sequence hybridization, and the resulting conjugate
is then used to deliver antisense oligomers to the cells.

Major families of CPPs studied in the published literature to date include:
(1) penetratin, a drosophila antennapedia-derived peptide, (2) Tat peptide derived
from HIV, and (3) transportan peptides [57]. These CPPs have been used to deliver

Fig. 18.3 Synthetic delivery system designs
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therapeutic peptides that target tumor tissues by receptor-mediated endocytosis
[58]. For example, the N-terminus of elastin-like polypeptides that are responsive
to thermal control can be fused to CPPs. Tumor cells are specifically and selec-
tively heated to 40–43 �C by microwave, radio-frequency, or high-intensity
focused ultrasound. At these elevated temperatures, the thermally responsive
elastin-like polypeptide delivery complex along with the therapeutic peptides and
are taken up by tumor cells.

18.2.2.3 Liposomes

Liposomes are artificial vesicles composed of a lipid bilayer, typically in the size
range of 50 nm to several microns, which self-assemble to entrap a liquid core. The
surface chemistry, size, and charge of the liposome can be easily tuned through
different preparation methods, and in general, they have good biocompatibility and
pharmacokinetic profiles for a range of cargos. Liposomes can be fabricated with
multiple concentric bilayers, with a single bilayer enclosing a liquid core, or they
can form a solid or a nanostructured lipid nanoparticle [59]. Lipid nanoparticles can
be fabricated down to 50 nm in size, and, as long as the formation of a crystalline
structure is prevented through a blend of liquid and solid phases, there is efficient
cargo loading and improved stability. However, the lipophilic core of solid particles
is in general not attractive for the delivery of nucleic acids alone.

Liposomes have gained the most attention among the nonviral delivery systems
because of their flexibility, biocompatibility, and tunability as well as their low
toxicity, immunogenicity, and biodegradability in vivo. Two major engineering
advances have helped push liposomal drug delivery products to commercial and
clinical success: (1) the modification of lipids to bypass the reticular endothelial
system and promote targeting, and (2) efficient cargo loading processes.

Since their first use for delivery of nucleic acids, many different types of
liposomes have been developed and tested, with cationic lipids emerging as a
preferred choice, often in combination with other ‘‘helper’’ lipids. The positively
charged head groups of cationic lipids form lipoplexes with negatively charged
nucleic acids, giving up to 100 % loading efficiency under the right concentrations
and ratios. Endosomal escape is also primarily mediated by the cationic lipids that
are believed to destabilize the endosome by forming cationic–anionic pairs with
anionic lipids of the endosome membrane. This process can be enhanced by
engineering the geometry of the cationic lipids and the choice of helper lipids [60].

Liposome-based delivery systems have a number of advantages, including the
ability to transport large pieces of DNA, and a degree of enzyme protection in the
lipoplex. Other advantages include low immunogenicity, they can be modified
easily to target specific cells and their production can be scaled easily and rela-
tively inexpensively. These advantages are offset by a number of limitations,
including low overall delivery efficiency, challenges in encapsulating mixed car-
goes, burst release of cargo rather than controlled release, poor storage stability,
and lack of controlled release in the intracellular region of interest. For DNA
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delivery, ideally, this release is in the perinuclear space and the DNA can be
trafficked across the nuclear envelope for efficient delivery, while for siRNA it
would be close to the RISC.

Engineering of the liposome surface or the encapsulated space can address
some of these limitations and increase functionality. Surface modification with
PEG can provide a degree of stealth and increase circulation half-life [61], while
incorporating antibodies, peptides, aptamers, affibodies, and vitamins can increase
targeting efficiency [62], though it remains to be seen whether targeting robustly
results in improved efficiency in humans. Mixing in helper lipids can improve
fusogenicity by promoting fusion and by causing membrane destabilization [63].
Furthermore, the use of environmental triggers can increase control [64]. For
example, lyso-lecithin formulations, which are thermosensitive, have progressed to
clinical trials for treatment of breast and liver cancer. Photosensitive liposomes are
being tested in animals and magnetosensitive liposomes are in preliminary
development [59]. Environmental sensitivity can be added through enzyme-
cleavable lipids and pH-sensitive lipids, both of which destabilize the liposome.
Use of bioactive lipids, such as ceramide, has also been explored for tumor tar-
geting in murine models [65]. A recent review covers many of the challenges and
opportunities related to the surface chemistry of liposomes [59].

Despite nearly 50 years of research, attractive properties and many in vivo
demonstrations, few liposome delivery systems have reached the market. To illus-
trate this point, liposomes have great potential as vehicles for DNA and peptide-based
vaccines because their formulation can be adapted to protect multiple cargoes, target
specific tissues, perform an immunostimulating and adjuvant role, and tuned for both
humoral and cellular immune responses [66]. However, liposomes are weaker on
commercially significant parameters like shelf-stability, cost-effectiveness, and the
ability to scale up production reproducibly. Solid and nanostructured lipid particles
that compose different lipids potentially do not share all of these weaknesses, but
introduce other concerns like aggregation or coagulation.

Several engineering challenges remain for the more widespread use of lipo-
somal delivery. Many of the studies to optimize delivery have been based on
empirical observations; however, with the increasing availability of proteomic
tools to understand the arrangement of transportation complexes and super-reso-
lution microscopy to study trafficking events, a more mechanistic understanding is
increasingly possible [67].

18.2.2.4 Polymers

Polymer nanoparticles can be synthetized easily in a wide range of sizes from
10 nm to several microns, and in a range of designs, including spherical and core–
shell structures. Many families of polymers have been explored for nucleic acid
delivery, including synthetic and natural polymers [68]. In principle, there are
three ways in which polymer nanoparticles can be used for delivery: (1) by direct
conjugation of the therapeutic agent with the polymer, (2) associating the agent
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with polymer through an electrostatic or hydrophobic interaction, or (3) by
encapsulation of the agent. The most common route for nucleic acid delivery is
by the formation of association complexes between the anionic backbone of the
nucleic acid and a cationic polymer. The use of high buffering capacity moieties
like polyanimes, so-called proton sponges, or the use of pH-sensitive components
in the range pH 5–7 can also be used to aid endosomal escape to increase effi-
ciency once captured. Furthermore, the addition of hydrophilic polymers like PEG
can provide steric stability and minimize interactions in the physiological envi-
ronment and reduce immune stimulation. This has driven researchers to explore
heteropolymers and polymer-liposome complexes to identify efficient nonimmu-
nogenic formations and has led to more than 35 combinations being tested so far
in vivo [68].

The low molecular weight polycationic polymers, such as the polyethylene
imines (PEI), are among the most commonly studied because of their small size,
good association with nucleic acids, their high buffering capacity, and well-
controlled chemistry. PEI/nucleic acid complexes (polyplexes) have good stability
and can complex well with both siRNA and DNA, but their unmodified use is
limited by stability and toxicity issues [69]. Polyarginine [70] and polylysine [71]
are both lower toxicity alternatives but require additional modification for efficient
in vivo use.

Naturally occurring polymers including albumin, collagen, gelatin, and chitosan
have also been considered as delivery vehicles [72]. The degradation of these
polymers in the presence of particular enzymes makes them attractive for con-
trolled release. Chitosan is among the best studied and, with modification, may be
attractive for oral delivery [73].

Advances in polymer chemistry have led to a number of designs incorporating
functional components for enhancing efficiency and functionality, including red-
oxable di-sulfides, pH labile linkers, polythioketals sensitive to reactive oxygen
species, and pH-sensitive hydrazone linkers [68]. The sensitivity of these smart
polymers is likely to broaden over the next decade to include a wider range of
physicochemical characteristics and biological processes. For controlled release
of multiple therapeutic agents, the porosity of polymer nanoparticles can be tuned
by formulation and manufacturing and has led to a resurgence of interest in bio-
degradeable polymers like the synthetic copolymer polylactide–polyglycolide
(PLGA), which can be mixed with PEI for delivery of siRNA in vivo [74].
Polymeric micelles, hydrogel nanoparticles, and other protein-based nanoparticles
have also been explored for drug delivery [75] and when used in combination with
cationic polymers may offer some advantages for multifunctional delivery.

18.2.2.5 Dendrimers

Dendrimers are highly branched three-dimensional synthetic macromolecules,
which can be produced with well-defined sizes in the range of 1–10 nm and with
low dispersity. Higher generations of dendrimers resulting in the size range of
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5–20 nm are favored for in vivo work because of efficient kidney filtering below
5 nm and high positive charge densities potentially creating toxicity issues and
endocytosis efficiency drops as the size approaches 100 nm [76]. Their globular
structure allows loading of nucleic acids and other cargos onto the outside surface
via covalent bonding or electrostatic interactions to form dendriplexes, often
through the use of amino groups grafted onto the end of the dendrimer branches.
Poly(amidoamine) (PAMAM) dendrimers are the best studied, although they
require chemical modification to reduce toxicity in vivo [77].

The small size of dendrimers makes them attractive for targeting the brain and
deep tissues [76]. There have been some demonstrations of their use to deliver
DNA [78] and siRNA [79] in vivo, although in vivo performance does not always
match in vitro promise. By optimizing the choice of generation and surface
chemistry, dendrimers do offer a potentially interesting route to cross the blood–
brain barrier and deliver nucleic acid therapies to the brain.

18.2.2.6 Nanoparticles

The unique properties of materials in the nanometer to micron size range have
provoked a lot of interest among physical and life scientists. For life scientists in
particular, five broad classes of particles have emerged as the most studied because
of their properties: (1) small particles of iron oxide, (2) quantum dots, (3) silica
particles, (4) gold particles, and (5) carbon nanoparticles. The ability to design and
engineer these particles to modulate their interactions with biological molecules, to
carry a therapeutic cargo, and to possess characteristics favorable for imaging have
led to optimism that nanometer-sized platforms can be used as multifunctional
theranostics [80]. However, concerns about cytotoxicity and organ accumulation
have dampened enthusiasm for the in vivo use of some of these materials.

Nucleic acids can be electrostatically immobilized on the surface of nanopar-
ticles and protected from enzyme degradation using cationic polymers, such as the
polyethylenimines or polyallylamines functionalized onto the surface of the par-
ticle. Functionalization with a mixture of polymers can also provide a degree of
biocompatibility and stability in vivo. Much of the research work so far on
nanoparticles has focused on in vitro and rodent studies, although to progress to
human studies will require a more judicious choice of surface decoration and a
better understanding of the kinetics of these particles and their nucleic acid
cargoes. Some of the multifunctional imaging and delivery combinations for
nanoparticles are illustrated in Table 18.1 and described in more detail in the
following sections.

Small Particles of Iron Oxide Nanoparticles

Small particles of iron oxide nanoparticles (SPIONs) are nanometer-sized particles
of superparamagnetic magnetite and maghemite. These properties make them
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attractive for T2 magnetic resonance imaging (MRI), for targeting using a mag-
netic field and for hyperthermia. The biocompatibility and excellent in vivo
imaging characteristics have led to widespread use of SPIONs for diagnostic
imaging and for decorating then with different moieties, such as dyes, polymers,
and peptides. Although there have been concerns about the off-target impact of
these particles, a noteworthy study compared uptake of SPIONs decorated with a
near-infrared dye, siRNA, and membrane translocation peptides in a mice tumor
model using in vivo MRI and ex vivo optical imaging and found that there was no
indication of an inflammation or cytotoxicity response [81]. Plasma DNA can also
be delivered in vivo using SPIONs and imaged using MRI, fluorescence, and
transmission electron microscopy (TEM) [82]. The multifunctional nature of
SPIONs and their flexible surface chemistry has enabled target refinement and
improvements in stability, leading to higher efficiency, as well as the delivery of a
combination of anticancer drugs and siRNA in vivo [83].

Table 18.1 Some of the imaging and therapeutic combinations for nanoparticle-based multi-
functional delivery systems

Nanoparticle Imaging methods Delivery methods

SPIONs Optical imaging siRNA delivery
MRI imaging pDNA delivery
PET/SPECT imaging Drug delivery
Electron microscopy/X-ray imaging Hyperthermia
Photoacoustic/ultrasound imaging

Quantum dots Optical imaging siRNA delivery
PET/SPECT imaging pDNA delivery
Electron microscopy/X-ray imaging Drug delivery
Photoacoustic/ultrasound imaging

Silica Optical imaging siRNA delivery
PET/SPECT imaging pDNA delivery

Drug delivery
Phototherapy

Gold Optical imaging siRNA delivery
PET/SPECT imaging pDNA delivery
Electron microscopy/X-ray imaging Drug delivery
Photoacoustic/ultrasound imaging Hyperthermia

Phototherapy
Carbon Optical imaging siRNA delivery

PET/SPECT imaging pDNA delivery
Photoacoustic/ultrasound imaging Drug delivery

Hyperthermia
Phototherapy
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Quantum Dots

At nanometer scales, semiconductor materials can possess very attractive photo-
physical properties, including tunable fluorescence, resistance to photobleaching,
and long-term stability. The hydrophobic surface can be functionalized with
polymers and decorated with peptides for targeted nucleic acid delivery in live
cells [84]. Concerns about toxicity and efficiency and challenges to image deep
tissues have hindered progress toward more routine use of quantum dots in vivo. In
vivo work with quantum dots has focused on conjugation with antibodies for
diagnostic purposes and for drug delivery [85, 86], but there may be a resurgence
of interest with smaller, less toxic polymer quantum dot hybrids [87].

Silica Particles

In contrast to the other nanoparticles, silica does not offer unique imaging char-
acteristics in the nanometer-size range, but does have excellent biocompatibility,
stability and can be fabricated inexpensively into a range of shapes with different
porosities, providing both interior and surface space to carry a therapeutic cargo.
Some recent examples of progress in this field include a demonstration that
second-generation polyamidoamine dendrimers covalently attached to the surface
of 250 nm mesoporous silica particles provide protection for complexed pDNA
and can successfully transfect HeLa cells in vitro [88]. Silica particles decorated
with the cationic polymer polyethylenimine and loaded with siRNA have also been
used to knock down EGFP expression in PANC-1 cells in vitro [89]. The porous
region has been used to extend functionality beyond nucleic acid delivery to
include chemotherapy agents [90], and anti-malarials [91]. The use of mesoporous
silica particles to co-deliver of doxorubicin and siRNA to silence P-glycoprotein
exporters in a xenograft breast cancer mouse model has recently been shown to
provide synergistic tumor growth inhibition [92].

Gold Nanoparticles

The excellent chemical, physical, and optical properties of gold in the nanometer
range, as well as easy synthesis of a variety of shapes and configurations has led to
a long interest in gold-based synthetic vectors. Cationic polymers covalently
attached to gold particles were found to be an efficient vehicle for pDNA trans-
fection of COS-7 cells in vitro [93], and knockdown enhanced green fluorescence
protein in endothelial cells in vitro using antisense oligonucleotides [94].
Increasingly, complicated designs have been developed to enhance efficiency and
prolong effectiveness of siRNA using multiple layers [95], giving 70 % gene
silencing of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in a mouse
model for more than 10 days post-injection [96].
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Carbon Nanoparticles

Carbon has many unusual physical and chemical properties in the nanometer range
and can form several different structures which are of interest as delivery vehicles.
Three of these structures, nanodiamonds, carbon nanotubes (CNT), and graphene
sheets have attractive features and have been explored as synthetic vectors over the
past decade.

The increasing availability, innate photoluminescence, characteristic Raman
signal, and good biocompatibility of nanometer-sized (*5 nm) diamonds makes
them attractive for gene delivery [97–99]. In vitro delivery of siRNA into Ewing
sarcoma cells has been demonstrated [99] and the attractive optical properties had
led to early in vivo studies in Caenorhabditis elegans [100], although the kinetics
of the functionalized nanodiamonds have not yet been fully characterized in vivo.

CNT have the ability to enter a range of cell types by passive diffusion and act
as a vector [101]. A lot of effort has gone into optimizing surface modification of
the CNT to enhance efficiency and biocompatibility. Hybrid cationic polymer-
CNT have been demonstrated to be effective for delivering siRNA in mice at doses
of \1 mg/kg with relatively high clearance [102].

Graphene sheets have high surface area and mechanical strength as well as
exceptional conductivity and attractive functionalization chemistry. Oxidizing
graphene followed by functionalization has emerged as an early solution to its
hydrophobic nature and has been used as a siRNA vector for in vitro experiments
[98]. The strong near-infrared absorption of graphene oxide has been used to
demonstrate a photothermal effect in a mouse tumor model [103], and it has been
used for delivery of doxorubicin in vivo [104], though more data are required to
understand cellular uptake mechanisms, biodistribution, and toxicity.

18.2.3 Directed Delivery

Complementary to the carrier-mediated viral and nonviral systems described
previously, delivery of nucleic acids can be enhanced locally using a range of
forces, or delivered locally using a number of noninvasive and minimally invasive
techniques. Local delivery or the use of fields to target regions is attractive to avoid
initial systemic clearance processes, enhance cargo concentration in the region of
the cells of interest, and avoid side effects associated with large doses. However,
disruption of the normal physiology of the local region because of these delivery
methods may have unintended consequences, including generating an inflamma-
tory response, altering lymphatic flow and perturbation of physiological functions.
Ideally, the goal for directed delivery is to combine both regional and cell-specific
delivery, to minimize disturbance of neighboring cells.
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18.2.3.1 Hydrodynamic Delivery

Hydrodynamic delivery, or the use of a rapid injection of fluid to deliver force in a
noncompressible environment, can disrupt physical barriers, such as endothelial
layers and cell membranes, to enable efficient delivery to parenchymal cells. In
less than a decade, this technique progressed from first demonstration in a mouse
model to use in a human clinical trial, in part because it is a simple, effective, and
versatile approach and can be repeated multiple times [105]. This approach has
been used for both DNA and RNA delivery to a range of tissues including liver,
kidney, skeletal muscle, and myocardium, as well as tumors, through veins,
arteries, and ducts. While effective in rodents, scaling hydrodynamic delivery to
humans has been challenging because of concerns about the induction of irregu-
larities in cardiac function, localized increase in blood pressure, expansion in
organ size, and structural deformation, with the effects lasting up to several days in
animals [105]. A number of refinements have been developed including the use of
catheters, balloons, computer-controlled injectors [106], and image-guidance
[107], which may address some of these challenges.

18.2.3.2 Ballistic Delivery

The ballistic delivery of nucleic acids attached to dense particles is an attractive
approach for dermal targets because it is more efficient and less invasive than
injection. Gene guns, using a burst of helium to give nucleic-acid-coated gold or
tungsten particles enough momentum to penetrate physical barriers, emerged in
the 1980s as an alternative transfection tool. For in vivo applications, the particles
have enough momentum to breach the stratum corneum of the skin and have been
used for vaccine delivery, but have also been used to delivery pDNA to mouse
skeletal muscle cells [108]. The approach has a number of challenges, which
include the risk of inflammation and damage in the target region, limited particle
choices, limited nucleic acid loading capacity, indiscriminate and poor uniformity
of the delivery, and sensitivity to a wide range of environmental factors. Although
particle-mediated vaccine delivery systems have been tested in humans [109], it
remains unclear whether cost and complexity will be barriers to wider use.
However, engineering advances such as contoured shock tubes and better vaccine
preservation techniques, and the lure of dose-sparing and more controlled immune
response are continuing to drive interest beyond clinical studies toward regulatory
approval [110]. Two other dermal delivery methods have emerged for vaccine
delivery, microneedles and liquid jet injectors, both of which are reviewed in detail
by Kis et al. [110].
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18.2.3.3 Electric Field-Assisted Delivery

Electroporation is an extremely effective and simple technique for increasing the
permeability of cells for nucleic acid delivery that has been used for more than
30 years. A number of techniques have been developed for electroporation in vivo
and this technique has been used to successfully transfect liver, skin, tumor, and
skeletal muscle cells [108]. Electroporation has been commonly used in DNA
vaccine studies and enhanced efficacy up to 1,000-fold overnaked DNA intra-
muscular injections in animal models [111]. At least 10 phase I or phase II human
clinical studies have been conducted with promising results [112], though with
some significant adverse effects also reported that include subjects reporting pain
and bleeding at the injection site [113]. At an earlier stage of development are
minimally invasive electroporation devices for transdermal delivery [114] and
multifunctional systems [115] that have the potential to address some of the
concerns with naked DNA delivery by intramuscular injection and invasive
electroporation.

18.2.3.4 Ultrasound-Assisted Delivery

Ultrasound is routinely used for in vivo imaging, although it is also known to have
a therapeutic effect at higher intensities because of mechanical stimulation or
disruption. Microbubbles of gas can also undergo oscillations under ultrasound
stimulation disrupting the membrane and increasing the permeability of neigh-
boring cells. This sonoporation approach has been studied for more than 25 years
although all the mechanisms involved in internalization and other effects on the
cell are not well used. To avoid tissue damage, relatively high frequencies
(*1 MHz) and low-to-moderate mechanical indices are used, which is sufficient
to cause stable cavitation of the bubbles at lower intensities and inertial cavitation
at higher intensities. The 500–5,000 nm bubbles are typically composed of gas
cores of a high molecular weight hydrophobic gas and a shell containing phos-
pholipids, surfactants, targeting moieties, and nucleic acids. In vivo delivery
studies have focused on organs routinely imaged by ultrasound, including suc-
cessful delivery in heart, skeletal muscle, and kidney, as well as the pancreas, liver,
and the central nervous system, either through direct injection into the organ or
into the blood stream [116]. Both siRNA [117] and pDNA [118] have been
delivered in vivo with delivery limited to the focal region of the noninvasive
ultrasound. Ultrasound-mediated delivery bypasses the endocytic pathway,
although there is little to no control about where the nucleic acids will enter the
cell. Some concerns have been raised about efficiency [119] and that microbubbles
may exacerbate underlying hypotensive reactions in some patients [120],
suggesting that further optimization is required to move beyond early animal
studies [121].
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18.2.3.5 Magnetic Field-Assisted Delivery

The magnitude and gradient of external magnetic fields can be used to target
superparamagnetic particles in vivo, as well as provide a basis for MRI, spec-
troscopy, and hysteretic heating. However, achieving strong enough field gradients
to generate sufficient force on submicron particles is very challenging in regions
other than the extremities. A local magnetizable structure can enhance the field
gradient, such as implantable stents [122]. Much of the in vivo work with magnetic
targeting has focused on drug and cell delivery work, although more generally
solid, lipid-based, and microbubble magnetic vectors have been used to deliver
DNA [123] and siRNA [81]. Some of the challenges to be addressed include
concerns about toxicity, particularly at higher concentrations, aggregation of the
particles, and overall efficiency of the nucleic acid delivery to target cells. A recent
review has comprehensively described the progress and prospects for magnetically
enhanced delivery [124].

18.2.3.6 Optically Assisted Delivery

Arguably, the least developed method for membrane pore generation is the use of
optical fields, although it was first demonstrated nearly 30 years ago. An optical
field can generate a pore through thermal heating with continuous wave lasers,
while at femtosecond timescales, disruption can occur through the generation of
low-density plasma and intermediate pulses can generate bubbles and thermo-
elastic stresses [125]. Experimental results suggest that shorter pulses result in
better viability, though not necessarily an improvement in efficiency, and they
have been used to deliver DNA [126] and messenger RNA (mRNA) [127] in vitro.
In vivo studies are more challenging by the need for local optical access; however,
two approaches have been demonstrated: (1) the transfection of zebrafish blasto-
meres with pDNA [128] and (2) a microendoscope with an axicon tip [129]. Other
optical properties have also explored for nucleic acid delivery. Particles driven by
laser-induced plasma jets have been demonstrated [130], however many engi-
neering challenges still exist and scientists have yet to find an efficient, effective
and reproducible way to deliver nucleic acids in vivo using optical fields.

18.3 Therapeutic Components

Nucleic acids and their analogs have been increasingly used as therapeutic agents
over the past 40 years. The development of a host of tools for engineering
monomers as well as polymeric sequences that have favorable physical, chemical,
or biological characteristics has helped drive nucleic acid therapies toward being
practical and reproducible in the clinic. The desired type of therapeutic effect
drives the choice of nucleic acid, which along with delivery considerations
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narrows down the choice of analog. DNA, RNA, and nucleic acid analogs have all
been explored extensively as therapeutic cargos for nanoscale delivery systems.
The chemical structure of DNA, RNA, and three of analogs are illustrated in
Fig. 18.4 and described in more detail in the following sections.

18.3.1 DNA-Based Therapeutics

pDNA have been used extensively as a therapeutic agent and delivered in a large
number of different ways. pDNA can be systemically delivered with low uptake
efficiency, or by a number of physical mechanisms, including electroporation, gene
gun transfer, ultrasound, or by forming chemical complexes with cationic poly-
mers and lipids [131, 132]. Uptake is thought to be primarily accomplished by
endocytosis [133] and once inside, pDNA escapes from lysosomal degradation.

Fig. 18.4 Nucleic acids and analogs
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For treatment of muscle diseases, naked pDNA containing the transgenes can
be delivered to muscles by either intramuscular injection [134] or intravascular
injection by a procedure known as hydrodynamic limb vein injection [135, 136].
This procedure involves the use of a tourniquet to temporarily isolate an area in a
peripheral vein or artery of a limb from normal blood flow. This is followed by
injection of the pDNA into the vessel in the anterograde direction. The pDNA is
delivered in a large volume of saline so as to facilitate extravasation of the pDNA
from the vasculature into the muscle tissue. Naked pDNA is susceptible to
nuclease degradation, which limits the serum half-life to approximately 10 min
[137]. The rapid clearance is mitigated by delivering an excessively high number
of copies of the transgene. Transgene expression in a plasmid is achieved by
placing it under transcriptional control of an appropriate promoter/enhancer. The
expression is not as efficient as viral vectors that are integrated into the host
genome. However, in nondividing cells, pDNA transgene expression has been
shown to persist for years after direct intramuscular injection [134, 138]. A major
advantage of naked pDNA over viral delivery of transgene is that the former is
nonimmunogenic.

In addition to injection, pDNA can also be delivered using bacteria. Production
of pDNA in bacteria involves the use of specific selection markers, such as an
antibiotic resistance gene to identify bacterial colonies that are transfected.
However, given the safety concerns with antibiotic-resistant bacterial strains,
alternative antibiotic-free strategies have been developed which may be a more
practical way of delivering pDNA in humans [139].

18.3.2 RNA-Based Therapeutics and Delivery Systems

This section describes a range of RNA molecules that can be used as research tools
in drug discovery or therapeutic application: aptamers, ribozymes, antisense, and
siRNA. These are powerful tools to silence gene expression, but they have to get
into the cells and bind to the complementary genes for silencing. For in vivo use,
these therapeutics must overcome barriers of limited stability, poor cellular uptake,
unfavorable subcellular trafficking, lack of targeting, nonspecific tissue distribu-
tion, and susceptibility to nuclease degradation.

18.3.2.1 Aptamers

Aptamers are single-stranded DNA or RNA oligonucleotides of 20–80 bases that
are generated in vitro from random libraries of nucleic acids [140]. Because
they are single-strand, they exist in many three-dimensional shapes including
hairpin-like monomers, duplexes, triplexes, or quadruplexes [141–145]. The basic
technology for screening and selecting aptamers was developed two decades ago.
This process is called Systematic Evolution of Ligands by Exponential enrichment
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(SELEX) [146–148]. However, it was soon discovered that aptamer specificity and
binding affinity can be improved with modification of the basic SELEX screening.
For example, procedures involving the immobilization of fluorescence-labeled
targets (FlyMag-SELEX) or the oligonucleotides (Capture-SELEX) on magnetic
beads have been developed to improve selection of aptamers that target organic
molecules or pharmaceuticals [149, 150]. Highly specific aptamers have been
selected with the modified SELEX for use in biosensors and assays for detecting
drug targets, antibiotic, or pharmaceuticals. Aptamers have also been isolated by a
Cell-SELEX procedure that target cell surface markers for therapeutic and diag-
nostic purposes.

Aptamers are versatile molecules and can bind to a range of targets including
small molecules such as adenosine triphosphate (ATP) or macromolecules such as
proteins or microorganisms [151, 152]. Aptamer binding has been likened to
antibodies in that they are highly specific and bind with high affinity. For these
reasons, aptamers have been used in basic research to investigate protein inter-
actions and in clinical applications as therapeutics or as vehicles to deliver drugs.
Aptamer-mediated drug delivery holds promise as it minimizes off-target side
effects. In clinical applications, aptamers have the added advantages of low
immunogenicity in contrast to antibodies and storage stability. Intracellular sta-
bility against nuclease activities can be achieved by chemical modifications
involving primarily the sugar moieties, the nitrogenous base, and replacing the
phosphate backbone with phosphorothionate [153]. The 20-ribose can be modified
by adding methyl- or amino groups [154, 155]. The nitrogenous base can also be
substituted with uracil derivatives and other pyrimidines [156].

Currently, there are six RNA-based aptamers that have been clinically evaluated.
A vascular epithelial growth factor (VEGF)-specific RNA-modified aptamer
(Macugen by Pfizer/Eyetech) has been approved by the FDA for treating age-
related macular degeneration [157–160]. A clinical trial sponsored by Regado
Bioscience is evaluating REG1 as part of a dual-aptamer therapy for acute coronary
syndrome [161]. Kang and his colleagues identified two aptamers that specifically
recognize cell surface membrane proteins expressed on glioblastoma cell lines.
These results suggest that aptamers may be promising cancer therapeutics.

18.3.2.2 Ribozymes

The seminal research of Thomas Cech showed that RNA is capable of enzymatic
activities for which he was awarded the Nobel Prize in 1989 [162]. The term ribo-
zyme refers to antisense RNA molecules that have catalytic activity. Biologically
active ribozymes share either the ‘‘hammerhead’’ or ‘‘hairpin’’ motifs that reflect
their secondary structures. Most ribozymes self-catalyze as evidenced by splicing of
introns and subsequent ligation [163]. They recognize specific nucleotide sequences
in the catalytic sites. Hammerhead ribozymes cleave RNA at UA, UC, or UU
whereas hairpin ribozymes cleave CUG sequences [164, 165]. Ribozymes have been
engineered and synthesized to improve site-specific enzymatic activities and
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stability while maintaining the hammerhead and hairpin motifs. Automated solid-
phase RNA synthesis [166] has been successfully used to produce synthetic ribo-
zyme analogs that are more stable and are amenable to labeling with fluorescent tags,
radioisotopes (for NMR studies), and other groups to improve biological activity and
resistance to RNAse degradation. The scope, utility, and intracellular stability can be
enhanced by increasing the secondary structure such as stem–loop on either side of
the ribozymes. Chemically modified ribozymes have been produced that act as
riboswitches in biosensor technology [167, 168].

Clinical applications of ribozymes include use as antivirals or gene therapies.
Studies with HeLa cells transfected with hammerhead ribozymes targeting the gag
transcripts showed reduced gag expression [169, 170]. Similarly, a hammerhead
ribozyme targeting the 50 leader sequence showed reduced HIV1 replication in
T-cell lines [169]. Targeting the leader sequence (with either hammerhead or
hairpin ribozymes) has been demonstrated to prevent HIV1 from establishing
infection [170–172]. The latter approach is promising for vaccine development.
Immunotherapies for infectious diseases, such as HIV1 infection, have been
developed by using the infected individuals own immune cells such as CD4, CD8,
CD34, or antigen presenting cells that were transduced with ribozyme carried on a
murine retroviral vector [173]. However, the use of ribozymes for HIV1 gene
therapy is challenging because the virus mutates at a high rate such that the
cleavage sequences could be disrupted.

18.3.2.3 Small Interfering RNA

siRNA was discovered by Professors Andrew Fire and Craig Mello who were
awarded the Nobel prize in 1996 for their seminal research [174]. They discovered
that long, double-stranded RNA, introduced into cells either by viral pathogens,
such as HIV1 or jumping genes, can be cut into short 20–25 nucleotide pieces by
an enzyme called Dicer. These short double-stranded RNAs bind to several pro-
teins to form the RISC. The RISC contains a helicase module that unwinds the two
strands of siRNA to form the single-stranded short RNA or siRNA. The siRNA
binds to the complementary mRNA, which is cleaved by the endonuclease activity
in RISC and silenced from protein expression [158]. The sequence-specific
binding of siRNA to turn off or turn down gene expression is a powerful approach
to: (1) identify gene function, (2) regulate gene expression, (3) determine drug
targets, and (4) develop therapeutics for disease. Despite these promising
approaches, siRNA development for therapeutic purposes is fraught with chal-
lenges. The full therapeutic potential of siRNA has yet to be fully realized because
of the barriers to delivery and creating a sustained therapeutic effect, including
shielding the negatively charged backbone, preventing nuclease degradation,
promoting uptake only by cells of interest, and ensuring endosomal escape at the
optimum time. The susceptibility of siRNA to nuclease degradation [175, 176]
limits their serum half-life [137]. The intracellular stability can be improved with
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chemical modification of the oligonucleotides. Another challenge with therapeutic
uses is that the intracellular siRNA concentration decreases with each cell division.

siRNA delivery systems have been an active area of research. Various nano-
technology approaches have been used to improve delivery to tumor cells in
animal models. For example, Cho et al. reported an innovative nanoparticle
construct that expresses siRNA in vivo by conjugating to the particle surface target
ligands and double-stranded DNA nanocassettes containing a promoter and a
shRNA gene [177]. Other approaches include the use of plasmids and viral vectors
to deliver siRNA into both dividing and nondividing cells, stem cells, zygotes, and
their differentiating progeny [178]. Another delivery option is Lipofectamine
2000, which is a cationic liposome, that has been used in a complex with siRNA to
transfect mammalian cells [55, 179]. However, its toxicity and low transfection
efficiency in certain types of cells limited its usefulness. Other approaches include
nanodelivery systems and CCP, as discussed earlier.

It is a little more than a decade since the first demonstration of RNA inference
in vivo [180] and great strides have been made in understanding and optimizing
delivery. siRNA for silencing disease-associated mRNA transcripts has been
successfully used as an antiviral for HIV1 susceptible cells [181, 182]. siRNA has
also been shown to be capable of knocking down targets relevant to many diseases,
including ovarian cancer [183], cirrhosis [184], and hypercholesterolemia [185].
siRNA therapeutics have progressed rapidly into clinical trials, with more than 14
diseases being targeted by more than 20 therapeutics in more than 30 clinical trials.
A review, in 2011, noted that 8 of 9 intravenous siRNA therapeutics used a
synthetic carrier: four were composed of cationic liposomes, one of anionic lip-
osomes, two were polymeric, and one was naked siRNA [2]. Furthermore,
localized delivery of siRNA by intravitreal injection, intralesional injection, and
topical application has been tested in clinical trials as well as one study on oral
delivery of E coli, which produce shRNA for treatment of familial adenomatous
polyposis. There have also been three trials studying autologous cell therapy using
siRNA.

18.3.3 Nucleic Acid Analogs

The modification of the phosphodiester backbone, sugar ring, or nucleobase can
introduce new functions or enhance the performance of nucleic acids. Over the
past two decades, an increasing variety of analogs have been synthesized to
complement the dideoxynucleotides used in sequencing. The most widely studied
are the backbone analogs, including PNA, locked nucleic acids (LNA), and
morpholinos, as well as fluorescent base analogs such as 2-animopurine (2-AP).
Differences in the conformational structure, as a result of these analog bases, such
as the sugar ring pucker, can result in very different antisense activity [186] and
have led to expanding interest in engineering modified oligonucleotides for gene
silencing in vivo [187].
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18.3.3.1 Peptide Nucleic Acids

PNAs are stable, neutral charge DNA analogs first developed in the 1980s with a
peptide-based backbone, but maintaining the nucleobases to preserve base-pairing
rules. They bind DNA and RNA with high affinity and have a number of interesting
properties, including resistance to enzyme degradation, double-stranded DNA
invasion, triplex formation, and act via a translation inhibition mechanism [187].
With charge neutrality, water solubility is length-dependent and there is much
stronger binding to DNA/RNA because of the lack of charge repulsion, as well as
the potential for co-delivery with hydrophobic drugs. PNA can persist in the
cytoplasm for at least 48 h and binds more quickly to negatively supercoiled DNA,
making it attractive for in vivo therapeutic use. Recently, PGLA nanoparticles were
used to systemically delivery PNA and DNA to human cells in non-obese diabetic
(NOD) mice and demonstrate site-specific gene editing [188]. Site-specific intra-
dermal delivery of PNA, coupled to a cell penetration peptide, to keratinocytes has
also been demonstrated [189]. PNA is also attractive for fluorescence in situ
hybridization (FISH) because it can bind under unfavorable conditions. It also has
been incorporated into FDA-approved vitro molecular diagnostic tools, and
coupled to imaging agents to investigate mRNA expression in vivo [190], sug-
gesting a route to multifunctional delivery in vivo.

18.3.3.2 Locked Nucleic Acids

LNA is a chemically modified RNA analog first described in 1998 with high
affinity for complementary RNA or DNA and has been used to improve in vitro
methods including microarray profiling, allele-specific polymerase chain reaction
(PCR) and FISH [191]. The nucleosides are locked in a North sugar confirmation,
making them useful in anti-miRNA, antisense, and siRNA applications, while
having improved nuclease resistance and potentially lower immuno-stimulation
[187]. Several derivatives of LNA have been developed to further improve per-
formance and enable further chemical modification, and two LNA-based thera-
peutics have progressed to human clinical trials [192]. The exclusive licensing of
LNA to Exiqon A/S and nontrivial synthesis may be barriers to more widespread
research and development of LNA-based multifunctional approaches.

18.3.3.3 Morpholinos

Morpholinos are modified oligonucleotides with an uncharged substitute for the
phosphodiester linkages and the furanose sugars, developed in the mid-1980s.
Their preparation is a more cost-effective transformation of ribonucleosides, and
assembly efficiency is high through the morpholine nitrogen. They show similar or
increased affinity and nuclease resistance and can be used as translational inhib-
itors [187]. Antisense mopholino oligonucleotides have been delivered in vivo to a
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splice-reporter mouse model using a dendritic transporter resulting in the
expression of splice-corrected GFP [193]. Some concerns have been raised about
off-target effects and the assessment of efficacy [194], although these are
addressable through well-conceived control experiments.

18.4 Challenges and Opportunities for Multifunctional
Delivery in Vivo

The broad challenge for multifunctional nanoscale delivery systems is identifica-
tion of the most robust method to deliver a targeted therapeutic dose of nucleic
acids and other components efficiently in vivo with minimal invasiveness, while
minimizing side effects and maximizing clinically actionable information.

Table 18.2 highlights some of the challenges and solutions that have identified
so far. However, many challenges remain, as highlighted in the previous sections
of this chapter. Each of the components, carrier, nucleic acid cargo, and functional
components can be optimized independently and readily developed under in vitro
circumstances, although it is challenging to make the leap to system optimization
for the complex and less predictable environment of human therapies.

One ongoing area of intense work is the optimization of vectors. For synthetic
vectors, the primary challenge is to enhance uptake efficiency and control intra-
cellular fate through the use of ligands to activate signaling cascades and nuclear
targeting, without increasing immunogenicity. This will require a deeper under-
standing of the mechanisms underlying the RISC, nuclear transport, active
transport of particles in the cytoplasm, routes to deep tissue penetration, such as
the exosome pathways. While viral vectors have much higher efficiency, their
challenges are around reducing side effects, such as oncogene activation, immu-
nogenicity, adequate viral titers, production, length of the transgene, and the range
of cell targets. These challenges are active areas of research and understanding the
the virology underpinning these vectors has been crucial in overcoming the
barriers.

Another area where there is still room for development is the optimization of
the composition of vectors during development of nanoscale delivery systems by
utilizing realistic three-dimensional heterogeneous microenvironments. A better
understanding of the physical and chemical environments in living organs, com-
bined with the engineering of cell culture, using microfabricated structures, has
enabled the generation of complex microenvironments that more closely mimic
the physiological environment in vivo beyond the conventional two-dimensional
culture systems [195].

A third area where there is a need for deep understanding is the dynamic
interaction of the delivery systems with the entry site, the extracellular matrix, and
circulatory system, as well as how these interactions modify the therapeutic effect
in a heterogeneous human population. Viral vectors enter cells via membrane
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receptors and therefore serve as experimental systems because mutations can be
introduced in the receptors leading to altered downstream intracellular events. The
emergence of molecular imaging is a promising direction for helping to unravel
these interactions using MRI, positron emission tomography (PET), single-photon
emission computed tomography (SPECT), ultrasound (US), or optical imaging
moieties (some of which were described earlier in this chapter) and enables
imaging theranostics as a process for achieving precision medicine [196]. In vivo
imaging agents that are sensitive to their environment, bioswitches that turn on/off
the delivery of payloads, and biomarker analysis, will help provide new methods
for characterizing toxicity, reduce off-target effects, and minimize immune stim-
ulation, as well as optimize deep tissue delivery and circulation time. More
detailed analysis of the overall in vivo efficiency across multiple model systems is
required to understand the kinetics of circulation, degradation, internalization, and
intracellular fate of nucleic acid therapies, and the relative contributions of helper
ligands.

A final area where engineering will play a significant role is in the development
of targeted delivery of nanoscale systems. The use of minimally invasive delivery
systems and fields to localize delivery are likely to grow to address challenges like
sustained delivery, off-target effects, and maximizing therapeutic effect with
minimizing dose.

Table 18.2 Some challenges and solutions in nucleic acid delivery systems

Problems Mechanisms Solutions

Short-lived expression Loss of plasmids Episomal replication
Promoter shutdown Site-specific integration
CpG motifs Alternative promoters: transcriptional

targeting
Degradation Minimize GC content

DNA topology
Toxicity Interaction with cell membrane Mw

Charge
Interaction with cell components Amphiphiles

Biodegradability
Natural compounds

Heterogeneity of
expression

Cell cycle Active nuclear uptake strategies
Cell type Receptor-mediated uptake

Targeting
Low efficiency Aggregation Shielding (PEG)

Poor uptake Stabilized particles
Degradation Size
Inefficient intracellular

processing
Condensing agents
Membrane-penetrating agents
Microtubule-mediated transport
Endosomal escape strategies
Active nuclear uptake strategies
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The most challenging question is the long-term impact of multifunctional
nanoscale delivery systems on clinical care. With naked nucleic acid delivery and
simple delivery systems already in clinical trials, the value proposition for mul-
tifunction delivery systems in current clinical practice is unclear, particularly if the
multifunctional components are designed for real-time monitoring and optimiza-
tion of care. The current clinical workflow model is based on quality control and
careful planning of treatment in advance to minimize errors, but also limiting
personalized analysis to static or slowly varying biomarkers. This makes it very
difficult to detect immune responses and off-target effects or to modify dose based
on whether a therapeutic response is observed. Building information from the
increased functionality of these nanoscale delivery systems into the clinical
workflow will help protect and improve health as well as expand the knowledge
based in medical and associated sciences.
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Chapter 19
Engineering Nanomaterials for Biosensors
and Therapeutics

Tse-Ying Liu, Chun-Liang Lo, Chih-Chia Huang, Syue-Liang Lin
and C. Allen Chang

19.1 Introduction

Nanotechnology, an interdisciplinary technology, has seen huge developments in the
last decade with applications in the fields of electronics, medicine, and industry and is
of great potential for economic development. Nanomaterials have an important role
in nanotechnology and can be classified into two types: (a) nanophase: a material
with a nanoscaled size that can also be defined as a nanoparticle (NP); (b) nano-
structure: a nanoscaled or bulk material with nanosized microstructures. Recently,
inorganic NPs, including Au, Ag, Pt, Pd, quantum dots (QDs) (e.g., CdSe, CdS, and
ZnS), TiO2, ZnO, SiO2, hydroxyapatite, and magnetic compounds (e.g., Fe3O4 and
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FePt), have received considerable attention in the field of biomedical materials
research due to their unique properties such as photoluminescence, photocatalysis,
and superparamagnetism. These NPs with differing morphologies (nanoparticle,
nanorod, nanowire, quantum well, quantum dot, and nanoporous) and hybrid
structures (core–shell, inorganic–inorganic hybrid crystal, and inorganic–organic
hybrid structure) have been applied in theranostic applications including imaging,
labeling, and tracking agents as well as drug carriers, vectors for gene therapy, and
agents for hyperthermia treatments. This chapter reviews the synthesis of nanopar-
ticulate raw materials, polymer surface modifications, surface-modified nanosensors
and nanotheranostic agents used in the biomedical field (Fig. 19.1).

19.2 Synthesis of Nanoparticulate Raw Materials

19.2.1 Nobel Metal Nanoparticles

19.2.1.1 Gold

Gold and its compounds have long been used as medicinal agents, and their use can
be tracked to ancient Egypt and China [1]. The Egyptians added gold to certain foods
for spiritual and bodily purification 5,000 years ago. In 2500 BC, red colloidal gold
was included in Chinese remedies for longer life. During the last century, gold has

Fig. 19.1 Nanomaterials employed for theranostic applications
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also been used to treat arthritis. Recently, gold nanoparticles (GNPs) have become
an important biomedical material for cancer research due to their inert properties and
non-toxic nature, ease of synthesis and functionalization, tunable size via synthetic
parameters, and the surface plasma resonance (SPR) effect [2–6].

In general, well-dispersed GNPs can be prepared by reducing gold salts in the
presence of appropriate reductants and stabilizing agents, a process that has been
applied for over 50 years. The size and shape of the GNPs can be manipulated by
varying temperature, concentration of the precursor, the type and concentration of
the reductant, and the type and concentration of the stabilizing agents [5]. Well-
dispersed gold colloids have been applied in bio-sensing, bio-labeling, targeted
imaging, and photoacoustic imaging [7]. In order to achieve the targeting, sensing,
and delivering functions, delivery systems based on GNPs-bearing functional
moieties with thiol linkers have been developed. In the most common procedure for
preparing GNPs, AuCl4

- salts are reduced with NaBH4 in the presence of the
desired thiol-based capping agents. The size of the particles can be tuned from 1.5 to
6 nm by adjusting the stoichiometry of the thiol–gold reaction [8]. On the other
hand, for some biomedical applications, such as photoacoustic imaging, gold
nanorods, are required [9]. Gold nanorods can be synthesized by using the seed-
mediated growth method. Jana et al. prepared colloidal gold nanorods by firstly
forming citrate-capped gold seeds, which were subsequently added to a growth
solution obtained by using ascorbic acid to reduce HAuCl4 in the presence of the
surfactant cetyltrimethylammonium bromide (CTAB) and silver ions [10]. This
method was modified by Nikoobakht et al. [11] in which the seed solution was
obtained by using NaBH4 to reduce HAuCl4 in the presence of CTAB in an ice bath.
This seed solution was then added to the Au growth solution obtained by using
ascorbic acid to reduce HAuCl4 in the presence of CTAB and treated with AgNO3

prior to the mixing to facilitate the nanorod growth and to tune the aspect ratio.

19.2.1.2 Silver

Silver has been used as an antimicrobial agent for thousands of years. Recently,
silver nanoparticles have received considerable attention because of their SPR
phenomenon, surface enhanced Raman scattering (SERS) effect, and catalytic
property, in addition to antimicrobial activity [12, 13]. These properties of silver
nanoparticles vary with their shape, size and formulation [14] which can be
manipulated by a variety of synthetic methodologies using photo-, thermo-, sono-,
wet-, bio- and electro-chemical principles [12]. For example, electrochemistry has
been employed to prepare Ag nanowires, nanorods, nanocubes, and nanoplates by
tuning parameters such as current density and Ag salt concentration. In order to
further manipulate the nucleation and growth kinetics during the synthetic process,
ultrasonication was employed to enhance mass transport and organic capping
agents were used to selectively inhibit crystal growth in specific crystallographic
planes. Organic capping reagents, such as the non-toxic poly(vinyl pyrrolidone)
(PVP), are widely used in the shape-selective synthesis of NPs.
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19.2.2 Quantum Dots: CdSe and CdTe

In general, QDs are defined as nanometer-sized crystals that demonstrate a
quantum confinement effect when the nanoparticle radius is smaller than the Bohr
radius of the electron, hole, and exciton. Typically, QD sizes range between 2 and
10 nm [15]. Recently, QDs have been intensively investigated because their
photoluminescence properties are size-dependent and stable compared with those
of organic fluorescent molecules, which are advantageous for bio-sensing, bio-
labeling, and imaging [16]. However, most QDs without further surface modifi-
cation are toxic, which limits their application for medical use (vide infra).

CdSe and CdTe are the most common QDs studied because their quantum con-
finement region covers the entire visible light spectrum range. The main cause of the
toxicity of Cd-based QDs is the ability of released Cd2+ ions to bind to thiol groups in
mitochondria, followed by considerable stress and damage that causes cell death.
Hence, a variety of surface coatings have been developed to reduce the release of
Cd2+ ions. One of the most common coating layers used is the amorphous SiO2 shell,
which can be prepared by using a silica precursor, such as tetraethylorthosilicate
(TEOS). The silica shell can further conjugate with other molecules or polymers to
construct a hydrophilic, well-dispersed, and functionalized colloid system [17].

CdSe QDs can be prepared by the pyrolysis of organometallic precursors of Cd
(e.g., dimethyl cadmium, CdMe2) and Se in trioctylphosphine (TOP) at 230–300 �C.
Size-selective precipitation is employed to obtain mono-sized nanoparticles. This
method was later modified because of the volatile, pyrophoric, and toxic nature of
CdMe2. Alternative Cd precursors such as cadmium oxide and cadmium acetate
have been used [18]. The QDs obtained through the thermal decomposition route are
usually hydrophobic because the precursors are decomposed and reacted with
capping agents in an oil-phase state. However, in most cases, hydrophilic, colloidal
QDs dispersed in aqueous solution are preferred for intravascular, extravascular, and
intracellular delivery. Therefore, many methods have been developed to synthesize
hydrophilic QDs [19, 20]. In one method, the hydrophobic ligands are replaced with
bifunctional molecules containing a soft acidic group (e.g., thioglycolic acid, TGA)
and hydrophilic groups (e.g., –COOH or –NH2) to improve the colloid stability [21].
On the other hand, TGA has been used as a hydrophilic capping agent to synthesize
CdTe QDs directly. In this process, first, aluminum telluride is mixed with a dilute
sulfuric acid solution under N2 atmosphere to prepare H2Te. The resulting H2Te gas
and an aqueous solution of cadmium perchlorate hexahydrate are then reacted in the
presence of TGA at 100 �C and pH 11.5 to produce CdTe QDs.

19.2.3 Magnetic Nanoparticles: Fe3O4

Superparamagnetic iron oxide nanoparticles (SPIONs) have been used for a
number of biomedical applications such as separation of biomoleculars, biosen-
sing, targeted drug delivery, hyperthermia, magnetic-triggered release, and as
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magnetic resonance imaging (MRI) contrast agents. Several synthetic methods
have been developed to prepare SPIONs employing microemulsions, sol–gel
syntheses, sonochemical reactions, hydrothermal reactions, hydrolysis, and ther-
molysis of precursors [22–24].

The coprecipitation method is the simplest way to prepare Fe3O4 (magnetite)
nanoparticles in which an aqueous mixture of Fe(II) and Fe(III) chloride at a 1:2
molar ratio is added a base in a non-oxidizing oxygen environment at pH 9–14. For
example, highly monodisperse SPIONs can be synthesized by utilizing water-in-
oil microemulsions in which the aqueous core of aerosol-OT (AOT)/n-hexane
reverse micelles is formed to dissolve hydrophilic precursors in a deoxygenated
sodium hydroxide solution. Chemical precipitation occurs in the reverse micelles
(i.e., nanoreactors), which leads to the formation of SPIONs with diameter less
than 15 nm.

On the other hand, iron organic precursors, such as Fe(CO)5 and Fe(acac)3,
have been used to prepare mono-sized and well-dispersed nanoparticles in octyl
ether and oleic acid at high temperature. In another process, Fe(CO)5 is decom-
posed at 100 �C in the presence of oleic acid and then aged at 300 �C to yield high
crystallinity monodisperse maghemite (c-Fe2O3) in oil phase. These high tem-
perature thermolysis reactions are normally carried out under sonication to gen-
erate high temperature hot spot, i.e., ultrasound-induced cavitation. For example,
an aqueous solution of Fe(CO)5 mixed with sodium dodecyl sulfate under soni-
cation yielded amorphous Fe3O4 nanoparticles.

19.2.4 Bioactive Nanoparticles: Hydroxyapatite

Nanomaterials can also be found in animals. For example, bone is composed of
calcium phosphate (with nanosized crystals) and collagen (with nanosized struc-
ture) by which the high strength/weight ratio can be achieved to mechanically
protect and support the body. Hydroxyapatite (HAp) is one type of calcium phos-
phate and the major inorganic component of bone mineral [25]. The calcium-
deficient apatitic structure (Ca-deficient hydroxyapatite, CDHA) is also an essential
component of natural bone mineral. CDHA is compositionally similar to tricalcium
phosphates (Ca/P = 1.5) and structurally similar to stoichiometric hydroxyapatite
(Ca/P = 1.67) [26]. Therefore, HA and CDHA are considered to be candidate
materials for orthopedic applications with respect to both mechanical reinforcement
and biological activity [27]. In the human body, the nanosized HAp crystals
(generally 30–50 nm in length, 15–30 nm in width, and 2–10 nm in thickness) play
an important role in the strength (resistance to deformation) and toughness (resis-
tance to flaw propagation) of the bone. In addition, nanosized HAp crystals act as Ca
and P reservoirs for many metabolic processes in the human body.

Many synthetic routes have been developed to prepare HAp nanoparticles
including sol–gel, co-precipitation and hydrothermal methods [28, 29]. Among
these methods, co-precipitation is the most common wet-chemical method to
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prepare HAp nanoparticles [30]. In this method, HAp nanoparticles are obtained
by mixing aqueous solutions of a number of precursor compounds containing Ca2+

[e.g., CaCl2, Ca(NO3)2, Ca(OH)2, CaCO3, CaSO4�2H2O, and Ca(CH3COO)2] and
PO4

3- [e.g., H3PO4, NH4H2PO4, (NH4)2HPO4, Na3PO4, and K3PO4] ions at a Ca/P
ratio of 1.67 and pH values of 7–14. The pH of the reaction solution is one of the
most important parameters affecting the morphology and crystallinity of HA
nanoparticles by changing the rate and extent of the precursor hydrolysis reaction
which can be adjusted by adding ammonia gas, NH4OH, or NaOH. In addition to
pH, other parameters such as the concentrations of the precursor salts, mixing
sequence and rate, reaction temperature, and aging time all affect the morphology
and crystallinity of HA nanoparticles. To further manipulate the morphology of
HA nanoparticles, the synthetic reaction could be restricted in nanosized reaction
vessels, such as reverse micelles, microemulsions, and vesicles. For example,
poly(allylamine hydrochloride)/PO4

3- complex was employed as spatial reaction
vessels and a source of phosphate anions to capture calcium cations to synthesize
HAp.

19.3 Polymer-Based Nanoparticles

19.3.1 The Physiological Itinerary of Nanoparticles

The use of nanoparticles efficiently to deliver to targeted tissues for diagnosis or
therapy requires to fulfill three major concerns that are associated with physio-
logical conditions. The first is to prolong the circulation half-life of the nano-
particles, to which the main barriers are believed to be the interactions with blood
components, filtration by the kidney, recognition by the reticuloendothelial system
(RES) in the liver, spleen, and lung [31], as well as clearance by the monophag-
ocytic system (MPs) [32]. It is known that both physical properties (e.g., particle
size, morphology, shape, and hydrophobicity) and chemical properties (e.g., sur-
face chemistries such as charges and modifications) of the nanoparticles can affect
directly their absorption of plasma proteins, recognition by the RES and elimi-
nation from the blood [33–35]. For example, microparticles with diameters
1–10 lm could be directly captured by liver’s Kupffer cells, whereas nanoparticles
below 100 nm were recognized for extravasation from blood into targeted tissues
[36, 37]. For the effect of shape on circulation, cylindrical particles showed neg-
ligible phagocytosis and prolonged circulation as compared with spherical parti-
cles under the same volume [38]. However, by surface-chemical modification,
gold nanorods in combination with various polymer grafting levels exhibited
different biodistribution results in liver, lung, and spleen [39]. Zhang et al. eval-
uated the effect of particle size (45–90 nm) on the in vivo pharmacokinetics and
biodistribution [40]. Their results demonstrated that 90 nm particles were taken up
more rapidly than 45 and 60 nm particles by RES cells.
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The second concern is to deliver nanoparticles from blood through permeation
to targeted tumor tissues and accumulate there. The accumulation of nanoparticles
in tumors can be achieved by the microvascular hyperpermeability due to vast
angiogenesis and localized leaky vasculature, called the ‘‘enhanced permeability
and retention (EPR) effect’’ [41, 42]. The pore cutoff size in most solid tumors
studied is in general in the range 380–780 nm, beyond which the nanoparticles
cannot be accumulated in the tumor tissue [43]. Perrault et al. reported the effect of
nanoparticle size from 10 to 100 nm on the passive targeting onto tumors and
found that PEG-modified GNPs having 40–100 nm diameter would provide
excellent tumor accumulation [44]. Normally, smaller nanoparticles had relatively
higher permeation rate from vasculature to tumors and vice versa for their clear-
ance. If the goal is to deliver a nanoparticulate contrast agent to tumors, Perrault
et al. suggested that moderate sized particles having a final diameter of 60–100 nm
after mPEG modification would be preferred. However, if nanoparticles were to be
used as drug carriers for cancer therapy for which longer localization within the
tumor mass is important, it is better to use an active tumor targeting process. This
can be achieved by chemically modifying ligands on the surfaces of nanoparticles
to allow selective binding to receptors that are specifically expressed on the
membranes of cancer cells.

The third concern is the uptake of nanoparticles by the cancer cells following
accumulation, if nanoparticles are designed for intracellular delivery. In general,
the internalization of nanoparticles into cells could be done by either pinocytosis
or receptor-mediated endocytosis. Unlike receptor-mediated endocytosis which
uptakes nanoparticles via the interaction of ligands with specific receptors on the
cellular membrane, pinocytosis is a low efficiency and non-specific transport
pathway. In addition to cell type, nanoparticle surface properties such as ligands
modification, particle size and charge all influence the rate and accumulated
efficiency of cellular uptake. Many studies of intracellular accumulation suggest
that GNPs with diameters of approximately 40–60 nm exert the fastest wrapping
time and moderate exocytosis and therefore accumulate the most in cancer cells
[45–49]. It is known that positively charged nanoparticles activate a compensatory
endocytosis pathway that also enhances the accumulation of nanoparticles in cells
[50]. These results all suggest that the physical and chemical properties of nano-
particles strongly influence the circulation half-live, biodistribution, tumor accu-
mulation, and cellular internalization.

19.3.2 Polymers in Nanoparticles Modification

The most direct method to alter the physical and chemical properties of nano-
particles to enhance the accumulation in targeted cells is to modify them by
hydrophilic polymers (i.e., passive targeting) and decorated with specific targeting
ligands (i.e., active targeting). GNPs could be used as a model system for
describing the biodistribution of particles, vasculature permeation, and cell
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internalization for polymer modification. De Jong et al. [51] studied the particle
size dependence on the distribution in organs of intravenously injected GNPs.
Their results revealed that naked GNPs of sizes 10, 50, 100, and 250 nm were all
present in the liver and spleen. However, the smallest (10 nm) nanoparticles were
also widely distributed in various other organs, including kidney, testis, thymus,
heart, lung, and brain which might create problems if specific targeting to tumors
is desired. Lipka et al. [52] showed that modifying 5 nm GNPs with PEG affected
their pharmacokinetics, especially prolonging their circulation time and reducing
their uptake by the liver, spleen, and other organs. Similar to GNPS, single-walled
carbon nanotubes (SWNTs) coated with PEG showed relatively long circulation
time and low RES uptake, as compared with un-modified SWNTs [53]. Also,
dextran-coated iron oxide nanoparticles with PEG and chimeric L6 antibody
modification exhibited long circulation time and ability to exit from blood vessels
and access the cancer cells [54].

Besides directly changing the biodistribution and organ accumulation, nano-
particles modified by biocompatible hydrophilic polymers can also decrease their
cellular cytotoxicity which is also of prime concern if these materials are to be used
clinically. For example, CdSe QDs have been used for a number of animal in vivo
imaging studies before extensive cytotoxicity studies, however, bare CdSe QDs
undergo surface oxidation when incubated with cells and induce the release of
Cd(II) ions, which is known to damage mitochondrial and lead to cell death [55].
One method to prevent Cd(II) ions releasing from CdSe QDs is to coat an inner ZnS
shell onto their surface together with a polymer (e.g., PEG) outer layer. Another
example to reduce cytotoxicity is to use the hydrophilic pullulan (Pn) polymer to
modify the surface of SPIONs [56]. It has been reported that naked SPIONs may
promote cell apoptosis and lead to low cell viability. With Pn-coating, the modified
SPIONs exhibit significantly lower cytotoxicity than naked particles.

The biocompatible hydrophilic polymers used for nanoparticle surface modi-
fication include PEG, dextran, and chitosan. PEG is the most important and widely
used hydrophilic and water soluble polymer so far. It has been approved by FDA
for parenteral applications because of its better understood biocompatibility and
safety properties. The molecular weights of PEG for safe parenteral administration
range from 1 to 20 kDa. Several reports have showed the use of PEG on inorganic
nanoparticles to increase the biocompatibility and blood circulation time [57–59].
In addition to PEG, dextran is a hydrophilic polysaccharide also often used for
polymer coating with a well-known history of safe applications. For example,
dextran has been used to coat SPIONs (e.g., Ferridex�, a FDA approved MRI
contrast agent) to enhance particle stability and to prolong blood circulation time
[60]. On the other hand, chitosan is a non-toxic, biocompatible, biodegradable, and
muco-adhesive polymer. The use of chitosan-modified magnetic nanoparticles has
generated some research interests [61, 62]. For example, chitosan encapsulating
nanoparticles comprising both CdSe-ZnS QDs and GdDTPA have been reported as
potential dual-modality fluorescent biomarkers and MRI contrast agents [63].
These kinds of multifunctional nano-medicines are considered as promising can-
didates for future biomedical applications.
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19.3.3 Surface Engineering of Inorganic Nanoparticles
by Polymers

For surface modification of nanoparticles, direct linkage of polymers by covalent
coupling and coating polymers by non-covalent immobilization are two major
used strategies. Non-covalent immobilization is also known as physical adsorption
which results from molecular interactions by Van der Waals and/or electrostatic
forces, molecular affinity, and polymer crosslinking after adsorption. Polycyclic
aromatic compounds could be immobilized onto the surface of carbon nanotubes
through Van der Waals forces [64]. An electrostatic interaction has been used to
link positively charged enzymes and negatively charged CdTe QDs [65]. Mole-
cules such as glutathione with disulfide bonds and PEG derivatives with thiol
functional groups have been conjugated directly to gold surfaces by their strong
affinities to gold atoms [44, 66]. Such interactions between thiols and metal atoms
are also called semi-covalent interaction.

For covalent binding of polymer on inert solid nanoparticles, the surface must
firstly be chemically treated to provide reactive function groups (e.g., hydroxyl
(–OH), amine (–NH2), carboxyl (–COOH), etc.) for the subsequent immobilization
steps. These surface functional groups can be generated by oxidation, hydrolysis,
and radiation. After the surface pretreatment, polymer immobilization on nano-
particles by covalent coupling can be performed through peptide, ester or other
bond formation. Scheme 19.1 illustrates some examples of covalent surface
modification. For example, the hydroxyl end-capped group can react with ami-
nosilane, tresylchloride, cyanogen bromide or p-nitrophenyl chloroformate to form
an active intermediate. Thionyl chloride, phosgene, butanediol, or bis(2,5-dioxo-
pyrrolidin-1-yl) carbonate can be used to prepare active intermediates with an end-
capped amine group. For the carboxyl group, the active intermediate can be
synthesized with thionyl chloride or N-hydroxysuccinimide. The immobilization
of polymer on nanoparticles can then be performed by appropriate specific reaction
with the active intermediate.

19.4 Surface-Modified Nano-Biosensors

19.4.1 Surface-Modified Gold Nanoparticle-Based
Colorimetric Biosensing

Over the past several decades, the modulation of Au nanomaterials through dis-
persion-aggregation conversion process has been developed as a colorimetric
sensing platform for rapid and cost-effective bioanalysis and environmental
monitoring. Spherical Au nanoparticles exerted localized SPR absorption [67]. For
example, 13-nm-sized Au nanoparticles have strong and single SPR peak at
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520 nm with high extinction coefficient (2.7 9 108 M-1 cm-1). The dispersed
colloidal solution of Au nanoparticles has a red color with over 100 time greater
intensity than most organic dyes. In the presence of specific analyte molecules of
interest, the Au nanoparticles could aggregate and the red color converts to purple
due to shifting of SPR band maximum to longer wavelength [67, 68].
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The degree of dispersion and/or aggregation process of the Au nanomaterials
can be successfully manipulated by using similar or different sizes and/or shapes of
Au nanoparticles in the form of nanospheres, nanorods, and nanosphere/nanorod
mixtures which self-assemble in the presence of analyte molecules (Fig. 19.2)
[69–78]. For this reason, specific analyte molecules could be determined by dif-
ferent colors resulted from this manipulation. In 1997, Mirkin and co-workers
firstly reported the detection of specific polynucleotides through the hybridization
of their Au nanoparticle derivatives with known-sequence DNA-modified Au
nanoparticles [71]. The Thiol (–SH) functional groups on the polynucleotides have
good affinity to immobilize on the Au nanoparticle surfaces by the formation of
Au–S bonds. A significant color change from red to blue-purple was found when
the polynucleotides hybridize with the known-sequence DNA molecules. The
color change was reversible if the surrounding temperature was increased to the
melting temperature of the polynucleotide-DNA hybrid. This method is more
sensitive compared with the traditional one based on the DNA absorption intensity
changes at 260 nm.

The detection of low concentration prostate-specific antigen (PSA) in sera is a
very important issue for early diagnosis of breast cancer. After many continuous
research works, the same group developed an ultrasensitive test for PSA by means
of a bio-bar-code assay using a similar Au colorimetric nanotechnology [71, 72].
This PSA-capture assay was designed through the hybridization of oligonucleo-
tide-coated Au nanoparticles, PSA, and anti-PSA monoclonal antibody-function-
alized iron oxide microbeads, leading to the formation of sandwich structured
complex and resulted in SPR red shift. This method allowed the detection of PSA
at a concentration as low as 30 aM.

aptamers

peptides

antibodies

DNA

heavy  metal ions

Mn+ = Hg, As P   ,b, and Cd

(a)

(b)

Fig. 19.2 Schematic illustration of analytes sensing principle based on the a light-on (Au
aggregation), and b light-off (Au dispersion) strategies by manipulating the degree of dispersion-
aggregation conversion of the Au nanoparticles in the presence of different analytes
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Many other different strategies for the selective detections of aptamers [73, 74],
peptides [75, 76], antibodies [77, 78], and DNA molecules [79, 80] have also been
reported. On the other hand, DNA modifications on the surfaces of Au nanopar-
ticles have been used most successfully for the determination of nucleic acids,
drugs, various biomolecules, and heavy metal ions. In particular, when coupled
with enzymatic reactions, many substrates could be determined at relatively low
concentrations [69, 72, 79–86].

It is noted that the above-mentioned DNA-based nano-assemblies not only can
be used for real-time analyses and biomonitoring, they can also be fabricated for
the preparation of complicated nanostructures. These novel nanomaterials could
further be applied for multimodal optical analyses and to improve detection limits,
sensitivity, and selectivity. For example, a satellite-like nanostructure was pre-
pared by the DNA template-assisted assembly of 8 nm GNPs on the surfaces of
31 nm GNPs [87]. This allowed the coupling of the SPR bands of different sized
Au nanoparticles and resulted in a band broadening and red shift from 524 to
543 nm. As another example, Irudayaraj and co-workers reported an aptamer–
protein-binding strategy to generate Au nanorod–Au nanoparticle junctions. The
resulted close packings gave rise to enhanced surface Raman scattering and
allowed highly sensitive detection of proteins [88].

In a different approach, Su et al. were able to determine estrogen receptor a
(ERa, a transcription factor) by allowing it to react with a double-stranded DNA
(dsDNA) conjugated Au nanoparticles [89]. Two groups of Au nanoparticles were
prepared, and one group is modified with oligonucleotides that are capable of
interacting with ERa, the other with the complimentary oligonucleotides. In the
absence of ERa, the two groups of Au nanoparticles form various aggregates
showing blue color. However, in the presence of ERa, the strong binding between
the oligonucleotides and ERa destroys the aggregates and results in a red color.

A method for the determination of ascorbic acid without nanoparticle modifi-
cation was reported by Chen et al. utilizing mesoporous silica-coated Au nanorods
(Au@SiO2 nanorods) [90]. By adding AgNO3 into the solution of Au@SiO2

nanorods and ascorbic acid, the Ag+ ions were reduced to Ag atoms and deposited
over the Au@SiO2 surface causing the absorption band to blue-shift. The amount
of blue-shifted wavelength varies with ascorbic acid concentration in the linear
range 0.1–2.5 lm, and a detection limit of 49 nM could be achieved. This method
was quite selective for ascorbic acid with little interferences by other species, such
as urea, oxalic acid, citrate acid, glycine, and cysteine. It is also comparable with
other currently used methods via fluorometric, electrochemical, chemilumines-
cence, and chromatographic techniques; however, the latter required expensive
instruments.

The US Environmental Protection Agency and World Health Organization have
defined a guideline for acceptable concentrations as low as in the ppb level for
several heavy metal ions in drinking water. Plasmonic Au nanoparticles integrated
with different surface functional molecules have been developed to recognize
specific heavy metal ions and used as colorimetric nanosensors which are highly
sensitive even in the nM or ppb concentration level. For examples, a number of
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biomolecules such as glutathione [91], gallic acid [92], peptide [93], DNAzyme
[94], and DNA [95] have been employed on the surface of Au nanoparticles to
track lead ions based on metal–ligand chelation reactions. Specifically, glutathione
and gallic acid-modified Au nanoparticles could be used to determine Pb2+ ion
down to 4.8 pM and 10 nM, respectively. In another case, Pb2+ ion could be
determined, when it is present with a highly Pb2+-specific DNAzyme to cleave its
recognized substrate strands at the ribonucleic acid adenosine (rA) sites in a self-
assembly of Au nanoparticles by dsDNA hybridization [94]. As a result, the initial
purple DNA-mediated Au nanoparticles assembly turned to free-standing ones in
red. The detection limit for the Pb2+ ion was 100 nM.

The Flg-A3 peptide (-Asp-Tyr-Lys-Asp-Asp–Asp-Asp-Lys-Pro-Ala-Tyr-Ser-
Ser-Gly-Pro-Ala-Pro–Pro-Met-Pro-Pro-Phe-) has been found to exhibit optical
signatures when functionalized on gold nanoparticles (PFNs) and interacts with
various metal ions [96]. The PFNs without metal ions has a SPR peak maximum at
524 nm, upon binding metal ions it shifts to 593 nm for Co2+, 580 nm for Hg2+,
614 nm for Pb2+, 617 nm for Pd2+, 542 nm for Pt2+ at various metal ion con-
centrations from 23 to 242 nM. This peptide might be applicable for rapid and
selective multiple metal ion determinations.

19.4.2 Carbon and Magnetic Nanomaterials for H2O2-Based
Colorimetric Sensor

Carbon-based nanotubes, nanodots, and graphene can catalyze the redox reaction
between H2O2 and 3,30,5,50-tetramethylbenzidine (TMB) and convert the colorless
TMB into a deep blue diimine product. Because H2O2 is an intermediate of glu-
cose oxidation by O2, the combined reaction in the presence of glucose oxidase
could be applied for a sensitive and selective colorimetric determination of blood
glucose with a linear range of 0.001–0.50 mM [97–99]. Dong and co-workers
reported that further modification of the graphene nanosheets through the p–p
interactions with hemin (iron protoporphyrin) resulted in much higher peroxidase-
like activity, and therefore, lower detection limit which was ascribed to the
presence of Fe(II) ion in the protoporphyrin [100]. It is interesting to note that the
classical Fenton reagent (i.e., Fe(II)–H2O2) has a similar redox process leading to
the decomposition of H2O2 to water molecule and hydroxyl radical [101, 102].
Unfortunately, free Fe(II) ions in solution are disadvantageous for applications in
normal physiological environment because they are stable only at low pH con-
ditions. Recently, Yan et al. discovered that 30 nm-sized Fe3O4 nanoparticles can
function in neutral solutions with a peroxidase-like activity which could be used to
determine H2O2 with a sensitivity 40 times better than that by using conventional
horseradish peroxidase catalyzed reaction method [103]. Other iron oxides [e.g.,
haematite (a-Fe2O3), maghemite (c-Fe2O3), wüstite (FeO), magnetite (Fe3O4), and
amorphous iron oxide] [103–105] and manganese oxides [106] were also
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investigated in this heterogeneous catalytic reaction of H2O2 and TMB for col-
orimetric H2O2 biosensing. Liao et al. reported that the poly(allylamine hydro-
chloride) coated MnxFe3-xO4 (e.g., x = 1.4 or 2.5) nanomaterial accelerated the
H2O2 decomposition reaction, however, the mechanism of which remained to be
explored in detail [107].

19.5 Nano-Therapeutics

Nanoparticles have been tested as in vivo diagnostics and to treat various diseases
particularly cancer. It is known that cancer is one of the most serious diseases
worldwide and constitutes one-fourth of the death rate. The traditional ways such
as radiation, chemotherapy and surgery for cancer therapy have their inherited
problems including lack of specificity, drug resistance, and many side effects.
Within the last decade, several targeted drugs including small molecules and
antibodies have been developed which successfully improve cancer treatment with
reduced side effects. These drugs were designed based on either overexpressed
biomarkers by cancerous cells [108] or enhanced permeability of cancer tissues
and retention of macromolecules by EPR [109, 110]. For example, the drug
substances of Iressa and Tarceva are small molecules targeting epidermal growth
factor receptor (EGFR), and Avastin and Erbitux are antibodies targeting vascular
endothelial growth factor receptor (VEGFR) and EGFR, respectively. However,
these drugs are cytostatic and tumors can still develop drug resistance and escape
from treatment via different cancer hallmarks. Thus, other highly specific cancer
treatments with fewer side effects are still in needs. Both hyperthermia and pho-
todynamic therapy (PDT) involving the use of therapeutic nanoparticles are briefly
discussed below.

19.5.1 Hyperthermia

19.5.1.1 Photothermal Therapy

Photothermal therapy employs visible or infrared (IR) light to illuminate skin
tissues and produce heat to kill cancer cells due to their inferior heat tolerance as
compared to normal cells. Because of the shallow penetration depth of the visible
and IR light, photothermal therapy has been applied mainly to treat cancers on skin
surface. However, recent study indicates that the composite material with Au
nanoparticles coating on the surface of a magnetic core of iron oxide (Fe3O4) can
be used to absorb deeper-penetrating near IR (NIR) light and overcome the
shallow penetration problem [111]. If these superparamagnetic nano-probes are
linked with targeting ligands, the targeted cells could be separated and purified in
the presence of a magnetic field selectively.
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19.5.1.2 Magnetic Hyperthermia

SPIONs could be targeted to tumor cells through surface modification with specific
cancer cell markers and generate heat in the presence of an alternating magnetic
field (i.e., electromagnetic heating) to kill cancer cells [112]. A recent study
showed that 15 nm magnetic nanoparticles could be targeted to head and neck
tumor cells in an animal mode and heated in a 7T alternating magnetic field for
5–10 min to 40 �C to kill cancerous cells and reduce tumor volume as well as
increase survival rate [113].

19.5.2 Photodynamic Therapy

PDT uses non-toxic photosensitizers and non-ionizing radiation to generate
reactive oxygen species (ROS) such as free radicals or the cytotoxic singlet oxygen
and kill tumor cells by inducing apoptosis and necrosis [114]. Current clinical
applications of photodynamic therapy are mainly for the treatment of acne, pso-
riasis, and skin melanoma and are limited by shallow penetration depth of tissue,
in addition to the lack of specificity for tumor targeting of photosensitizer used.

19.5.2.1 Photodynamic Therapy Using Upconversion Nanoparticles

Newly developed upconversion nanoparticles (UCNPs) can absorb long wave-
length light (e.g., near infrared light) and emit short wavelength light (e.g., visible
light) [115]. These UCNPs are chemically quite stable and unlike those organic
fluorescent dyes, they normally do not have photobleach. If lanthanide elements are
involved, their fluorescence properties are not affected by local biological or
chemical environment. The advantages of using these UCNPs for in vitro (cell) and
in vivo (animal) imaging and therapeutic studies are their abilities to avoid the
interferences of auto-fluorescence by other biomolecules and to obtain signals with
high signal-to-noise ratio. Particularly, if cancer biomarker–modified UCNPs are
excited by NIR light (wavelength range 700–1,000 nm), their penetration depths
could be increased without tissue re-absorption and scattering [116]. In addition,
these UCNPs could be easily surface modified with polymers, photosensitizers and
targeting molecules to form bioconjugates for tumor treatment. For example, 20 nm
NaYF4:Yb,Er nanoparticles can be synthesized by a thermal decomposition method
and surface modified with folic acid and a photosensitizer. Irradiation with 980 nm
NIR light on tumor cells in situ as well as in animal models containing these UCNPs
could effectively kill tumor cells [117, 118]. Comparisons of direct irradiation with
660 nm laser light and indirect upconversion irradiation at 980 nm employing
UCNPs-Zinc(II) phthalocyanine (ZnPc) showed 77 and 66 % suppression of tumor
growth, respectively. However, if a piece of 1-cm-thick tissue is placed on top of
the tumor cells, the respective suppression rates reduced to 18 and 50 %. This
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evidence clearly demonstrated that PDT with UCNP photosensitive nanocompos-
ites could penetrate deeper into the tumor tissues and is potentially more efficacious
in cancer treatment as compared to traditional PDT treatment [119].

19.5.2.2 X-ray-Induced Photodynamic Therapy

Another possible way to solve the penetration depth problem in PDT is to use an
excitation source such as X-ray with greater penetration depth and appropriate
photosensitizers. In this regard, scintillator materials that have been used widely in
computed tomography as scintillator phosphors panel materials could be used to
convert X-ray into visible or NIR light [120]. If nanoscintillator materials can be
prepared with low toxicity and easily modified with biomarkers and photosensi-
tizers, these materials might be promising for use in X-ray-induced PDT. Indeed, a
photosensitive nanocomposite comprising 12 nm Y2O3 nanoscintillator biocon-
jugated with psoralen can be excited by X-ray and emits 370 nm UV light to kill
tumor cells in vitro more effectively than using Y2O3 alone [121].

19.6 Conclusion and Future Perspective

The field of nanotechnology has become increasingly complex from an interdis-
ciplinary point of view, including chemistry, physics, materials, life and medical
sciences. During the last decade, the development of nanotechnology together with
many groundbreaking research results in genomics, proteomics and stem cell
biology provide many novel and effective solutions and possibilities for medical
theranostic applications. New synthetic methodologies to prepare nanomaterials
with various sizes, shapes, chemical, physical, surface, and biological properties
will continue to be discovered, including composites and polymer-coated nanom-
aterials. These are required because, for example, for in vivo biomedical applica-
tions the nanomaterials must be biocompatible with adjustable blood circulation
time, better selectivity, safety and efficacy for disease diagnosis and therapy.

For in vitro applications, several biosensor and assay systems by using optical
methods with gold, carbon, and magnetic nanomaterials have been demonstrated
for the determination of a variety of biomolecules with better selectivity and
detection limits. However, their practical applications await real samples to be
tested such as those in complex environment, blood and intracellular matrices with
significant interferences. Adequate formulations to preserve colloidal stabilities for
these nanomaterial products are also needed. On the other hand, nanomaterials
modified with hydrophilic polymers, appropriate photosensitizers and targeting
biomarkers have been proven useful in animal disease model studies, which are
potential drug substance candidates to improve treatment efficacy for photody-
namic therapy with NIR and/or X-ray irradiation and hyperthermia in alternating
magnetic field against deep tumor tissues.
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Last but not least, to make use of all the innovative ideas and demonstrative
prove-of-principles of nanomaterials for both in vitro and in vivo practical bio-
medical applications, it is absolutely necessary to emphasize and expand efforts on
their translational research and development, including preclinical and clinical
studies, chemistry, materials and control (CMC) and large-scale manufacturing of
these novel engineered nanomaterials. Needless to say, the impact of nanomate-
rials on long term human health, environment and ecology must also be seriously
investigated in an integrated and interdisciplinary approach.
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Chapter 20
Engineering Fluorescent Nanoparticles
for Biomedical Applications

Oscar F. Silvestre and Xiaoyuan Chen

20.1 Introduction

Nanotechnology has been defined as the ‘‘intentional design, characterization,
production, and applications of materials, structures, devices, and systems by
controlling their size and shape in the nanoscale range (1–100 nm)’’ [1]. Fur-
thermore, nanomedicine can be described as the medical application of nano-
technology for treatment, diagnosis, monitoring, and control of biological systems
[2]; it is expected to result in important developments to enhance and improve
human healthcare. Engineering nanoparticles (NPs) represents an important part of
this field; these have been designed with different materials and architectures for a
multitude of functions and to be detected with different imaging modalities [3–5].
Examples of relevant NP biomedical imaging modalities include: ultrasound,
computed tomography (CT), magnetic resonance imaging (MRI), and positron
emission tomography (PET), on the present chapter we are going to focus on
fluorescent NPs.

Through this chapter, we are going to use the general term ‘‘fluorescence’’ to
refer to the emission of light from a probe upon external excitation. Although in
reality dependent on the material or transition phenomena, this may not be the
absolute scientifically precise terminology, for example the electron–hole
recombination in semiconductor quantum dots (QDs) should be correctly termed
photoluminescence [6].

A search on the Thomson Reuters Web of Knowledge database for the term
‘‘fluorescence AND nanoparticles’’ returned approximately 12,457 recorded pub-
lications in the last 5 years. Adding the term ‘‘biomedical’’ reduced the results to
around 514 records. This simple reveals the high number of studies related to this
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field. Most of the fluorescent NPs described applications were related to imaging
technologies, with special emphasis on cancer research for in vivo imaging of
tumors. Although NPs have been extensively used in vitro [7] and in biosensing
detection systems [8], in this chapter, we are going to focus exclusively on their
in vivo applications.

Fluorescent theranostics NPs represent a powerful new development; these NPs
are designed with a therapy component to act as nanocarriers for drug delivery
combined with the fluorescence component. This makes them capable of diag-
nosis, drug delivery, and monitoring of therapeutic response through optical
imaging, these NPs were recently review [9–12].

Considering the extensively diversity of fluorescent NPs described in the lit-
erature and that a significant part of these studies claim that the studied NPs have
‘‘potential’’ biomedical or clinical use in vivo. In this chapter, we focus only on
selected fluorescent NPs types, which are already on track or have been widely
described to have substantial potential for clinical applications. The main emphasis
of this chapter is in the translational relevance of the NPs for human use. The
initial sections would provide an overview of some important NPs design
parameters for their in vivo application and discuss the fluorescence imaging
technology status in the clinic. In this chapter, we will mainly focus on three
different types of fluorescent NPs: QDs, fluorescent dye-loaded inorganic and
organic NPs. For each, we will briefly highlight their characteristics, advantages,
limitations, and engineering strategies employed to enhance their in vivo use and
describe some examples of preclinical studies. We will emphasize translational
work and when applicable describe examples of NPs that where translated to
human studies. Finally, we would provide a perspective of the fluorescent NPs
advances needed for future human application.

20.2 Fluorescent Nanoparticles Parameters

Studies involving NPs, most of the time adhere to an overall pattern. Synthesized
or constructed NPs with specific design properties (e.g., size, shape, internal and
surface chemistry/coating) are evaluated using in vitro or more relevant in vivo
biological systems. These studies draw correlations between NPs design variations
and specific biological responses parameters (e.g., higher circulation time,
enhanced tumor accumulation, increase in fluorescent signal) [13]. Some param-
eters are in general common to any type of NPs design, independent if is only a
drug nanocarrier or includes an optical or magnetic detection, while other NPs
properties are directly related to the imaging modality, which is relevant for this
chapter fluorescence. A brief overview of some of those parameters is described
next.
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20.2.1 General Nanoparticle Design Parameters
for In Vivo Applications

Several NPs properties such as size, shape, internal and surface chemistry/coating,
architecture, conjugation with labels and/or therapeutics can be engineered to
obtain desired biological responses on live animals relevant to their biomedical
application, and these include the following.

20.2.1.1 Blood Circulation Time

This is an important parameter that is mainly affected by the NPs size, shape, and
surface chemistry/coating. The intravenous injection of large NPs (above 200 nm)
results in accumulation at the spleen and liver, while small NPs (less than 6 nm)
can be eliminated quickly from the body [13, 14]. Rod-shaped NPs have been
shown to increase circulation time up to ten times compared to spherical NPs [15].
Serum proteins are absorbed to the NPs after injection into circulation, and this
dictates their biodistribution, clearance, and also toxicity [16]. Here, the external
NP chemistry plays an important role, for example positive NPs absorb proteins
that promote their quick removal by the reticuloendothelial system. A widespread
strategy to increase biocompatibility is the coating of NPs with long-chain poly-
mers (e.g., polyethylene glycol (PEG)). This prevents aggregation and cell inter-
action and decreases serum protein absorption, prolonging NPs blood circulation
time [16].

20.2.1.2 Biodistribution and Tumor Delivery Efficiency

This is probably one of the most critical issues with any type of NPs in vivo.
Normally, only a small fraction (1–10 %) of the injected NPs are actually deliv-
ered to the tumor [13]. So, it is imperative to maximize delivery/accumulation in
the tumor and minimize NPs retention in other organs. The delivery mechanisms
can be divided into passive delivery and active targeting, and this latter involves
adding bimolecular ligands on the NPs coating with affinity to specific markers
overexpressed on the target tissues or tumor cells, with the aim to enhance
delivery. Passive delivery uses the enhanced permeation and retention (EPR)
effect, where leakier tumor blood vessels combined with a poor lymphatic
drainage, leads to the accumulation of NPs with long circulation time in the tumor
site. Studies showed that by changing the size of the NPs, it was possible to control
accumulation and penetration depth into the tumor [17]. Active targeting seems to
change the NPs location in the tumor site and improves their cell internalization
[18], but there are contradicting reports on how effective targeting is on promoting
tumor accumulation [13, 18], and sometimes the extra nanoformulation com-
plexity of the targeting may not be justified for clinical NPs [19]. Shape or even the
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architecture of NPs seems to also play a role, recently chains of spherical
connected active targeted NPs (*100 nm width) provided higher tumors detection
due to enhanced contact with the blood vessels wall [20]. Also, an additional
strategy would be to actually ‘‘normalize’’ the abnormal blood vessels in tumors by
making them less leaky, and this could provide deeper NPs penetration in the
tumor [14]; recently, it was calculated that the NPs ideal size to maximize pen-
etration should be of around 12 nm [21].

20.2.1.3 Biocompatibility, Clearance, and Toxicity

These are interconnected aspects and possible the most important factors in the
translation of any NPs to human use. Most of the injected NPs, if not eliminated in
the short-term, accumulate not in the target tissue/tumor but in the spleen, liver,
and other organs, with low degradation/clearance, where their long-term toxicity
and induced biological perturbations are largely unknown [13, 22]. Although the
external coating makes them biocompatible and nontoxic, this is only a temporary
effect, has the coating of the accumulated NPs would eventually be degraded
exposing biological reactive surfaces or releasing potential toxic materials. QDs
coated with PEG initially present good biocompatibility in vivo, but studies show
that they accumulate in the body and after prolonged tissue residence the internal
core/shell presents visible signs of degradation [23]. Here, NPs chemistry/com-
position is a critical factor, NPs should be constructed with nontoxic materials,
with the exception of the therapeutic agent, or their toxicity should be manageable
and limited on time. After their intended application, they should be degraded and/
or cleared from the body rapidly without inducing further biological perturbations.
For example, silica-based NPs where engineered to self-destroy after cell inter-
nalization in vivo into smaller components that cloud than be easy cleared from the
body [24, 25].

20.2.2 Fluorescent Relevant Parameters

Fluorescent NPs for either theranostic or imaging have to be designed to present
ideal proprieties for fluorescence optical imaging. The ratio between fluorescent
probe signal and background (autofluorescence) noise is one of the major issues
for fluorescent imaging. In deep tissues, the natural absorption and scattering of
light acts to greatly attenuate and ‘‘blur’’ the emitted fluorescence light [26] or any
other photon originating or travelling through the tissue or organism [27]. Also,
probes developed for dynamic in vivo fluorescence imaging have to remain stable
enough to allow repetitive time points acquisitions, inside the tissue of whole
animal hosts. Overall, relevant parameters of the probe or in this case the fluo-
rescent NPs include the following.
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20.2.2.1 Quantum Yield

This is an important parameter that is defined as the ratio of the number of photons
emitted to the number of photons absorbed [28]. A high quantum yield is a clear
advantage especially to overcome signal/noise interference and allow easy
detection of the fluorescent signal. For example, engineered semiconductor QDs
present a quite high quantum yield value of up to 50 % [29].

20.2.2.2 Photostability

Repetitive or/and high-intensity illumination conditions can that lead to the pho-
tochemical destruction (photobleaching) of the probe, undermining the fluorescent
signal readouts [28].

20.2.2.3 Biostability

This is related to the stability of the probe in biological environments. Fluorescent
probes may be degraded or metabolized by cells/tissues, or the biological envi-
ronment may modify their optical properties to different degrees. Also, the fluo-
rescent probe could be inherently toxic due its chemical composition (or its
metabolites) or yield a phototoxic effect, usually associated with the production of
oxygen free radicals [26]. Here, the addition of external coating in the case of QDs
[30–32] or the encapsulation of fluorescent dyes inside NPs [33, 34] represents a
strategy to minimize biological degradation and/or toxic effects to a certain point.

20.2.2.4 Wavelengths

A key strategy for in vivo imaging is the use of the near-infrared (NIR) light
window (Fig. 20.1), around 700–900 nm. This is because hemoglobin (the prin-
cipal absorber of visible light) plus water and lipids (the principal absorbers of
infrared light) have their lowest absorption coefficients in the NIR region. Imaging
in this region provides deeper tissue penetration and lower absorption, scatters, and
minimizes tissue autofluorescence, which further improves the signal/noise ratio
[35–38].
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20.3 Fluorescence Imaging Technologies in the Clinic:
Advantages and Limitations

Fluorescence imaging is by far the most widely used technology for in vitro and
in vivo micro-/macro-imaging research. Where preclinical whole-body NIR fluo-
rescence imaging is extensively used, its main advantages include being easy to
use, safe, low cost, and highly versatile. Nevertheless, NIR fluorescence imaging
contrary to other modalities, such as ultrasound, CT, MRI, and PET, is still lagging
behind widespread human use in the clinic. However, NIR fluorescence imaging
has revealed growing potential in this field, recently reviewed [39–42].

Briefly, NIR fluorescence has been associated with fiber-optic endoscopy
techniques, namely in the diagnosis of suspected lesions and assisted target
intervention, in gastrointestinal [43] and lung cancer [44]. Endoscopy is already an
established optical-based technology that only needs to be upgraded with the
fluorescent component, which represents a major advantage for its clinical trans-
lation [41, 42].

Additionally, NIR fluorescence imaging using contrast probes can provide real-
time image data for tumor guided resection [45], sentinel lymph node mapping
[38, 40, 46], provide contrast to identify critical structures such as nerves [47] and
blood vessels in reconstructive surgery [48]. Nevertheless, there are several
technical aspects that require improvements for the above applications, namely for
sentinel lymph node mapping or any open surgery application. NIR light is
invisible to the human eye, so besides the excitation source and acquisition
camera, the imaging systems need a display for the surgeon to visualize the
fluorescent signal. Also, these procedures traditionally require the fluorescent
acquisition to be performed in the dark; to minimize interference from the envi-
ronment light, these factors may restricts surgical performance.

Fig. 20.1 Near-infrared
(NIR) window tissue
absorption coefficients.
Between the wavelengths of
approximately 700–900 nm,
the oxygenated hemoglobin
(OxyHb), deoxygenated
hemoglobin (DeoxyHb),
water, and lipid absorption
spectra reach a minimum; this
makes this window ideal for
in vivo imaging. ‘‘Recreated
with kind permission of
[Elsevier] [38]’’
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Recent studies proposed new imaging systems for the application of this
technology on the surgical room [40]. These included the fluorescence-assisted
resection and exploration (FLARE) a specialized intraoperative NIR fluorescence
imaging system which easily allowed seeing the surgical anatomy with 3 image
views: color, NIR fluorescence, and color-NIR merged [38, 49]. Furthermore, the
integration of fluorescence imaging with minimally invasive robotic surgery, such
as the da Vinci surgical system [50] could represent a powerful approach.
Recently, this system was tested with the NIR dye (indocyanine green (ICG)) in a
human study, to visualize the biliary anatomy during a cholecystectomy [51],
identify renal vasculature, and differentiate renal tumors from normal tissue during
a nephrectomy [52].

20.4 Semiconductor Quantum Dots

Semiconductor nanocrystal QDs have been one of most intensely studied fluo-
rescent NPs for biomedical nanomedicine applications; especially in cancer
research, extensive reviews are available [29, 53–58].

20.4.1 Quantum Dots Characteristics and Advantages

These nanocrystals present different light emission properties than traditional
chemically synthesized dyes or fluorescent proteins. Briefly, the absorption of a
photon with energy above the semiconductor bandgap energy results in the cre-
ation of an electron–hole pair (or exciton). The radiative decay of the exciton
results in photon emission with wavelengths corresponding to the semiconductor’s
bandgap. The absorption has an increased probability at higher energies (i.e.,
shorter wavelengths) and results in a broadband absorption spectrum [56].

The advantages of using QDs in the place of other traditional organic dyes have
been widely reported [59, 60]. The unique optical properties of QDs include high
absorbance, high quantum yield, low photobleaching, narrow emission bands, and
large Stokes’ shifts. QDs are more chemically stable and are not so easily
metabolized or degraded by the cells compared to fluorescent dyes. The emission
spectra of QDs can be tuned across a wide range by changing the size and com-
position of the QD core, where the narrower emissions allow to resolve more
wavelength peaks than possible with standard fluorescent dyes [61].
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20.4.2 Quantum Dots Engineering Strategies
for In Vivo Applications

QDs were first illustrated by Alivisatos et al. [62], and their potential for ultra-
sensitive biological detection was unraveled by Chan and Nie [63]. Since the first
reports describing this type of materials, engineering strategies have been
employed to improve and tailor QDs physical, chemical, and optical properties to
enable then to be used in biological systems. These include development of the
size and chemical composition of the QDs core, shell, and hydrophilic coating
structure, including conjugation with biomolecular ligands [29, 64].

Today, term ‘‘QDs’’ can be applied to a wide range of nanoparticle types with
different compositions, but typically semiconductor QDs have a core/shell struc-
ture of 2–8 nm in diameter; normally, the core is composed of heavy metal
semiconductor crystalline compounds such as cadmium selenide (CdSe), cadmium
telluride (CdTe), indium arsenide (InAs), or lead selenide (PbSe) and a shell made
of zinc sulfide (ZnS). The introduction of a shell made of a larger bandgap material
such as ZnS was a major design advance. The shell confines the exciton to the core
and passivates dangling bonds. This greatly enhances the QD, improves photo-
stability, and provides resistance against environmental photooxidation [7].
Additionally, the bare QDs are not soluble in water or biocompatible as such, so
another important design development that enabled their use in biological systems
was the coating with a hydrophilic layer that ensured compatibility with physio-
logical media and provided extra protection for the core [29, 56, 65]. Several
strategies and different types of hydrophilic coating molecules have been described
in the literature [7, 29, 64]. One of the most extensively used is the coating with
PEG or other polymers; besides water solubility, it greatly reduced nonspecific
cellular uptake of QDs [66–68]. The QDs surface was also functionalized with
targeting biomolecular ligands, such as antibodies, peptides, or small molecules,
used to target specific cells/tissues, and importantly tumor sites, NPs tumors tar-
geting strategies have been recently reviewed [69–71].

20.4.3 Quantum Dots Toxicity In Vivo

The QDs main drawbacks are related to biocompatibility, clearance, and long-term
toxicity issues. QDs injected intravenously in mice even when targeted to tumor
accumulate in the body. They have been detected in the kidney, liver, lymph
nodes, and bone marrow [72, 73], in some cases up to two years after injection,
with a blue shift of the emission spectra due to NPs degradation [23]. The extent of
degradation of the shell/coating is critical for toxicity, since they shield the release
of highly toxic Cd from the core. The release of free Cd and other heavy metals
compounds is one of the main safety issues raised regarding to use of QDs in
humans [22].
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Also, QD are highly reactive and are subject to photooxidation and air oxida-
tion, with the formation of free radicals, another mechanism of toxicity [74]. The
QDs toxicity issues have been extensively reviewed elsewhere [9, 75, 76]. Several
engineering strategies to try to minimize this aspect have been described; some
examples include the use of Cd-free QDs [77, 78]. Some works studied devel-
opments to maximize integrity on the shell/coating [30–32], and this should be
effective only as long as the coating remains intact. Other strategies focus on
enhancing clearance from the body, and low-sized QDs functionalized with
tumor-specific small molecular ligands were tested in a mice model and shown to
be cleared from the kidneys if the hydrodynamic diameter was less than
5.5 nm [79].

20.4.4 Quantum Dots Preclinical In Vivo Applications

The potential of QDs for preclinical tumor imaging and detection, including
theranostics applications, has been recently reviewed [53, 54, 73, 80]. Examples of
relevant studies include the following.

20.4.4.1 Sentinel Lymph Node Mapping

This was performed with NIR QDs in different types of animal tumors models,
such as bladder [81], breast [82], esophageal [83], gastrointestinal [84], and lung
[38, 85]. Relatively to traditional techniques (e.g., fluorescent dyes), QDs due to
their high quantum yield present greater emission light penetration through thick
tissues and superior signal to noise, minimizing the interference of autofluores-
cence tissue background [86]. In addition, for this technique size maters, as
injections in the tumor of small NPs (\5 nm) can pass through multiple lymph
nodes giving up false positives, QDs offer the possibility for precise engineered
size to enable optimal location on the sentinel lymph nodes [86].

20.4.4.2 Primary Tumors Guided Surgery

QDs passive accumulation in the tumor or conjugation with specific biomolecular
ligands to target tumor cells, offer the possibility to help surgeons to delineate
tumor margins, identify metastatic sites, and evaluate whether the tumor has been
completely removed [87–90].
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20.4.4.3 Theranostics

QDs have been engineered to be also nanocarriers of therapeutics, combining drug
delivery with imaging for monitoring the pharmacodynamics of the drugs and the
effectiveness of the treatment. For example, a recent study described a pH-
responsive QD–mucin1 aptamer–doxorubicin conjugate tested on an ovarian
tumor mice model. Mucin1 represented the tumor-targeting ligand and doxoru-
bicin was attached to the QD, quenching the fluorescent signal, through a pH-
sensitive hydrazone bond. Inside the cells, the acidic environment promoted the
release of the drug with the subsequent recovery of the fluorescent signal that
could be detected [91]. Other studies employed QDs to track siRNA delivery and
interference [92–96], although these were only tested in vitro with cultured cells,
but reveal some potential for in vivo use.

Overall, despite the notable number of preclinical research performed with QDs
and their high potential for biomedical clinical applications, there are no records of
any intended or performed human clinical trials. Safety concerns related to their
in vivo behavior represent by far the major limitation for their clinical use.

20.5 Fluorescent Dyes: Indocyanine Green Clinical
Applications and Advantages of Dye-Loaded
Nanoparticles

As described previously for in vivo imaging, the NIR window (*700–900 nm) of
the spectrum provides higher penetration and lower host tissue interference with
the light. For preclinical research, there are a vast selection of NIR organic dyes
available [97–99] and other types of molecules (e.g., fluorescent proteins) [98].
Some examples include cyanine-based lipophilic dyes such as DiD (ex.644 nm;
em.665) [100], DiR (ex.750 nm; em.782 nm) [101], hydrophilic dyes such as Cy5
(ex.650 nm; em.670 nm), Cy7 (ex.743 nm; em.767 nm) [102], and far-red engi-
neered proteins such as the eqFP650 (ex.592 nm; em.650 nm) [103].

20.5.1 Indocyanine Green and other Clinically
Relevant Dyes

Relatively to clinical applications very few dyes have been employed in human
studies. Indocyanine green (ICG) is a 775-Da (Fig. 20.2) cyanine derivative dye
(ex.760–785 nm; em.820–840 nm), first FDA approved in 1958 for indicator
dilution studies [40].

Today, ICG is still the only NIR dye approved by the FDA for human clinical
use. One of its major applications is in sentinel lymph node mapping for image
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guided surgery following injection at the tumor site [40, 46]. ICG has also been
used in reconstructive surgery, ophthalmic angiography, to evaluate cardiac out-
put, hepatic function, and liver blood flow [40, 48, 104]. When injected intrave-
nously ICG presents a very short lifetime in the blood, with a half-life of
approximately 3–4 min [105]. ICG main issues are its weak fluorescent properties
and low stability compared to other NIR dyes employed in preclinical studies
[104]. Other clinical significant dyes include methylene blue [39, 106] and omo-
cianine [107, 108], although these two were only approved to be use in selected
clinical trials.

20.5.2 Advantages of Dye-Loaded Nanoparticles

Direct application of ICG or any other type of low molecular weight dyes in vivo
can be limited by several factors. These include rapid clearance from the body and
relative fast degradation of the dye with the correspondent loss of the fluorescent
signal.

The use of engineered nanoplatforms where the dye is encapsulated or attached
on the surface of the NPs represents an interesting strategy. This approach presents
several advantages for tumor studies. These include: first, a versatile NP of con-
trolled size and structure where is possible to include different probes for multi-
modal imaging and/or sensing, with the option to also include therapeutic agents
[9–12]. Second, specify coating of the NPs is to increase the body circulation time,
enhancing the passive accumulation in the tumor site and with the option to
decorate the NPs external coating with tumor/tissue targeting ligands. Third, the
association with the NPs material stabilizes and decreases the dye biological
degradation. Fourth, because the dye is concentrated in the particle, there is an
increase in brightness; although to high concentrations, it may produce the
opposite effect due to self-quenching.

There are a number of different compounds and strategies described in the
literature to produce NPs with incorporated dyes or other fluorescent components
[3, 10, 109–113]. In the next sections, we will describe some of those subdivided
into inorganic materials (calcium phosphate and silica) and organic complexes
(polymeric and liposome based) (Fig. 20.3).

Fig. 20.2 Indocyanine green
(ICG) molecular structure.
‘‘Recreated with kind
permission of [Elsevier]
[38]’’
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Fig. 20.3 Schematic representation depicting some types of fluorescent nanoparticles designs.
Inorganic nanoparticles: a semiconductor quantum dots and b calcium phosphate or silica matrix
loaded with organic dye and coated with a hydrophilic polymer. Organic nanoparticles loaded
with dye, lipid or polymer based, with c lipid core, e liposome, d polymer self-assemble
architectures, and f protein dye absorbed nanoparticles. Hydrophobic organic dyes can be loaded
in the lipid core (c) or the phospholipid bilayer ‘‘shell’’ (e) and also within the polymer
hydrophobic ‘‘core’’ groups (d), while hydrophilic organic dye can be conjugated to the polymers
backbone (c, d, e). ‘‘Adapted with kind permission from [MDPI] [109]’’

546 O. F. Silvestre and X. Chen



20.6 Inorganic Nanoparticles Loaded with Dyes

Generally, these NPs are composed of fluorescent dyes incorporated on an inor-
ganic matrix (Fig. 20.3b). Several types of material can be included in these
categories; many times, theses are multimodal NPs where beside the dyes, other
types of materials (e.g., gold, iron oxide, gadolinium, and carbon particles) can be
incorporated or linked to the inorganic matrix [114–118]. For the purpose of the
present section, we will discuss two prevalent types of fluorescent inorganic NPs,
calcium phosphate, and silica.

20.6.1 Calcium Phosphate Fluorescent Nanoparticles

Calcium phosphate is one of the most widely known agents for in vitro nonviral
DNA/RNA delivery [119–121]. The precipitate NPs display a pH-dependent
solubility profile and relatively low toxicity, are highly biocompatible and bio-
degradable, and therefore have been studied for imaging and therapeutic appli-
cation with encapsulated oligonucleotides, but also drugs and dyes [122].

An important drawback for in vivo use is that calcium phosphate particles are
unstable and present variable size, but engineering design refinements in the
synthesis protocols and polymer coating (e.g., PEG) helped stabilize the structure
[123, 124].

The potential for application in small animals imaging have been described
using ICG-loaded calcium phosphate [125–127]. Despite the translational poten-
tial, relatively low toxicity and the fact that some injectable derivate products are
already FDA approved for medical use (e.g., bone synthetic cement graph) [128],
so far there are no records of calcium phosphate nanoparticle-based clinical trials.

20.6.2 Silica Fluorescent Nanoparticles

20.6.2.1 Characteristics and Advantages

Silica- or silicon-based NPs main design advantages for biomedical applications
are related to their high surface area, large pore volume, uniform porosity, and
stable aqueous dispersion, together with good in vivo biocompatibility and bio-
degradability [24, 129].
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20.6.2.2 Engineering Strategies for In Vivo Application

Silica NPs represent a versatile nanoplatform where fluorescent dyes and other
functional molecules can be loaded inside the pores or covalent attached to the
particles [130]. Importantly, the loaded dyes fluorescence properties remain quite
stable in the silica matrix [34, 131–133], and this represents a major advantage for
in vivo applications. Considering that these particles normally do not contain
heavy metal components, in contrast to QDs, toxicity of silica NPs in the body is
normally associated with mechanical vasculature obstruction of the organs that
leads to blocking and organ failure [134]. It was demonstrated that both silica
toxicity and biodistribution are influenced significantly by NPs porosity and sur-
face characteristics, and the capacity for particles being able to be degraded and
excreted out of the body by urinary and hepatobiliary routes [129].

Recent works described an interesting engineering strategy applied to fluores-
cence porous silica NPs loaded with anticancer drug doxorubicin, these could
self-destruct in vivo into smaller components releasing the drug and be cleared out
of the body within a relatively short period of time reducing the risk of causing
damage to normal organs [24, 25].

20.6.2.3 Preclinical In Vivo Applications and Human Clinical Trials

There are a number of biological studies, recently reviewed [113, 130, 135, 136],
performed with these types of particles, where silica NPs were successfully
employed for small animal drug/gene delivery and imaging [114, 115, 137–141],
commonly using a multimodal strategies [114–116, 118].

Most significantly, the so-called silica C-dots [133, 142] represent one of the
first times an inorganic particle was approved to be used as a platform for both
diagnostics and staging in advanced melanoma tumors in human clinical trials
[143]. The C-dots were labeled with a radioactive probe and injected in the tumor
site for PET detection of the surrounding lymph nodes. Although in the previous
study the probe used was radioactive iodine, animal studies with Cy5-loaded C-
dots also demonstrated the advantages of using NIR imaging for the localization of
superficial lymph nodes [5]. This opens up the possibility for in the future being
able to use already FDA approved NIR fluorescent dyes with these NPs. For
example, other silica NPs loaded with ICG have already being described in several
animal imaging studies [116, 117, 141, 144].

20.7 Organic Nanoparticles Loaded with Dyes

In these types of NPs, the dye is incorporated by either just adsorption or through a
covalent bond to an organic structure; an extensive range of different organic
materials and designs have been described [4, 145]. Also similar to the inorganic
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NPs, many times, these particles can incorporate other materials for multimodal
imaging (e.g., PET, MRI) and/or a therapeutic component [4, 146, 147].

Organic NPs in general demonstrated effective properties as an in vivo nano-
carrier, giving rise to several clinical contract agent conjugates and drug nano-
formulation used in humans. Making them the most successful group of NPs to be
translated to the clinic, this aspect has been recently reviewed [110, 145]. Two
examples are as follows: Doxil, the first FDA approved nanoformulation in 1995
for AIDS-related Kaposi’s syndrome, which resulted from the incorporation of
doxorubicin, within liposomes [148], and Abraxane, approved in 2005, is based on
an albumin-bound formulation with paclitaxel, developed to treat metastatic breast
cancer [149].

20.7.1 General Advantages and Issues

The main advantages of organic-based NPs include the capacity to enhance drugs
efficiency without the need to alter the drug compound, improvement in the access
to the target tissue/cells due to higher biological barriers crossing capacity, and
importantly, they have proved to be safe for human use [4, 145]. This is because
these particles are constituted by synthetic or natural occurring organic molecules,
some of those already present in the human body, making them highly biocom-
patible and biodegradable.

The main issues are related to the organic NPs heterogeneity, namely in
obtaining and maintaining reproducible NPs proprieties such as size, drug/dye
load, structural architecture, and also their stability during storage and under
physiological conditions. They normally are classified based on their composition/
structure; we will briefly discuss two examples: lipid- and polymeric-based NPs.

20.7.2 Lipid Fluorescent Nanoparticles

20.7.2.1 Characteristics, Advantages, and Issues

Lipid NPs result from ensembles of lipophilic and/or amphiphilic lipids in small
artificial vesicles of spherical shape (Fig. 20.3e and c), with a general diameter
50–300 nm [150, 151]. Different compositions and structures of lipid NPs have
been described for imaging and therapy, such as nanoemulsions [152], nanocap-
sules [153, 154], solid lipid NPs [155], and liposomes [151, 156]. Due to their
nature, they can for example be used to incorporate negative charged nucleic acid
through electrostatic interactions with the positive charge phospholipids [156] and
different lipophilic cargo, where drugs represent a major application [145].
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The main issue of this type of particles is related to their colloidal stability;
especially on living systems, they are relatively less stable than for example
polymeric NPs [151].

20.7.2.2 Engineering Strategies for In Vivo Application

There are different strategies to improve stability, and this includes conjugation
with polymeric moieties, such as PEG [147]. Another example involved the use of
a complex mixture of different types of lipids (long-chain mono-, di-, and tri-
glycerides) and other surfactants (phospholipids and PEG-stearate) to stabilize the
NPs [152]. An importantly feature of lipid NPs is the option to encapsulate dif-
ferent of dyes such as DiD, DiR [153, 154, 157], and ICG [105, 158, 159] to obtain
bright fluorescent NPs.

20.7.2.3 Preclinical In Vivo Applications

The engineering strategies used to improve the general particle stability also
contribute to improving their fluorescence properties and decreasing the dye
degradation. For example, in the case of nanoemulsions or nanocapsules, lipophilic
dyes can be homogenously incorporated in the lipid core in high concentration
(Fig. 20.3c) providing excellent brightness [150, 153]. Self-quenching phenomena,
due to high dye loading, have to be monitored, and dye leakage can be a greater
issue on the lipid NPs, compared to more stable dye-loaded inorganic or polymeric
NPs [33]. Nevertheless, they were some recent studies with lipid NPs, termed
Lipidots, composed of DiD-loaded lipid core that claimed comparable results to
commercial QDs with much lower toxicity, when used as a fluorescent contract
agent for lymph node mapping in mice [109, 150]. Other preclinical studies on
small animal have been performed to demonstrate the application of ICG-loaded
lipid NPs for sentinel lymph node mapping [160] and general tumor imaging [161,
162]. Despite some lipid nanoformulations already in use in the clinic [145, 148],
there are no records of human approved fluorescent lipid NPs.

20.7.3 Polymeric Fluorescent Nanoparticles

20.7.3.1 Characteristics and Advantages

Polymeric NPs present a variety of structural arrangements and are formulated
with different polymer constituents. The different structures are related to the self-
assembly of the hydrophobic/hydrophilic polymer subunits and can include other
compounds, such as dyes [109] and therapeutic drugs, extensively reviewed
elsewhere [111, 145]. Relevant examples of NPs architectures have been
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described, and this included polymeric micelles [163], dendrimers [164], and
polymer capsules [165]. Some examples of prominent synthetic polymer constit-
uents used on the design of these NPs are PEG, poly(lactic acid) (PLA), poly(D,L-
lactic-co-glycolide) (PLGA), and poly(caprolactone) (PCL). Other important
described constituents are natural occurring polymers such as poly(glutamic acid)
(PGA), poly(lysine), saccharides (dextran and chitosan) and body present poly-
mers (hyaluronic acid and human serum albumin) [109, 145].

The common advantages of these polymers are their high biocompatibility and/
or biodegradable proprieties, plus being relatively safe. Several studies described
polymer-based NPs used as nonviral gene delivery system [166–168], but the vast
majority of works with these NPs are related to their use as a nanocarrier for
therapeutic drug delivery [111, 165, 169] where these particles presented greater
clinical success [145]. It is also common for these particles to be loaded or con-
jugated with fluorescent dyes for imaging [110] or distinct theranostic applications
[170].

20.7.3.2 Engineering Strategies for In Vivo Application

Some of main advantages and associated engineering rational in the development
of these NPs are related to the increase in drug solubility and in turn bioavail-
ability, controlled delivery with accumulation on target locations, maintenance of
systemic drug concentration (i.e., increasing serum half-life) and demonstrated
safety for human used [111, 145]. For example, PEG is one of the most widely
used polymers to increase circulation time on NPs and has been approved for
human use [169]. Similar to the previously described lipid NPs, different polymer
compositions/designs provide efficient loading and delivery of the drugs or/and
fluorescent dyes, enable degradation and excretion from the body, but importantly
should reveal lower toxicity [171].

Polymer NPs are high versatile allowing for different designs and the conju-
gation with diverse materials (e.g., gold, iron oxide, carbon particles) resulting in
multifunctional/multimodal NPs [4, 10, 146, 147].

Highly relevant for optical imaging is the incorporation of fluorescent dyes.
Different approaches have been described; for example, NIR lipophilic dyes such as
DiD and DiR [172] can be incorporated on the polymer hydrophobic ‘‘core.’’ While
hydrophilic dyes, such as Cy5.5, can be covalently conjugated to the polymers
backbone (Fig. 20.3d), this improved stability and reduced dye leaking from the NPs
[170, 173, 174]. Hyaluronic acid (HA) is a polysaccharide present in the extracel-
lular matrix and synovial fluids of the body, making it extremely biocompatibility
and biodegradable [175]. HA-based self-assemble NPs represent an interesting
versatile platform where is possible to load hydrophobic drugs/dyes in the hydro-
phobic ‘‘cores’’ or covalently attach them to the polymer backbone. Furthermore,
they revealed specific targeting to tumor sites, due to strong receptor-binding affinity
to CD44, overexpressed in most tumor cells [176]. The covalently attached Cy5.5-
dye-labeled HA NPs demonstrated to be relatively stable under physiological
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conditions and presented good fluorescence properties. They have been successfully
used for tumor imaging [177–179] and theranostic applications [170, 180].

20.7.3.3 Preclinical In Vivo Applications and Human Clinical Trials

For example, recently HA-based NPs were engineered as a theranostic system
combining early tumor detection with targeted tumor therapy and evaluated on a
colon cancer mice model [170]. The diagnostic consisted of Cy5.5 chemically
conjugated to the HA that successfully allowed fluorescence imaging detection of
small-sized colon tumors as well as liver-implanted colon tumors on live mice. The
target therapy part consisted of the anticancer drug irinotecan encapsulated into the
hydrophobic HA cores, that was effective on suppressing tumor growth, and this
response was also possible to be monitored through fluorescence imaging [170].

Several researchers used the clinically significant ICG dye to perform pre-
clinical studies. The dye was encapsulated on polymeric NPs such as PLGA [181,
182] and PEG-folate-conjugated ring-opening metathesis polymerization-based
copolymers [183] for mice tumor imaging. Concretely sentinel lymph node
mapping was demonstrated with ICG-loaded PGA [184] and HA NPs [185, 186].

Importantly, ICG has been noncovalently absorbed/complexed with human
serum albumin in a NP formulation (Fig. 20.3f), revealing a hydrodynamic
diameter of around 7 nm, which improved the optical properties, resulting in
quantum yield enhancement, compared to free ICG [187, 188]. Most significantly,
both ICG individually and albumin-related drug complexes, such as Abraxane
[149], are already approved for human use. This may help explain why albumin–
ICG was one of only polymeric fluorescent NPs approved for human clinical trials
so far [40].

Invasive tumors spread from their original site through the lymph channels to
regional nodes, and the injection of a contrast agent at the tumor site allows the
surgeon to easily identify and take biopsy of the first or sentinel lymph nodes
which the cancer encounters. If the analysis of the sentinel lymph node reveals that
is free of tumor cells there is high probability all the lymph nodes in the region are
also free, this spares the patient from unnecessary greater surgical procedure to
remove all the lymph nodes. Albumin–ICG NPs were used on human clinical trials
for sentinel lymph node mapping in breast [189], cervical [190], head and neck
cancer [191], and vulvar [192] (Fig. 20.4) cancers. All these human trials were
performed using the mini-FLARE imaging system [49]. But the da Vinci mini-
mally invasive robotic surgery system was used recently with ICG to image human
biliary anatomy [193], and there are ongoing clinical trials for endometrial cancer
sentinel node mapping [194] and to help identify renal cortical tumors [195].
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20.8 Conclusion and Future Perspectives

20.8.1 Fluorescence Imaging Technologies in the Clinic

Despite fluorescence imaging widespread use in preclinical research with NPs and
other probes, this has not yet translated to the clinic, where others technologies
(i.e., ultrasound, CT, MRI, and PET) are already well established. Nevertheless,
there is a growing potential in this field [39–42].

For example, fluorescent endoscopy represents a potential application without
the need for major technological adaptation [41, 42], and other fluorescence
technologies, such as intraoperative imaging systems, are being evaluated for the
translation to the surgical environment [48].

In our perspective, we believe that specialized intraoperative NIR fluorescence
imaging systems, such as the FLARE [38, 49], and more recently, minimally
invasive robotic surgery [50] technologies represent important developments that
could potentiate the use of fluorescent NPs in the clinic. Minimally invasive robotic
surgery systems combined with fluorescence imaging are especially interesting, as
the surgeon performs all the procedure through a display video system, they can
more easily engage surgery on both color and fluorescence modes, providing an
excellent interplay between the ‘‘normal’’ tissue color view and fluorescence
imaging. Although this system at this moment is highly specialized and not common,
this could contribute to bringing fluorescence imaging to routine use in the clinic.

Fig. 20.4 Sentinel lymph node (SNL) mapping using near-infrared (NIR) fluorescence imaging
FLARE system in a human patient with vulvar cancer. a Peritumoral injection of 1.6 mL of
500 lM indocyanine green human serum albumin (ICG:HAS), injection site covered by hand,
identifies lymphatic channels, which converge in a SLN (arrow) that can be seen percutaneously
(top row). b Identification of the SLN (arrow) and 2 afferent lymphatic channels (arrowheads) is
demonstrated using NIR fluorescence imaging 17 min after injection of ICG:HSA (bottom row).
Scale bars represent 1 cm. ‘‘Recreated with kind permission of [Elsevier] [192]’’
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20.8.2 Quantum Dots in the Clinic

QDs have been one of the most widely studied NPs in preclinical in vivo research,
because of their unique photophysical properties, namely broad excitation, narrow
emission, and high quantum yield. However, safety concerns related to their use
in vivo represent by far the major limitation for their clinical application in humans
[9, 75, 76].

Although some design strategies were tested to minimize toxicity, the fact is
that practically all QDs are composed of potentially toxic heavy metals compo-
nents. Some reports described Cd-free QDs [77, 78], but still the safety of these
materials needs to be clarified. Nevertheless, despite their heavy metal content,
in vivo studies with Cd-based QDs in rodents [196, 197] and recently on nonhu-
man primates [198] showed no adverse toxic effects at certain doses within the
examined biological parameters.

Therefore, from our perspective, these studies confirm the need to perform
specialized assays to evaluate QDs toxicity at the molecular level and critically
examine any biological perturbations. We suggest that future studies should probe
genotoxic/epigenetic perturbations. Recent works described this at the in vitro
cellular level [199], but it is critical to study QDs long-term effects in full living
systems. A suggested approach would be to follow previous described method-
ologies used to evaluate the biological perturbation of free heavy metals on the
body [200, 201]. Overall, we believe that with the current knowledge, the possi-
bility of human clinical use of QDs is highly improbable.

20.8.3 Dye-Loaded Nanoparticles in the Clinic

Calcium phosphate and silica NPs seem much more biocompatible than QDs; also,
there were already clinical trials with silica NPs, although not using fluorescence
imaging.

Nevertheless, lipid and in particular polymeric-based nanoformulations are the
most successfully examples of human tested or actually approved NPs for clinical
use [145]. They are largely applied for drug delivery, where NPs formulated with
polymers already naturally present on the human body, such as human serum
albumin, represent currently the most relevant examples [145]. Within this class of
nanoformulations, there are very few clinical trials with fluorescent NPs. To our
knowledge, albumin–ICG NPs for sentinel lymph node mapping represents the only
example [189–192]. Although the low number of fluorescent NPs may be explained
in part due to the ‘‘low demand’’ of these on the clinical environment. Considering
the overwhelming output of published preclinical NPs on this category, there is a
significant ‘‘bottleneck’’ in the translation of fluorescent NPs to the clinic.

Therefore, our opinion on the immediate advancements in the development of
fluorescent NPs would be to incorporate ICG dye into engineered NPs designed with
polymers already present on the body or with nanoformulations already on clinical
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trials/approved for other purposes (i.e., drug delivery). Additionally, we believe that
an important limitation on this field is related to the fluorescence performance and
the low number of actually available FDA approved probes, where ICG approved
more than 50 years ago is in essence the only option at the moment.

20.8.4 Final Remarks

Fluorescence imaging and the advent of nanotechnology brought the promise of a
major impact in the clinic. Despite the overwhelming number of fluorescent NPs
published in the literature in the last years, and considerable progress for research
applications and preclinical studies, the fact is that only very few potential NPs
have ever reach clinical phase trials.

Analyzing the discussed NPs design characteristics correlated with the clinical
application outcome, it seems that in general, the NPs do not necessary need to
have the ‘‘best’’ fluorescent properties, as long they are showed to be relatively
safe for human use and present significant clinical advantages compared to other
probes or procedures.

Overall, this chapter demonstrates the need to critically address the NPs design
and safety concerns within an integrated engineering strategy, to advance the
translation of already studied or newly developed fluorescence NPs into the clinic.
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Chapter 21
Magnetic Nanoparticles for Biomedical
Applications: From Diagnosis
to Treatment to Regeneration

Yu Gao, Yi Liu and Chenjie Xu

21.1 Introduction

Today, nanotechnology is one of the fastest-growing research and development
fields in the world. It brings marvelous technologies and leads revolutions in the
fields of energy, electronics, data storage, food, and health care [1–4]. One exciting
domain for development is the convergence of nanotechnology and medical
applications, or so-called Biomedical Applications of Nanotechnology. By the
year 2012, there have been at least 247 applications and products that were
approved for clinical studies [5, 6]. The applications include but are not limited to
in vitro diagnosis, in vivo imaging/diagnosis, device coating, implantable mate-
rials, surgery, drug delivery, and tissue engineering. Nano-dimensioned materials
in those applications include liposomes, micelles, inorganic and organic nano-
particles (NPs). Each has its own unique set of properties presenting only in
nanoscale, such as the tunable fluorescent emission of semiconductor nanocrystals
and switchable magnetic properties of magnetic NPs (MNPs).

Among all nanomaterials, MNPs are one of the most frequently chosen systems
for biomedical applications due to their nontoxicity, biocompatibility, and par-
ticularly their inducible magnetic moment that allows them to be directed to a
defined location or heated with an external alternating current (AC) magnetic field
[7–9]. MNPs of controlled composition, size, shape, and surface coating have been
developed for specific applications. For example, to improve the magnetic moment
and thus the sensitivity of magnetic resonance imaging, researchers have prepared
NPs, composing transition metals (e.g., Fe, Co), alloys (e.g., FePt, CoPt, FeCo),
and metal oxides (e.g., Fe3O4, c-Fe2O3, CoFe2O4) [10–12]. However, considering
the stability and biocompatibility, commercialized MNPs for biomedical
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applications are mainly iron oxide-based NPs less than 100 nm, which are coated
with either inorganic (e.g., gold, silica, hydroxyapatite) or organic (e.g., dextran,
polyvinyl alcohol, polyethylene glycol) shells [7]. The coating prevents the par-
ticle aggregation caused by both hydrophobic interaction and ferromagnetic
behavior. More importantly, NPs with a proper surface coating can be stealthy to
immune system (such as reticuloendothelial system, RES) and stay longer in
circulation [13]. In the following content, we will briefly overview the latest
achievements in the biomedical applications of MNPs (Fig. 21.1).

21.2 Separation of Biological Samples

MNPs functionalized with biologically specific components such as antibodies
offer a unique opportunity to control and extract biological samples from a mix-
ture. For the separation of large biological samples such as cells (10–100 lm),
magnetic microparticles (above 1 lm) can be used. However, to get close contact
with biological entities with smaller size, such as virus (20–450 nm), proteins
(5–50 nm), or genes (2 nm wide and 10–100 nm long), materials in the nanodi-
mension (i.e., NPs) are preferred. Moreover, the high surface-to-volume ratio of
NPs compared to microparticles allows a higher ratio of labeling with less non-
specific binding [14]. Driven by these benefits, MNPs have been utilized to isolate
and purify various different biological entities such as proteins, bacteria, and cells.

One of the earliest applications is the protein separation. In proteomics, the
purification of native and recombinant proteins is always a time-consuming task.
The job is usually performed using variety of chromatography, electrophoresis,
ultrafiltration, precipitation, etc. Among them, affinity chromatography is one of
the favorite techniques. However, this technique is unable to cope with samples

Fig. 21.1 Schematic
illustrating the biomedical
applications of MNPs
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containing particulate materials, so it is not suitable for early stages of the puri-
fication process where suspended solid and fouling components are presented in
the sample [15]. Therefore, magnetic separation is attractive because of simple
handling, low cost, and high efficiency for crude samples. For example, FePt
MNPs functionalized with Ni(II)-chelated nitrilotriacetic acid (NTA-Ni2+) showed
tight binding to the 6-histidine-tagged proteins, through the 6 coordination sites of
the nickel ion. The 6-histidine-tagged protein was easily and rapidly separated
from the cell lysate without any pretreatment. Following analysis revealed a high
binding capacity of 2–3 mg proteins/1 mg of MNPs, which was about 200 times
higher than that of commercial magnetic microbeads [16–18].

Bacteria separation is another exciting application, which was first demonstrated
by Gu et al. [19]. Specifically, FePt MNPs were conjugated with vancomycin (Van),
which bound to the terminal D-Ala-D-Ala dipeptide of bacterial cell wall precursors.
By mixing Van-FePt MNPs with a solution containing Van-sensitive bacteria for
10 min, bacteria–MNPs conjugates could be separated by magnet. The detection
limit was 8 cfu/mL for S. aureus, 10 cfu/mL for S. epidermidis and 4 cfu/mL for
coagulase-negative staphylococci, which was comparable to the standard but time-
consuming polymerase chain reaction (PCR) assay [19].

The last but not least one is cell capture and isolation such as the isolation of
circulating tumor cells (CTCs). CTCs are cancer cells which slough off cancerous
tissue and move through the bloodstream to a new site. Thus, they are considered as
seeds for metastasis [20]. The presence of CTCs in the peripheral blood has been
shown to be associated with decreased progression-free survival and decreased
overall survival in patients treated for metastatic breast, colorectal, or prostate
cancer. And quantification of CTCs can be used for both the prognosis of cancer
metastasis and the reliable surrogate marker of treatment response. One method for
the CTC isolation and quantification is the CellSearch� system that can specifically
and efficiently separate CTCs from other types of cells in blood samples [21].
Typically, blood sample is firstly placed in a tube and centrifuged to removal solid
blood from plasma. Then, MNPs conjugated with CTC-specific antibodies (i.e., anti
epithelial cell adhesion molecule antibody) are mixed with blood samples for a few
minutes before being magnetically separated and washed with buffers. The isolated
cells are further stained with cytokeratin monoclonal antibodies (stain CTCs), CD45
monoclonal antibodies (stained leukocytes which may contaminate the sample), and
DAPI (stain nuclei of both CTCs and leukocytes). Finally, CTCs are identified with
positive signals for both cytokeratin and DAPI [21].

21.3 Diagnosis

Early, accurate, and in-time diagnoses of diseases are critical to prevent the
deterioration, to identify the effective and efficient treatment, to evaluate the
efficacy of treatment, to improve the quality of patient life, and to reduce the cost
of treatment. With functionalized MNPs, disease progression can be examined by
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using ex vivo bioassays (colorimetric immunoassay and magnetic immunoassay)
and/or in vivo imaging like magnetic resonance imaging (MRI).

21.3.1 Magnetic Immunoassay

Magnetic immunoassay (MIA) is a novel type of diagnostic assay, which utilizes
MNPs as labels instead of conventional radioisotopes (radioimmunoassay), fluo-
rescent dyes (fluorescent immunoassay), substrates and enzymes (enzyme-linked
immunosorbent assay, ELISA). MNPs are usually conjugated with an antigen or
antibody for the recognition of interested molecules. The binding between MNPs
and interested molecules causes the clustering of MNPs, which results in an
increase of magnetic moment for the detection [22, 23]. For example, Lee et al.
[23] developed a handheld diagnostic magnetic resonance (DMR) system, which
consisted of planar microcoils, microfluidic channels, and a portable magnet. It
used T2 relaxation time as detection signal, and could be performed in turbid
samples (e.g., blood, urine, and sputum) with few or no preparation steps. In a
recent report, they determined the accuracy of the DMR system by comparing its
performance to a large benchtop NMR relaxometer. In addition to the smaller
sample volume required (*5 lL for DMR vs. 300 lL for NMR relaxometer), the
DMR system showed a mass detection limit improvement of two orders of mag-
nitude (1 ng vs. 80 ng for avidin detection). This technology could also be
extended for the detection of bacteria, cancer cells, and protein biomarkers with a
high mass detection sensitivity (more than 800-fold improvement relative to a
benchtop relaxometer). The sensitivity could be further improved by preparing
new classes of water-soluble MNPs with higher magnetization [23].

21.3.2 Colorimetric Immunoassay

Colorimetric immunoassay quantifies the analytes through absorbance generated
from a color reaction between substrates and enzymes. One of the most widely
used enzymes is peroxidase, which catalyzes the oxidation of organic substrates
and produces a color change for detection. Peroxidase enzymes and their mimics
contain Fe2+ and Fe3+ in the reaction centers, which is essential for the catalytic
activity. Although MNPs like Fe3O4 NPs have been conjugated with horseradish
peroxidase (HRP) to introduce peroxidase activity in a number of applications
including commercially available magnetic ELISA kits, their peroxidase-like
activity has been ignored for a long time. Until recently, Fe3O4 NPs have been
reported to possess intrinsic peroxidase-like activity. In the presence of H2O2, all
different sizes (30, 150, and 300 nm) of Fe3O4 MNPs catalyzed the reaction and
produced a blue color for substrate 3,3,5,5-tetramethylbenzidine (TMB), a brown
color for diazoaminobenzene (DAB), and an orange color for o-phenylenediamine
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(OPD) [24]. If AH represents the substrate, which is a hydrogen donor, the
mechanism of the catalytic reaction could be written as follow:

2AH þ H2O2 ¼ 2A þ 2H2O ð21:1Þ

Through a series of studies, the peroxidase-like activity of Fe3O4 MNPs was
found to be H2O2, pH, and temperature dependent. Meanwhile, the reaction fol-
lowed Michaelis–Menten kinetics. Two formats of immunoassay based on this
concept have been performed to detect hepatitis B virus surface antigen and car-
diac troponin I (a biomarker for myocardial infarction) [24].

More recently, the peroxidase-like activity of Fe3O4 MNPs was used for tar-
geting and visualizing tumor tissues. Magnetoferritin (M-HFn) NPs were prepared
by encapsulating iron oxide NPs inside a HFn shell. The schematic process is
shown in Fig. 21.2a. TEM images (Fig. 21.2b–d) are shown a core–shell structure

Fig. 21.2 Preparation and characterization of M-HFn NPs. a Schematic showing the preparation
of M-HFn NPs and their structure. b CryoTEM image of M-HFn NPs. c, d TEM images of
protein shells (c) and iron oxide cores (d). HFn protein shells were negatively stained with uranyl
acetate for TEM observations, and iron oxide cores in HFn were unstained. e Size distribution of
iron oxide cores, with a median diameter of 4.7 ± 0.8 nm. f, g Characterization of peroxidase
activity of M-HFn NPs. M-HFn catalyzed the oxidation of peroxidase substrates TMB (f) and
DAB (g) in the presence of H2O2 to give a colored product. Recreated with kind permission of (�
2012 Macmillan Publishers Limited) [25]
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with a 4.7-nm core of iron oxide (Fig. 21.2e). The color reactions are shown in
Fig. 21.2f, g. The HFn protein shell could specifically bind to tumor cells that
overexpressed transferring receptor 1 (TfR1). These M-HFn NPs allowed to the
visualization of the tumor tissue through the peroxidase-like activity of iron oxide
core without any additional recognition ligands on their surface. This strategy
simplified the modification process of conventional NPs and prevented nonspecific
binding induced by an excess of ligands on the NP surface; 474 clinical specimens
from patients with nine types of cancers were examined. They confirmed that M-
HFn NPs could distinguish cancerous cells from normal cells with a sensitivity
(positive/cases) of 98 % and a specificity (negative/cases) of 95 % [25].

21.3.3 Magnetic Resonance Imaging

MRI is a noninvasive imaging modality that has been widely used in clinical
diagnosis [26]. This technique is based on the property that the magnetization of
hydrogen protons in human body will be aligned around an applied external
magnetic field. The presence of MNPs shortens the spin–spin relaxation time and
thus produces a negative (decreased) signal in T2- and T2*-weighted MR images
[27]. Therefore, by labeling the interested cells/tissues with MNPs, we can visu-
alize them noninvasively. So far, MNPs have been applied as MRI contrast agents
to improve the sensitivity of detection and diagnosis of major diseases including
cancers, cardiovascular diseases, and diabetes which in total account for nearly 2
of every 3 deaths in the USA—close to 1.5 million people in the year 2001.

In cancer prognosis, the status of lymph node is an independent adverse prog-
nostic factor. The enlargement of lymph node usually indicates the potential
malignancy or metastasis [28]. Given that intravenously or subcutaneously injected
MNPs would be taken up by lymph nodes by means of interstitial-lymphatic fluid
transport, we can label lymph nodes with MNPs for cancer diagnosis with MRI. In
2003, 80 patients with presurgical clinical stages T1, T2, or T3 prostate cancer were
examined by MRI before and 24 h after the intravenous administration of MNPs.
The imaging results were correlated with histological findings; 71.4 % of nodes did
not fulfill the usual imaging criteria for malignancy. MNPs have effectively iden-
tified small (with a diameter of 5–10 mm) and otherwise undetectable lymph node
metastases in patients with prostate cancer [28].

Besides cancer, MNPs are also used in the diagnosis of the cardiovascular
diseases such as myocardial injury, atherosclerosis, and vascular disease [29]. The
wash-in kinetics of MNPs, which are normally confined to the intravascular space,
can be used to demarcate the area of myocardium at risk. The hyperacute stage of
myocardial injury increases the capillary permeability and hyperemia, which
finally enhances the contrast of the injured areas [30]. To prevent the wash-out of
MNPs from acutely injured myocardium, an active ligand binding which achieves
specific targeted imaging is also highly promising [31]. Atherosclerosis is another
cardiovascular condition in which an artery wall thickens as a result of the
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accumulation of fatty materials and formation of multiple plaques within the
arteries. Long-circulating MNPs are able to penetrate an atherosclerotic plaque and
then taken up by the macrophage [32]. Thus, plaque macrophage content could be
gauged by MRI for atherosclerosis diagnosis. In addition, MNPs labeled with
linear peptides (screened by phage display) can specifically bind to the vascular
adhesion molecule-1 (VCAM-1), which is expressed on vascular endothelium.
These VCAM-1-targeted MNPs have been demonstrated as sensitive contrast
agents for detection of VCAM-1 expression in the aortic roots of statin-treated
mice [33].

Diabetes is another major health and development challenge of the twenty-first
century. Worldwide, there are already more than 360 million people with diabetes
and another 280 million at identifiably high risk of developing diabetes. One major
type of diabetes is type 1 diabetes (3–5 % of diabetes globally) is an autoimmune
disease that destroys the insulin-producing cells (beta cells) of the pancreas. The
initial immune infiltration, termed insulitis, starts many years before the devel-
opment of type 1 diabetes (T1D) and progresses slowly until a critical mass of beta
cells has been annihilated. In the progress of immune infiltration, lymphocytes
migrate to the pancreas and destroy beta cells. Thus, pancreatic biopsy is one
approach to diagnose insulitis but has been resisted by patients due to its inva-
siveness. A more attractive alternative to biopsy is provided by noninvasive MRI
imaging, in which microvascular leakage was taken as an indicator of inflam-
mation [34]. Specifically, Denis and colleagues developed long-circulating mag-
netofluorescent NPs with half-lives of over 10 h in blood vessel for both
fluorescent and MR imaging, which could follow the microvascular changes
accompanying inflammation. Results from mouse showed a positive correlation in
magnetofluorescent NPs accumulation in the pancreas and insulitis aggressivity
[34]. With this technology, the same group could predict the onset of diabetes
(from 6 to 10 weeks) in nonobese diabetic (NOD) mice [35]. In general, MNPs-
based imaging holds potential as a useful tool for performing long-term, longi-
tudinal studies of the progression of diabetes in humans.

21.4 Therapeutics

21.4.1 MNPs as Carriers for Drugs and Genes

Targeted drug delivery using MNPs was first proposed in the late 1970s and has
been one of the most desirable applications of MNPs for chemotherapy [14].
Following the early studies of Widder and Senyi, the efficacy of this approach was
demonstrated in numerous small animal studies and even resulted in a small
number of clinical trials. However, despite these efforts and achievements, this
technique has yet to develop into a workable clinical application.
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One of the reasons is the low payload capacity of existing MNPs because
payload (i.e., drugs) can only be attached on the surface or embedded in the
double-layer coating around MNPs. To address this issue, a novel platform of
engineered Fe3O4 porous hollow NPs (HMNPs) was designed for the controlled
release of cisplatin. Specifically, cisplatin was encapsulated in the interior cavities,
and the targeting agent, Herceptin, was attached on the surface of MNPs. These
NPs could then efficiently target and deliver cisplatin to ErbB2-/Neu-positive
breast cancer cells (SK-BR-3). The percentage of loaded cisplatin was improved
from 4.82 % of Fe3O4 MNPs to 24.8 % of Fe3O4 HMNPs. Meanwhile, the pores
were subject to acid etching in low pH environment and subsequently facilitated
cisplatin release. The amount of cisplatin released when pH \ 6 was more than 3
times compared to a release in neutral physiological conditions. Once HMNPs
were internalized to the endosomes/lysosomes, pH-sensitive pores were further
opened up to accelerate the cisplatin release and finally kill the cancer cells [36].

Besides the effort of improving the drug loading efficiency, another focus is to
integrate drug delivery and molecular imaging into the same system. For example,
dumbbell-shaped Au-Fe3O4 NPs were synthesized (Fig. 21.3a, b) and conjugated
with cisplatin complexes to serve as a multifunctional platform for targeted cisplatin
delivery (Fe3O4 part) and optical imaging (Au part) [37, 38]. Herceptin was
immobilized onto Fe3O4 through PEG3000-CONH-Herceptin to offer specific SK-
BR-3 cell targeting ability. While cisplatin complexes were attached onto Au side
by reacting with Au-S-CH2CH2N(CH2COOH)2. Reflection images of SK-BR-3 and
MCF-7 cells after incubation with the same concentration of cisplatin-Au-Fe3O4-
Herceptin NPs (Fig. 21.3d, e) showed the specificity and efficacy of these NPs. Au-
Fe3O4 NPs did not inhibit cell growth at tested Fe concentration. However, once
coupled with cisplatin, these NPs showed remarkable cytotoxicity with a low half-
maximal inhibitory concentration (IC50) toward SK-BR-3 cells of 1.76 lg/mL of Pt
(Fig. 21.3f) compared to free cisplatin needed (3.5 lg/mL of Pt). This methodology
was expected to have a great potential to function as nanovehicles for highly sen-
sitive diagnostic and highly efficient therapeutic applications [38].

Finally, MNPs could also deliver peptide/protein, oligonucleotide, plasmid, etc.
One example is magnetofection which uses magnetic field to concentrate MNPs
containing nucleic acids into cells. MNPs can be incorporated into viral or nonviral
platforms to facilitate gene delivery. Recently, recombinant adeno-associated virus
2 (rAAV) was conjugated onto MNPs to achieve therapeutic levels of transgene
expression. This platform enhanced the transfection efficacy. The same level of
transfection seen with free vector can be achieved using 1 % of vector conjugated
MNPs [39]. For nonviral deliver systems, MNPs can be coated with polyethyl-
eneimine (PEI) or polyethylene glycol-grafted PEI (to reduce cytotoxicity of PEI),
which allows the efficient loading and protection of genes and holds a great
potential for advanced gene delivery and therapy [40].

574 Y. Gao et al.



Fig. 21.3 a, b TEM images of the 8–20 nm dumbbell-like Au-Fe3O4 NPs before (a) and after
(b) surface modification. c Schematic illustration of dumbbell-like NPs coupled with Herceptin
and a cisplatin complex for target-specific cisplatin delivery. d, e Reflection images of SK-BR-3
(d) and MCF-7 cells (e) after incubation with the same concentration of cisplatin-Au-Fe3O4-
Herceptin NPs. f Viability of Sk-Br3 cells after incubation with platin-Au-Fe3O4 NPs, platin-Au-
Fe3O4-Herceptin NPs, and free cisplatin. Recreated with kind permission of (� 2008 Wiley-VCH
Verlag GmbH and Co. KGaA, Weinheim), [37] and (� 2009 American Chemical Society) [38]
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21.4.2 MNPs for Iron Deficiency

Deficiencies of iron (Fe) and zinc (Zn) are major health problems globally,
affecting 2 billion populations [41]. Fe deficiency causes anemia, while Zn defi-
ciency impairs the growth and immune function. As Fe and Zn deficiencies usually
coexist, therapeutics containing two elements are suitable for both nutritional
addition and anemia treatment [41].

Currently, the only iron powder recommended by World Health Organization
(WHO) for anemia is electrolytic iron. However, the bioavailability still need to be
further improved [42]. Reducing the size of low-solubility Fe-containing com-
pounds to nanoscale is a promising way to improve their bioavailability. A type of
poorly water-soluble nanosized Fe and Fe/Zn compounds (*11 nm) was made by
scalable flame aerosol technology. They were demonstrated to be approximately
40–80 % more bioavailable than electrolytic iron in rat without tissue accumula-
tion. Meanwhile, their low solubility reduces the unpleasant color and taste of
conventional ferrous sulfate. The mixed Fe/Zn ratio could be further adjusted to
meet the specific need of individual patients [42].

Another type of MNPs for the treatment of iron deficiency anemia is ferum-
oxytol, which is used in both Europe and the USA for the adult patients with
chronic kidney disease (CKD). This intravenously administered drug was prepared
by coating carbohydrate shell onto superparamagnetic iron oxide NPs. In a phase
III clinical trails, ferumoxytol was more effective than oral iron in patients with
CKD, with mild or moderate adverse effects. Local injection-site reactions were
considered as the most common adverse effects, while serious hypersensitivity or
hypotensive reactions were uncommon [43].

21.4.3 Hyperthermia with MNPs for Cancer Therapy

Hyperthermia is a method that uses heat to treat cancer. Cancer cells undergo
apoptosis or necrosis after the heat treatment above 41 �C [44]. It has been
demonstrated that cancer cells are more susceptible to heat due to their high
metabolism rates. Hence, hyperthermia is very promising for cancer therapy [7].

MNPs can generate heat under an alternating magnetic filed based on Brown
relaxation (friction generated from particle oscillation) and Neél relaxation
(rotation of magnetic moment with each field oscillation) [45]. MNP-aided
hyperthermia for cancer therapy is particular promising due to noninvasiveness
and no limitation of penetration depth of magnetic field. This method also provides
MR imaging for particle tracking and platform for combined chemotherapy
(MNPs conjugated with other medicines). Numerous laboratory research works
have been published in this field [45, 46].
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In 2007, a clinical study of MNP-aided hyperthermia for glioblastoma multi-
forme therapy was conducted by Maier-Hauff and colleagues [47]. The aminosi-
lane-coated superparamagnetic iron oxide (SPIO) NPs (diameter of 15 nm) were
dispersed in water with an iron concentration of 112 mg/mL and then intratu-
morally injected to the tumor at doses of 0.1–0.7 mL per mL tumor volume. Then,
patients received the heat treatment at magnetic field strengths of 3.8–13.5 kA/m
using an alternating magnetic field applicator MFH� 300 F. MRI and computed
tomography (CT) were used to calculate the heat distribution within the tumor
accompanying applied magnetic field strength. All patients in this study could
tolerate the injection of NPs without any complication. The researchers believed
that deep cranial hyperthermia therapy using MNPs could be safely applied on
glioblastoma multiforme patients [47].

21.5 Antibacterial Application

Medical device-related infections occur frequently and have raised deep concerns
due to an increasing prevalence world widely. One cause is the formation of
biofilm that is due to the adherence of bacteria onto medical devices followed by
the formation of a matrix of proteins, DNA, and extra polysaccharide. The gen-
eration of biofilm protects pathogenic bacteria from antibiotics and causes chronic
infections [48]. Ideal antibacterial agents must locally destroy bacteria without
being toxic to the surrounding tissue. Silver NPs are recognized as promising
antimicrobial agents due to their significant antibacterial activity. However, there
are two drawbacks with these particles: their toxic effects on human cells and their
low yield for penetration through the bacterial biofilms. Hence, researchers believe
that using MNPs to carry antibacterial agents (such as TiO2, ZnO, MgO, silver,
and copper) will achieve targeted antibacterial (by external magnetic field) effect
and eradication of bacterial biofilms.

Silver NPs are promising candidates to fight against resistant pathogens. Two
types of core–shell NPs, Ag@Fe3O4, and c-Fe2O3@Ag, were synthesized [49].
Both NPs exhibited significant antibacterial and antifungal activities, with mini-
mum inhibition concentrations (MIC) from 15.6 mg/L to 125 mg/L against ten
tested bacterial strains, and from 1.9 to 31.3 mg/L against four candida species.
Moreover, the cytotoxicity against mice embryonic fibroblasts was relative low,
with MIC of 430 mg/L for Ag@Fe3O4 and 292 mg/L for c-Fe2O3@Ag. These NPs
have been proposed for targeted magnetic delivery of silver NPs for disinfection
applications. Recently, SPIO NPs conjugated with Fe, Zn, and Ag, respectively,
through a chelation process (involving dimercaptosuccinic acid and metal irons)
were found to reduce biofilm formation and planktonic growth [49]. Successful
fighting against antibacterial resistance has also been demonstrated in an engineered
nanocrystal comprising a magnetic core and a silver ring with a ligand gap [50].
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21.6 Tissue Engineering

Organ shortage has been a growing problem globally due to the increasing inci-
dences of organ failure and the scarcity of organ donors. Recent advances in tissue
engineering (TE) provide a promising technology to overcome this problem for
organ transplantations. TE strategy consists of multidisciplinary fields that inte-
grate knowledge of engineering, biology, and medicine. It aims to replace, repair,
restore diseased tissues, and improve the quality of lives of patients [51].

The idea of using MNPs for bone tissue engineering was first explored by
Pareta et al. [52]. First, different MNPs with drug coatings were synthesized and
injected into porous bone sites. The drug-coated MNPs were then directed to and
attached on the bone tissue under an applied magnetic field. Results showed that c-
Fe2O3 NPs significantly promoted osteoblast density (cell per well) after five and
eight days compared to Fe3O4 NPs and control groups. When coated with
hydroxyapatite (HA, the main inorganic component of bone), c-Fe2O3 NPs
effectively promoted the osteoblast proliferation after 1 day [52]. Although the
mechanism was still not well understood, the researchers believed that adsorption
of some specific proteins (such as vitronectin and fibronectin) on nanoscale sur-
faces enhanced the adhesion of osteoblast, which might be essential for promoting
cell functions.

To date, the main problem of tissue-engineered constructs is lack of structural
complexity. In order to reproduce complex tissues with functional constructs, well-
defined spatial cell organization is required. Although cell patterning methods such
as microcontact printing and lithography have been developed, they need spe-
cialized surfaces and prolonged procedures. Consequently, using an external force
such as electric field, optical trap, and magnetic field for spatial cell patterning may
be an alternative and simple approach. Ino and colleagues labeled cells with 10 nm
magnetite NPs using cationic liposomes as carriers. When steel plates placed on a
magnet were positioned under a cell culture surface, the magnetically labeled cells
aligned with the steel plates. Complex cell patterns (curved, parallel, or crossing
patterns) were successfully fabricated, and human umbilical vein endothelial cells
were patterned on matrigel, thereby forming patterned capillaries [53]. Based on
the same concept, a three-dimensional multicellular assembly of tunable size and
controlled geometry for tissue engineering was constructed using magnetic pat-
terning. Human endothelial progenitor cells and mouse macrophages were labeled
with anionic citrate-coated iron oxide NPs. By tuning the magnetic field gradient
geometry and intensity, the magnetic cellular load, and the number of cells, they
demonstrated that magnetic force-assisted cell seeding provided effective cell
seeding into 3D porous scaffolds [54].
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21.7 Regenerative Medicine

Stem cell-based cell therapy holds great promise for patients living with serious
and currently incurable diseases including cancers, Alzheimer’s disease, Parkin-
son’s disease, and diabetes. These potentials of stem cells rely on their remarkable
properties of self-renewal and differentiation into diverse specialized cells, offering
hopes for the regeneration of tissues/organs for replacing diseased and damaged
areas in the body. While preclinical results are promising, few treatments have
been translated to humans due to conflicting results. It is in part due to the lack of a
comprehensive understanding of the fate, distribution, and the function of trans-
planted stem cells in the local microenvironment [55]. Thus, noninvasive imaging
methods are highly needed to monitor transplanted stem cells qualitatively and
quantitatively.

The application of MNPs for regenerative medicine is based on the noninvasive
nature of MRI for transplanted stem cells. MRI provides excellent soft tissue
contrast with high resolution and can be used for visualization of single cells
against a homogeneous background. Usually, iron oxide NPs were loaded into
stem cells by passive internalization. The introduction of surface coatings or target
ligands may further increase the uptake by cells. There are plenty of researches on
stem cell tracking by MNP-aided MRI methodology [56, 57]. However, the main
drawback of this technology is lack of information of cellular function after
transplantation. This is common for all imaging techniques employing exogenous
labeling agents that continue to display contrast when cells are dying. Hence, a
nanosensor based on MNPs for detecting cellular function as well as tracking by
MRI will be highly attractive.

21.8 Challenges

Although holding great promise of MNPs in biomedical applications, there are still
problems should be addressed before translating into clinical settings. First, cur-
rently most magnetic controllers consist of a permanent magnet, which is placed
near the target site. As reported, this method can only penetrate a tissue depth of
8–12 cm [58]. The development of new type of magnetic control system as well as
synthesis of MNPs with high magnetic moment may solve this problem. To
improve the magnetic moment, other metal ions (Mn2+, Co2+, or Ni2+) are doped
into the spinel structure of ferrite. High magnetic moment metallic MNPs (alloys)
are also promising to achieve large magnetic moment. Second, clinical MRI
diagnosis is restricted to its low resolution and sensitivity. Other NP components
such as Au NPs and carbon nanotubes responsible for different imaging modalities
should also be combined into one MNP unit to improve the sensitivity and
accuracy of MRI. Third, to improve the therapeutic efficacy, hollow MNPs are
designed to load more drugs both inside and outside the NPs. At last, before MNPs
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can be used practically as probes or carriers for diagnostic and therapeutic
applications, their biodistribution and metabolism need to be better understood.
Once they complete the task, MNPs should be eliminated by biological system
without any other bad effects. The long-term effect of MNPs on biological system
should also be studied.
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Chapter 22
Engineering Upconversion Nanoparticles
for Biomedical Imaging and Therapy

Feng Chen, Wenbo Bu, Weibo Cai and Jianlin Shi

22.1 Introduction

Upconversion nanoparticle (UCNP) has gained growing interests owing to their
unique upconversion luminescence (UCL) features that are highly suitable for
multimodal imaging in living subjects [1]. UCL is a unique process where low-
energy continuous wave (CW) of near infrared (NIR) light is converted to higher
energy light (emission bands ranging from ultraviolet [UV] to NIR region) through
the sequential absorption of multiple photons or energy transfer [2]. After excitation
using a 980 nm laser, UCNP could exhibit attractive optical features such as sharp
emission lines [3], long lifetimes (*ms) [4], large anti-Stokes shift [3], superior
photostability [5], high detection sensitivity [6], nonblinking and nonbleaching [5,
7], high tissue penetration depth [8], minimal photodamage [9], and extremely low
auto-fluorescence [10]. Moreover, by doping with well-selected lanthanide ions of
Gd3+, Er3+/Yb3+ and Tm3+/Yb3+ (or combination of these ions) in suitable crystal
hosts (e.g., NaYF4), magnetic resonance (MR) and multicolor UCL imaging could
be readily achieved [7, 11–13]. With the presence of heavy metal ions like Gd3+,
Yb3+, and Lu3+ in NaYF4 matrix, such UCNP has also be considered as an intrinsic
computed tomography (CT) contrast agent recently [14–16]. Importantly, in com-
parison with traditional optical imaging agents, such as organic dyes and quantum
dots (QDs), UCNP excludes the potential UV photodamage and has low imaging
background, high tissue penetration depth, and relatively low toxicity [1, 17].
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Besides using UCNP as molecular imaging agents, loading UCNP with certain
anticancer drugs (e.g., doxorubicin [DOX]) or photosensitizers (PSs) could further
render attractive imaging-integrated chemotherapy or improved photodynamic
therapy [18, 19]. All of these have made UCNP one of the most promising nano-
particles for future cancer imaging and therapy.

Here, we summarized the recent advances in engineering of UCNP for controlled
size and morphology, tunable optical and surface properties, well-designed multiple
imaging modalities, and integrated therapeutic functionality. Particle size, shape,
surface properties, optical features of UCNP are extremely important for biological
applications. The traditional synthetic strategies for the synthesis and surface
modifications of high-quality UCNP will be briefly covered with our focus on some
newly developed strategies for synthesizing ultrasmall UCNP with excellent up-
conversion property. Particularly, progress in engineering of UCNPs as multimodal
molecular imaging probes will be reviewed in detail. We will also describe a few
successful examples of in vitro and in vivo cancer therapy by using UCNP-based
theranostic agents. Finally, we will discuss the present obstacles and future research
directions in engineering of UCNP for biological imaging and therapy.

22.2 Engineering the Size and Morphology of UCNP

Uniform size and suitable morphology of UCNP could play a significant role in
biological applications. So far, control and synthesis of UCNPs with tunable size
(from sub-10 to over 100 nm) and various morphologies (such as nanospheres,
nanocubes, nanorods, and nanoplates) have already been well-documented and are
on longer a big challenge [1]. Oleic acid-assisted hydrothermal reaction and thermal
decomposition are two of the most popular methods for the synthesis of various kinds
of UCNPs with controlled size and morphology [20–22]. Recently, a user-friendly
solvo thermal method has also been developed and been accepted as the most adopted
strategy for not only single UCNP cores but core@multi-shell high-quality hexag-
onal-phase UCNPs [23, 24]. In this section, we focus our interest in reviewing newly
developed strategies for synthesizing small UCNP with excellent UC properties.

Ultrasmall nanoparticle (\10 nm) with suitable surface modifications could
become an attractive imaging probe which could not only target to tumor in vivo,
but also potentially be cleared from kidney within reasonable time [25, 26]. Recent
research showed that the absolute quantum yield (QY) of UCNP is relatively low
and size-dependent [27]. Typically, 100 nm-sized UCNP could have a QY of
about 0.3 %, and owing to the significantly increased surface defects in these
ultrasmall UCNPs, it would suffer from a significant decrease to 0.005 % after
decreasing the size down to *10 nm [27].

Wang et al. have offered an interesting solution by introducing the co-doping of
gadolinium (Gd3+) ions in NaYF4:Er/Yb nanocrystals [28]. They demonstrated
theoretically and experimentally that doping NaYF4:Er/Yb with defined amount of
Gd3+ ion could simultaneously allow precise control over the phase (from cubic to
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hexagonal), size (down to sub-10 nm), and UCL efficiency [28]. Inspired by this
work, Liu et al. reported a greatly enhanced UCL efficiency in *8 nm-sized b-
NaLuF4:Gd/Yb/Tm nanocrystals simply by replacing crystal host of NaYF4 for
NaLuF4 (Fig. 22.1a) [29]. As-synthesized ultrasmall UCNP displayed bright UCL
with a QY estimated to be 0.47 ± 0.06 %, which is even higher than the previ-
ously reported 100 nm-sized NaYF4:Er/Yb (QY = 0.3 ± 0.1 %) [27]. The
authors have further demonstrated an impressive in vivo deep tissue imaging
(Fig. 22.1b) and attributed such greatly enhanced UCL in small UCNPs to the
presence of hexagonal phase and successful suppression of nonradiative processes.

Besides improving the optical property of small UCNP either by altering the
doping strategy or changing the crystal hosts, epitaxial growth of a protective shell
represents the second technique for reducing the surface defects and improving the
UCL property [30, 31]. However, successful synthesis of sub-10 nm-sized

Fig. 22.1 a TEM image of *8 nm-sized b-NaLuF4:Gd/Yb/Tm. b In vivo imaging of a black
mouse after subcutaneous injection of citric acid-modified sub-10 nm-sized b-NaLuF4:Gd3+/
Yb3+/Tm3+ and citric acid-modified b-NaYF4:Yb/Tm when detected from the chest side (left) or
the back side (right). c Left TEM image of b-NaYF4:Yb/Er. Right The time trace of emission
intensity from a single UCNP under continuous laser illumination for over 1 h (Recreated with
kind permission of American Chemical Society [29, 46])
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core@shell-structured UCNP has not been achieved until very recently. By
changing the concentration of basic surfactants, Y3+:F- ratio and reaction tem-
perature, Ostrowski et al. have succeeded in synthesizing core@shell-structured
hexagonal-phase NaYF4:Yb/Er@NaYF4 with a diameter less than 10 nm [32]. As-
synthesized smaller UCNP were extremely stable and exhibited no measurable
photobleaching or blinking (Fig. 22.1c).

Although, the engineering of ultrasmall UCNPs for biological imaging and
therapy is still at its early stage, they are expected to play a vital role in designing
tumor-targeted imaging probe that could be efficiently cleared from body. To date,
most of researchers are still interested in developing core@shell-structured UCNPs
with particle size ranging from 10 to 50 nm for biological imaging applications.

22.3 Engineering of UCNP for Biological Imaging

22.3.1 Engineering the Surface for Water-Soluble UCNPs

With the superior UCL properties and suitable surface modification and func-
tionalization, UCNP has been demonstrated as a promising candidate of traditional
imaging agents (e.g., QDs and organic dyes). Surface engineering is the first and a
vital step before any biological imaging of UCNP. Although oleic acid-assisted
strategy could guarantee high-quality UCNPs with uniform size and morphology,
as-synthesized UCNPs are always coated with a layer of oleic acid ligands, which
makes UCNPs water insoluble. So far methods used for engineering water-soluble
UCNPs include ligand exchange (or removal) [33, 34], ligand oxidation reaction
[35], layer-by-layer method [36], hydrophobic–hydrophobic interaction [37], host–
guest interaction [38], and silanization [39].

22.3.2 Homemade In Vivo Imaging System for UCNP

One of the obstacles in developing UCNP for biological imaging applications lies
in the lack of 980 nm excitation source in nearly all of the commercially available
confocal microscopes and in vivo imaging systems. To date, all of the in vitro and
in vivo UCNP imaging researches are completed by using homemade (or modi-
fied) imaging systems [5, 6, 40].

Nyk et al. reported the first whole-body in vivo imaging of UCNP in mouse
[40]. As-synthesized UCNPs (i.e., NaYF4:Tm/Yb) were excited at 975 nm by a
defocused emission from a fiber-coupled laser diode. An emission filter (cut off at
850 nm) was used to keep the 975 nm excitation light of the imaging CCD
camera. Images were collected and processed by using Maestro GNIR FLEX
fluorescence imaging system (CRi). After dosing the Balb-c mouse with
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NaYF4:Tm/Yb (200 lL of 2 mg/mL in water with 5 % glucose), a high-contrast
signal from UCNPs could successfully be detected both through the skin and after
dissection of the animal (Fig. 22.2a).

In a separated study, Xiong et al. reported an improved UCNP in vivo imaging
setup by adding two CW 980 nm lasers, Andor DU897 EMCCD and filters to a
Kodak in vivo imaging system [10]. The successful in vivo UCNP imaging has
been demonstrated in U87MG and MCF-7 tumors bearing nude mice. After
intravenous (i.v.) injection of RGD-labeled NaYF4:Er/Tm/Yb (*50 lg/mouse),
the mice were illuminated with two beam-expanded 980 nm lasers. A cooled
EMCCD camera was then used to record the 800 nm emission of UCNPs and
images were processed using Kodak molecular imaging software. As shown in
Fig. 22.2b, under excitation of 980 nm laser, intense UCL signal could be
observed in the U87MG tumor, while no significant signal could be seen in the
MCF-7 tumor, indicating the targeted tumor uptake of UCNPs in U87MG. A high
signal-to-noise (*24) between tumor and the background has been achieved in
this study.

Besides modifying commercially available in vivo imaging systems by adding
extra 980 nm laser and suitable filters, combining digital single-lens reflex (DSLR)
camera and suitable optical filters might represent the simplest way to carry out an
in vivo UCNP imaging experiment [41, 42]. Park et al. have built an in vivo UCNP
imaging system by using a fiber-coupled 980 nm laser, a Nikon D90 DSLR
camera, certain optical filters, and a dark box. The authors managed to image the
tumor uptake of UCNP-Ce6 in nude mouse with their system [41]. Possibly
because of the limited light coverage of 980 nm laser on mice, only signal from
tumor site could be seen from the images (Fig. 22.2c). Also, since green light from
UCNP could only have very limited tissue penetration depth, better in vivo images
could be achieved by altering the system for detecting strong NIR (800 nm) or red
(657 nm) emissions from UCNP.

22.3.3 Engineering of UCNP for Excellent NIR and Red
Emissions

22.3.3.1 Strategies for Improving the NIR-Band Emission

Red and NIR light could have much deeper tissue penetration depth compared with
UV and other visible light (e.g., blue and green light). Typically, UCL of UCNP is
known to have multiple emission bands with various optical intensities after 980 nm
excitation. For example, the emissions of NaYF4:Er/Yb/Tm nanoparticles include
UV (330–350 nm, 350–370 nm), blue (390–420 nm, 440–460 nm, 460–500 nm),
green (510–530 nm, 530–570 nm), red (630–660 nm), and NIR (770–810 nm)
bands [17]. Recently, there has been an increasing focus on the design and synthesis
of UCNPs with tunable UC emission from UV to near-infrared (NIR) through
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Fig. 22.2 Comparison of different homemade UCNP in vivo imaging systems. a In vivo whole
body images of mouse injected with UCNPs. Images were obtained in a modified Maestro GNIR
FLEX fluorescence imaging system (CRi). (left) Intact mouse, (right) same mouse after
dissection. b Left Schematic illustration of an in vivo UCNP imaging system based on
modification of a Kodak in vivo imaging system. Right A representative images showing the
in vivo tumor-targeted imaging of U87MG and MCF-7 tumors bearing mouse. c Left In vivo
luminescence imaging setup which composed of a fiber-coupled 980 nm laser, a DSLR camera,
optical filters, and a dark box. Middle: bright filed image of mouse. Right UCL image of the
tumor site from mouse (Recreated with kind permission of American Chemical Society [10, 40]
and Wiley–VCH Verlag GmbH & Co. KGaA [41])
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various doping strategies or by introducing well-designed core@shell nanostruc-
tures [40, 43]. In particular, engineering of UCNPs with excellent NIR emission
(k = *800 nm) or single-band red emission (k = *650 nm) could result in ideal
optical biolabels for future deep tissue imaging and has become a new attractive
topic currently [44].

The mostly used UCNP for achieving a NIR-to-NIR in vivo imaging is Tm3+

and Yb3+ co-doped b-NaYF4, which, after 980 nm excitation, could give out
strong NIR emission located at 800 nm, ideally for deep tissue imaging [8, 40].
Several interesting methods have been developed to improve the NIR emission
intensity of NaYF4:Tm/Yb nanoparticles.

Increasing the concentration of Tm3+ ions in the host lattice is one of the simplest
techniques to achieve the goal. Wang et al. demonstrated that NaYF4:Tm/Yb
nanoparticles with Tm3+ doping fixed at 0.2 mol % could only have a weak emission
at 800 nm, and increasing the Tm3+ concentration up to 2 mol % could result in a
significant enhancement thanks to the enhanced 3H4 level [45]. By further replacing
all Y3+ in NaYF4:Tm/Yb to Yb3+ ions, Chen et al. have developed ultrasmall-sized
(7–10 nm) NaYbF4:Tm (2 mol %) nanoparticles with 3.6-fold enhancement in total
upconversion emission intensity in comparison with that of 25 nm-sized
NaYF4:Tm/Yb (2/20 mol %) [46]. Such enhancement has been suggested to arise
from the increased absorptions induced by the Yb3+ ions and the increased efficiency
of energy transfer between Yb3+ and Tm3+ ions. In a followed-up study, Liu et al.
reported a lutetium (Lu)-based UCNP with excellent NIR emission [29]. As-syn-
thesized sub-10 nm-sized b-NaLuF4:Gd/Yb/Tm (24/20/1 mol %) displayed bright
UCL with high QY estimated to be 0.47 ± 0.06 %. In comparison with 20 nm-sized
NaYF4:Tm/Yb (1/20 mol %), approximately 11-fold enhancement in NIR emission
could be achieved. The successful suppression of nonradiative process has been
suggested as the main reason behind such enhancement.

Epitaxial growth of an inert protective shell over pre-prepared NaYF4:Tm/Yb
core has been accepted as another useful strategy for minimizing the surface defects
for preserving the optical integrity of UCNPs [30, 31]. Although cation-exchange
and Ostwald ripening methods have been developed as alternative options recently
[47, 48], seed-mediated growth still remains the most adopted technique for syn-
thesis of such core@multi-shell structured UCNP [23]. By coating a-NaYbF4:Tm
(0.5 mol %) with a well-selected CaF2 protective shell, Chen et al. have developed a
novel and biocompatible a-NaYbF4:Tm (0.5 mol %)/Yb@CaF2 with highly effi-
cient NIR-to-NIR upconversion property (Fig. 22.3a) [49]. CaF2 was chosen as the
epitaxial shell due to its low lattice mismatch with a-NaYbF4:Tm, good optical
transparency, high crystallizability, stability, and biocompatibility. As-design
UCNP exhibited an impressive high QY of 0.6 ± 0.1 % under low power density
excitation (0.3 W/cm2). Thanks to the suppressing of surface quenching effects via
hetero-epitaxial growth of CaF2 shell, an approximately 35-fold enhancement in
UCL intensity could be achieved in comparison to the noncoated a-NaYbF4:Tm
(Fig. 22.3b). The authors also demonstrated the possibility of imaging deep tissue by
using a-NaYbF4:Tm(0.5 mol %)/Yb@CaF2 nanoparticles. Clear NIR signal could
be detected even through 3.2 cm pork tissue (Fig. 22.3c).
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22.3.3.2 Strategies for Improving the Red-Band Emission

UCNP with strong single-band red emission has been emerged as another inter-
esting imaging probe for in vivo imaging. Recently, studies on Yb3+/Er3+ co-doped
MnF2 and KMnF3 nanoparticles have demonstrated a substantially enhanced red-
to-green (R/G) emission ratio owing to the energy transfer between the Er3+ and
Mn2+ [50, 51]. Inspired by these, Wang et al. have developed cube-shaped
KMnF3:Yb/Er (18/2 mol %) with extremely high red emission and completely
disappeared blue and green emissions (Fig. 22.4a, b) [44]. Such single-band up-
conversion emission has been ascribed to nonradiative energy transfer from the
1H9/2 and 4S3/2 levels of Er3+ to the 4T1 level of Mn2+, followed by back-energy
transfer to the 4F9/2 lever of Er3+. Pure NIR emission of KMnF3:Yb/Tm (18/
2 mol %) could also be achieved by applying the same idea (Fig. 22.4c). In a
followed-up study, Tian et al. presented a hydrothermal synthesis of Mn2+-doped
NaYF4:Yb/Er nanoparticles with a strong single-band red emission [42].

RightLeft

(a)

(c) (d)

(b)

Fig. 22.3 a TEM image of *27 nm-sized a-NaYbF4:Tm(0.5 mol %)/Yb@CaF2. b Photographic
images of cuvettes with suspensions of the core (left) and the core/shell (right) nanoparticles
under laser excitation at 975 nm. Whole-animal imaging of a BALB/c mouse injected via tail
vein with the HA-coated a-NaYbF4:Tm(0.5 mol %)/Yb@CaF2 core/shell nanoparticles. Mice
were imaged in the c belly and d back positions. Insert in d is the spectra of the NIR upconversion
luminescence and background taken from the circled area (Recreated with kind permission of
American Chemical Society [49])
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Surprisingly, as-designed nanoparticles could have a R/G ratio of 163.78 after
increasing the doping level of Mn2+ up to 30 mol %. The doping of Mn2+ also
resulted in significant enhancement (about 15 times) in overall optical intensity in
comparison with Mn-free sample (Fig. 22.4d). As a proof-of-concept experiment,
the author injected water-soluble PEGylated NaYF4:Yb/Er/Mn at the foot, back,
and upper leg regions of white Kunming mice and demonstrated a clear tissue
penetration and high-contrast photoluminescent imaging of the red emission
(Fig. 22.4e).

The engineering of UCNP nanostructures for excellent NIR- and red-band
emissions by doping with suitable amount of Mn2+ ions will continue to attract
increasing interests. More importantly, selectively doping UCNP with other lan-
thanide ions, such as Gd3+, Lu3+, Yb3+, and 153Sm3+ might endow UCNP with
useful imaging modalities, such as magnetic resonance imaging (MRI), CT, and
positron emission tomography (PET).

Fig. 22.4 Room-temperature upconversion emission spectra of a KMnF3:Yb/Er (18:2 mol %),
b KMnF3:Yb/Ho (18:2 mol %), and c KMnF3:Yb/Tm (18:2 mol %) nanocrystals in cyclohexane
(insets proposed energy transfer mechanisms and corresponding luminescent photos of the
colloidal solutions). d Upconversion emission spectra of NaYF4:Yb/Er (18/2 mol %) nanocrys-
tals with 0 and 30 mol % Mn2+ dopant ions dispersed in cyclohexane (1 mg/mL), respectively.
(inset the corresponding luminescent photographs for intensity comparison). e In vivo
upconversion luminescence imaging of PEG-UCNPs injected into translucent foot (left), skin
of back (middle), and thin muscles of mice (right) (Recreated with kind permission of Wiley–
VCH Verlag GmbH & Co. KGaA [42, 44])
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22.3.4 Engineering of UCNP for Multimodal Imaging

Each imaging modality has its strengths and weaknesses [52–55]. MRI provides
excellent spatial resolution, exceptional anatomical information, and unlimited
depth for in vivo imaging, but suffers from limited sensitivity. PET possesses
remarkable detection sensitivity but only with a very limited spatial resolution
(*mm). Photoluminescence imaging is capable of providing the highest spatial
resolution and is the best modality for live cell imaging. However, it lacks the
capability to obtain anatomical and physiological detail in vivo owing to limited
penetration of light in tissues. Engineering of UCNP by suitable doping strategy
could have a great possibility to achieve a multimodal imaging probe which holds
balance in sensitivity, resolution, and penetration depth, enabling excellent visu-
alizing (cancer) cells from the cellular scale to whole-body noninvasive imaging.
In this section, we review the recent progress on how to engineer UCNP for in vivo
multimodal imaging by lanthanide ions doping strategy.

22.3.4.1 Engineering of UCNP for UCL/MR Dual-modal Imaging

Although combination of super paramagnatic iron oxide nanoparticles (SPIONs)
with UCNP could result in bimodal imaging probe with UCL and MR modalities
[39, 56], doping paramagnetic Gd3+ ions (or Mn2+) in UCNP crystal lattice should
represent a better strategy for introducing MR contrast imaging capability without
sacrificing the UCL intensities [11, 12]. Kumar et al. reported the first such
example by doping Gd3+ ions into NaYF4 and demonstrated the combination of
UCL and MR bimodal imaging in one single nanocrystal [12]. The first in vivo
demonstration of such bimodal UCL/MRI imaging was later achieved using
hexagonal-phase carboxylic acid-functionalized NaGdF4:Tm3+/Er3+/Yb3+ nano-
particles [13]. However, because the majority of the Gd3+ ions are doped into the
rigid crystal lattice and have limited chance to alter the relaxation time of sur-
rounding water protons, only low MR sensitivity could be achieved in most of the
previous reports [7, 12, 57]. The nanostructure re-engineering and relaxivity
mechanism probing of the Gd3+-doped UCNP might hold a great chance to
enhance its MR sensitivity.

Recently, we have designed three different types of Gd3+-doped UCNPs with
various Gd3+ ion locations and surface densities to probe the roles of surface and
bulk Gd3+ ions on shortening the T1-relaxation time of surrounding water mole-
cules [11]. Our systematic research have demonstrated that it is only the surface
Gd3+ ions in Gd3+-doped UCNP are responsible for shortening the T1-relaxation
time of water protons, and bulk Gd3+ ions could have little impact even with high
concentration (Fig. 22.5). A remarkable increase in r1-relaxivity (up to
6.18 mM-1s-1/Gd3+) has been achieved by further decreasing the NaGdF4 shell
thickness down to \1 nm [11]. By using ultrasmall NaGdF4 nanocrystals as
models, Johnson et al. have shown the similar observation of increased r1-
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relaxivity per Gd3+ ion (from 3.0 to 7.2 mM-1s-1) with decreased NaGdF4 par-
ticle size (from 8 to 2.5 nm), again demonstrating the role of surface Gd3+ ions in
relaxivity enhancement [58].

In an attempt to understand the relaxivity mechanism of Gd3+-doped UCNP, we
further introduced mesoporous and dense silica coatings for systematically
investigating its possible relaxivity mechanisms [59]. A surface-dependent relax-
ivity mechanism has been proposed based on our results. Specifically, we showed
a co-existing of inner- and outer-sphere r1-relaxivity mechanism in ligand-free
Gd3+-doped UCNP, while only main contribution of outer-sphere mechanism in
silica-shielded probes. The origin of r2-relaxivity is inferred mainly from an out-
sphere mechanism with the r2 value being surface state related. Also, key factors
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Fig. 22.5 a A schematic illustration showing the synthesis of core@multi-shell UCNPs. b HR-
TEM images of highly crystalline NaYF4:Er/Yb/Gd (left), NaYF4:Er/Yb/Gd@NaYF4:Tm/Yb
(middle), NaYF4:Er/Yb/Gd@NaYF4:Tm/Yb@NaGdF4 (right) nanoparticles. c Plots of longitudi-
nal relaxation rate (R1) versus Gd3+ concentration of three samples, (left) NaYF4:Er/Yb/Gd@SiO2

(r1 = 1.24 mM-1s-1), (middle) NaYF4:Er/Yb/Gd@NaYF4:Tm/Yb@SiO2 (r1 = 0.037 mM-1

s-1), and (right) NaYF4:Er/Yb/Gd@NaYF4:Tm/Yb@NaGdF4@SiO2 (r1 = 1.18 mM-1s-1) (Rec-
reated with kind permission of Wiley–VCH Verlag GmbH & Co. KGaA [11])
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for tuning r2/r1 ratio have been found to be highly dependent on the thickness of
NaGdF4 shell and surface modification strategy. Based on these, we showed a 105-
fold enhancement in r1-relaxivity (14.73 mM-1s-1/Gd3+) in comparison with the
first-reported same value (0.14 mM-1s-1/Gd3+). These new findings provide not
only deeper insight into the origin of contrast enhancement of water-soluble Gd3+-
doped UCNP, but also useful strategy for achieving both high MR sensitivity for
future biological imaging applications.

22.3.4.2 Engineering of UCNP for UCL/MR/CT Triple-modal Imaging

With the presence of heavy metal ions like Gd3+, Yb3+, and Lu3+ in NaYF4 matrix,
lanthanide ions-doped UCNPs also have been considered as an inherent CT con-
trast agent recently [14–16, 60]. Ultrasmall NaGdF4:Er/Yb nanocrystals have
firstly been developed via an interesting two-phase system and been demonstrated
as UCL/MR/CT triple-modal imaging contrast agent [14]. In a followed-up study,
Liu et al. reported a Yb-based NaYbF4:Er/Gd nanoparticles with improved CT
contrast capabilities [15]. The doping of Gd3+ ions has been demonstrated vital to
control both the morphology and R/G ratio of NaYbF4:Er/Gd nanoparticles
(Fig. 22.6a, b). As-synthesized water-soluble polyethylene glycol (PEG)-modified
NaYbF4:Er/Gd nanoparticles have been found to be the best CT contrast agents
among iobitridol, Au-, Pt-, Bi-, and Ta-based nanoparticulate agents under the
same testing conditions. In vivo imaging study demonstrated the capability of
PEG-modified NaYbF4:Er/Gd nanoparticles as an excellent CT contrast agent
(Fig. 22.6c, d). Water-soluble NaLuF4:Tm/Yb nanoparticles might represent the
third type of inherent CT agents. After coating with iron oxide shell, or modified
with Gd3+-complex, such modified NaLuF4:Tm/Yb nanoparticles could also be
probes with well-combined UCL/MR/CT triple modalities [16, 61, 62]. Although
other matrixes, such as BaYbF5 and BaGdF5 [63, 64], have also been reported as
inherent CT contrast agents, they might not be a good choice for efficient up-
conversion optical imaging.

Another way for adding a CT contrast capability is by decorating Gd3+ ions-
doped UCNP with CT contrast nanoparticles, such as tantalum oxide (TaOx) and
ultrasmall gold nanoparticles (Fig. 22.7) [60, 65]. Starting from NaYF4:Yb/Er/
Tm@NaGdF4 nanocrystals, we recently demonstrated an efficiently way to add CT
imaging modality by decorating with a fluorescence-transparent TaOx shell [65].
As-design water-soluble litchi-shaped trimodal imaging probe showed an
extraordinary high r1 (11.45 mM-1s-1) and r2 (147.3 mM-1s-1) values thanks to
the ultrathin NaGdF4 shell. An obvious CT contrast enhancement could be
obtained by the combined effect of radiopaque TaOx shell and UCNP itself. Both
the in vitro and in vivo trimodal imaging have been demonstrated, providing us a
new possibility for potential early cancer detection.
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22.3.4.3 Engineering of Radiolabeled UCNP for PET/SPECT Imaging

Suitable surface engineering and isotopes labeling of UCNP could make it also a
PET/SPECT (i.e. single-photon emission computed tomography) tracer. To date,
research on synthesis and application of radioactive UCNP (r-UCNP) is still in its
infancy. Two techniques have been developed for the synthesis of radioactive
UCNP. They are surface ion reaction (or exchange) method and direct isotope(s)
doping strategy.

18F-labeled UCNP, synthesized via surface ion reaction between 18F and rare-
earth ions, is the first-reported r-UCNP [66–69]. Simply by incubating 18F ions
with nanoparticles that contain rare-earth ions [e.g., Y2O3, NaYF4, NaYF4:Yb/Tm,
Y(OH)3 and Gd(OH)3], researchers from Li’s group have demonstrated that the
labeling of 18F can be achieved impressively with an average yield of [90 %
within only one minute [67]. The effectiveness of 18F-labeled rare-earth nano-
particles was further evaluated by PET imaging of their in vivo distribution and

0 % 10 %

20 % 30 %

(a)

(c)

(d)

(b)
a b c d

Fig. 22.6 a TEM image of Gd-doped NaYbF4:Er nanoparticles with various doping levels of
Gd3+ ions and corresponding b room temperature NIR-to-Vis upconversion luminescence
spectra. The inset in b shows the upconversion luminescence photograph of the Gd-doped
NaYbF4:Er nanoparticles with different concentrations of Gd under excitation at 980 nm. In vivo
CT coronal view images of a rat after intravenous injection of 1 mL PEG-UCNPs (70 mgYb/mL)
solution at different time intervals. c Pre-injection, d 10 min postinjection (Recreated with kind
permission of Wiley–VCH Verlag GmbH & Co. KGaA [15])
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application in lymph monitoring (Fig. 22.8). The same group later demonstrated
that radioactive 153Sm3+ could also be embedded into the UCNP matrix via a
cation-exchange process, resulting in 153Sm-labeled NaLuF4:Yb/Gd/Tm [70].

Simply by reacting slight amount of 153SmCl3 with other normal precursors
(e.g., oleic acid, sodium oleate, LuCl3, YbCl3 and TmCl3) at 160 �C for 8 h, Li’s
group also reported a one-pot hydrothermal synthesis of NaLuF4:153Sm/Yb/Tm
nanocrystals as UCL/SPECT bimodal imaging agent [71]. Their results showed
that the introduction of small amount of radioactive 153Sm3+ showed little influ-
ence on the upconversion luminescence properties. Lower cytotoxicity and
excellent in vitro and in vivo performance have also been demonstrated by using
UCL/SPECT dual imaging modalities. Since NaLuF4 nanoparticles have already
been demonstrated as an excellent CT contrast agent [16, 61], and doping Gd3+

could not only enhance the UCL intensity of NaLuF4:Tm/Yb, but also introduce
MR imaging modality, water-soluble NaLuF4:153Sm/Gd/Tm/Yb nanoparticle
might represent one of the best multimodal imaging probes so far.

Of note, the above-mentioned rapid and efficient labeling of rare-earth nano-
particles with 18F and 153Sm may not represent a general strategy for labeling other
PET/SPECT isotopes such as 11C (t1/2:20.4 min), 64Cu (t1/2:12.7 h),
68Ga (t1/2:67.7 min), 86Y (t1/2:14.7 h), 89Zr (t1/2:3.3 d), 124I (t1/2:4.2 d),
99mTc (t1/2:6.0 h), 111In (t1/2:2.8 d). Postisotope labeling with the assistance of

(a)

(b)

Fig. 22.7 Schematic illustration and TEM image of a TaOx-decorated NaYF4:Yb/Er/Tm@NaG-
dF4 nanoparticles, b gold nanoparticles-decorated NaYF4:Yb/Er/Tm/Gd (Recreated with kind
permission of Elsevier [60, 65])

598 F. Chen et al.



certain chelators should be the best choice for labeling many different kinds of
radioactive metal ions.

Over 10 years of efforts in engineering of UCNP have made it a powerful
imaging probe, which could also be a useful nanoplatform for integrating thera-
peutic capability. Although breakthrough in cancer-targeted imaging and therapy
has not been achieved yet, developing of smart and efficient UCNP-based thera-
nostic nanosystems has still attracted growing interests recently [18, 19].

Fig. 22.8 a Schematic representation of preparation of 18F-labeled rare-earth nanoparticles and
lymph node imaging mechanism. b PET imaging (left) and PET/CT imaging (right) of lymph
node 30 min after subcutaneous injection of 18F-UCNPs (Recreated with kind permission of
Elsevier [67])
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22.3.5 Engineering of UCNP for Integrating Therapeutic
Functionality

To date, only limited progress has been achieved in regard to using UCNP as a
drug delivery vehicle. How to improve the drug-loading capacity and in vivo
tumor-targeted drug delivery of such UCNP-based theranostic nanosystems are
still two of most obvious obstacles in this field. In this section, we will review
some examples on design, synthesis, and application of theranostic nanosystems
based on UCNPs.

Generally, loading small molecular anticancer drugs and PSs into surface-
modified UCNPs are two of the main strategies for integrating therapeutic func-
tionality. Smart hydrogels [72], mesoporous silica shell [18, 19, 73], dense silica
shell [74–76], amphiphilic copolymer [77, 78], chitosan [79], polyethylene glycol
(PEG) or PEG-phospholipids [80, 81], and poly(ethylene)imine (PEI) [82] have
already been used for not only transferring UCNPs into water phase, but also
loading DOX and many different kinds of PSs into the systems.

Loading DOX into mesoporous or polymer-coated UCNP to form theranostic
agents has been reported [18, 80, 83]. Zhang et al. have developed novel magnetic
upconversion fluoride nanorattles via an ion-exchange process [18]. Small
molecular drug of DOX could be loaded into the free volume of the nanorattles
with a high loading capacity of 32 wt %. With the SPION and UCNP together in
the system, in vivo UCL imaging has been used to demonstrate the accumulation
of nanocarriers in tumor site when applying a magnetic field near the tumor site. In
vivo therapeutic investigation in marine hepatocarcinoma (H22) tumor-bearing
mice showed a significant inhibition of tumor growth rate after injecting DOX-
loaded nanorattles while applying with a magnetic field (Fig. 22.9). In another
study, magnetic-guided thermal therapeutic effect could also be integrated in a
UCNP nanoplatform by engineering the UCNP surface with ultrasmall Fe3O4 and
gold nanoparticles through a layer-by-layer strategy [84].

By using the visible emission bands of UCNP for triggering the generation of
singlet oxygen, researchers have developed many different versions of UCNP/PS
nanocomposites for 980 nm laser-initiated photodynamic therapy (PDT). Owing to
the advantage in deeper tissue penetration depth of 980 nm in comparison with the
traditional visible light, such UCNP/PS-based PDT agents should hold better
potential for treating deeper cancer using PDT. Since the first report on UCNP/
M540 (i.e., Merocyanine-540)-based PDT agent [76], many other combinations of
UCNP/PS have been reported and the quest for strategies to improve the PDT
efficiency is continuing [19, 41, 72–75, 78, 81, 82, 85].

The first prototype of UCNP/PS-based PDT drug was constructed by encap-
sulating M540 into a silica matrix using traditional Stöber method [76]. Due to the
electrostatic repulsion between negatively charged M540 and the tetraethyl
orthosilicate (TEOS) precursor, the loading capacity of M540 was limited. We
recently reported a new UCNP/PS-based PDT drug by using brighter Gd3+-doped
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UCNP and water-soluble methylene blue (MB) [75]. Successful ‘‘trapping’’ of the
positively charged MB within the negatively charged silica resulted in a core@-
shell structure of UCNP@SiO2(MB) with attractive properties such as higher PS-
loading capacity, zero-PS-prerelease, 980 nm laser on-demand 1O2 release, and
UCL/MR dual-modal imaging capabilities.

Fig. 22.9 a Synthetic procedure for the drug-loaded Fe3O4@SiO2@a-NaYF/Yb,Er nanorattles
(left) and TEM image of Fe3O4@SiO2@a-NaYF/Yb,Er (right). b In vivo magnetic-guided
chemotherapy of Fe3O4@SiO2@a-NaYF/Yb,Er (Recreated with kind permission of American
Chemical Society [87])
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Although many different kinds of UCNP/PS systems have been developed most
of the therapeutic studies were only limited to in vitro studies mainly because of
the relatively low efficiency of as-designed PDT agent. By carefully selecting and
loading two or more different kinds PSs into the system, PSs are able to completely
utilize the emission bands of UCNP. Such multiple-PS-loading strategy might hold
a better chance for further enhancing the PDT effect. Idris et al. recently dem-
onstrated this idea by encapsulating two different PSs (ZnPC and MC540) into
mesoporous-silica-coated NaYF4:Er/Yb nanoparticles (Fig. 22.10a) [19]. In vitro

Fig. 22.10 a Schematic of mesoporous-silica-coated UCNPs co-loaded with ZnPc and MC540
photosensitizers for PDT (left), and TEM image of mesoporous-silica-coated UCNPs (right). b In
vivo PDT of injected tumor cells prelabeled with UCNPa. c Targeted in vivo PDT of a
subcutaneous tumor model injected with FA-PEG-UCNPs (Recreated with kind permission of
Nature Publishing Group [19])
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experiments demonstrated the higher generation of singlet oxygen and lower cell
viability when shedding 980 nm light on co-loaded nanoparticles. To demonstrate
the in vivo PDT effect, they injected B10-F0 melanoma cell pre-labeled with
double-PS-loaded UCNP under the skin of C57BL/6 mice and then irradiated the
injected site with a 980 nm laser. Successful inhibit of tumor growth rate has been
observed in the positive group, while only continuous tumor growth could be seen
in the control groups (Fig. 22.10b). However, in the case of injecting the drug
intratumorally and intravenously, only slightly tumor growth inhibition could be
achieve, indicating that in vivo PDT effect is still limited (Fig. 22.10c). Since the
half-life of singlet oxygen is very short, on the order of microseconds, and can
therefore act only on target structures that are in close proximity to it, in order to
guarantee an effective PDT therapeutic outcome, sufficient amount of PDT agents
should be able to internalize by the cells. Unfortunately, achieving this goal has
long been considered as one of the biggest challenges in the war against cancer
[86].

22.4 Conclusion and Future Perspectives

In conclusion, we summarized the very recent advances in engineering of UCNPs
for cancer imaging and therapy applications. Engineering of ultrasmall-sized
UCNP with excellent optical properties has attracted increasing interests and will
potentially be used for designing a renal clearable UCNP-based imaging probe.
Because of their advantages in imaging deeper tissue, UCNP with strong near-
infrared emissions (or single red band) has also attracted growing interest recently.
Doping suitable ions into UCNP crystal lattices has become one of the most unique
and efficient techniques for integrating many clinical relevant imaging modalities
(e.g., PET, MRI, SPECT, and CT) together in one single UCNP.

Despite recent progress in engineering of UCNP for tunable size and improve
imaging capabilities, many challenges still remained for future cancer imaging and
therapy of UCNP.

1. Improving the upconversion efficiency of ultrasmall UCNPs. Development and
optimization of strategies for synthesis of ultrasmall UCNPs with high optical
quality will be urgently needed in the coming years. Such UCNPs are expected
to play a vital role in designing clinically translational tumor imaging probe
which could targeted specifically to tumor and excreted through kidney within
hours.

2. Perfection of NIR and red emission intensities of UCNPs. Owing to their high
tissue penetration depth, UCNPs with excellent NIR emission or single-band
red emission has been considered as the ideal probes for in vivo optical imaging
applications. Strategies for further improving NIR- and red-band emission
efficiency of UCNPs will become a new hot topic in this filed.
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3. Developing imaging systems specifically for tracking UCNPs both in vitro and
in vivo. Considering that most of the UCNP imaging systems are homemade by
employing an additional 980 nm laser module, commercialization of in vivo
imaging system which can be used for whole-body imaging of UCNP in small
animals will be very helpful for speeding up the development and application of
UCNPs.

4. Design of theranostic nanomedicines based on UCNP. So far, only small
molecular anticancer drugs and photosensitizers have been loaded within sur-
face-engineered UCNPs for simultaneous imaging and therapy. Although a few
examples about integrated imaging and therapy have been reported, new
strategies are still needed for achieving enhanced therapeutic efficiency.

5. Targeting UCNP to the tumor site. To date, in vivo tumor cell (or tumor
vasculature) targeting based on UCNP is still a big challenge. Optimization of
particle size, surface characteristics, as well as selecting the suitable targeting
ligands to improve the targeting efficiency, should deserve more research
efforts in the coming future.
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Chapter 23
Engineering of Mesoporous Silica
Nanoparticles for In Vivo Cancer Imaging
and Therapy

Feng Chen, Weibo Cai and Hao Hong

23.1 Introduction

In the last one decade, enormous efforts have been devoted to design smart, mul-
tifunctional, all-in-one nanosystems, which could not only be used for locating the
cancer non-invasively, but also deliver sufficient drugs on-demand with a remotely
controlled manner to suppress the growth of cancers [1–4]. Although the majority of
these theranostic agents, including iron oxide (Fe3O4) nanoparticles [5], gold (Au)
nanorods and nanocages [6, 7], carbon nanotubes and graphenes [8, 9], upconversion
nanoparticles (UCNPs) [10, 11], could only show enhanced imaging and therapeutic
capabilities in the preclinical settings, some of them have already demonstrated their
potentials for future cancer diagnosis and therapy in human.

Silica-based nanoparticle is another category of such promising nanoplatforms,
which has drawn increasing attentions because of its non-toxic nature, easily
modified surface, and good biocompatibility [12–15]. Silica has been accepted as
‘‘generally recognized as safe’’ (GRAS) by the United States Food and Drug
Administration (FDA). More excitingly, dye-doped ultrasmall silica nanoparticles,
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also named as Cornell dots (C dots), are the first inorganic nanoparticles which
have received approval from FDA for the first investigational new drug (IND)
application for clinical cancer imaging trial in human [16].

In comparison with pure silica nanoparticle, mesoporous silica nanoparticles
(MSNs) possess even more attractive properties, such as large surface area, high
pore volume, uniform and tunable pore size, and low mass density, and have been
intensively investigated as novel drug delivery systems since 2001 [17]. With all the
attractive characteristics, MSN has been considered as one of the best nanoplatforms
for cancer imaging and therapy [13]. The fabrication of MSN is really simple,
scalable, cost-effective, and controllable [18, 19]. Based on well-established silica
chemistry, the surface of MSN could be easily modified with many active functional
groups [15], e.g., thiol (–SH) or amino (–NH2), for facilitating the further conju-
gation of fluorescent dyes, stealth polymer (polyethylene glycol or PEG), targeting
ligands (e.g., folic acid [20], transferrin (Tf) [21], aptamer [22], and Herceptin [23]).
The large surface area, high pore volume, and tunable pore size make MSN a perfect
candidate for loading and controlled delivery of therapeutic drugs for cancer therapy
[14]. Besides encapsulating luminescent dyes into uniform MSN matrix for optical
tracking imaging in vitro and in vivo [24], coating functional nanoparticles, e.g.,
quantum dots (QDs) [25], Au nanorods [26], UCNPs [27, 28], Fe3O4 [29, 30], with a
shell thickness controllable MSN has become a new trend to develop novel func-
tionalized MSNs (i.e., f-MSNs) for integrating imaging and therapy into one system.
With the availability of techniques for creating a big hollow cavity inside original
MSN for enhanced drug-loading capacity [13, 31], researchers are now making such
hollow MSN (h-MSN) an even better nanoplatform for cancer imaging and therapy.

Although in vitro imaging and therapeutic applications by using MSN have
been reached a great success [32], transferring these to the in vivo level is still
facing big challenges and is now under intensive investigations. Also, many
questions, such as the fate of MSNs in vivo, factors that affect the in vivo bio-
distribution and clearance of MSNs with varied surface modifications, the strate-
gies for targeting MSNs specifically to sites of interest, are still waiting to be
answered. Here, we summarize the very recent progress and future directions of
engineering MSNs for biological imaging and therapy in vivo.

23.2 Engineering the Morphology and Surface of MSN

Since the first report of MSN with uniform pore size and a long-range ordered pore
structure in early 1990s [33], over 20 years of development has witnessed a rapid
progress in control synthesis of MSN with varied morphologies, sizes, and surface
properties. Many well-written reviews with detailed discussions about the syn-
thesis and surface modifications of MSNs are available for readers [13–15, 18, 19,
34, 35]. The following sections will mainly be focused on strategies which have
been developed for engineering of different MSNs for in vivo cancer molecular
imaging and therapy.

612 F. Chen et al.



23.3 Engineering of MSNs for Cancer Imaging In Vivo

Molecular imaging, with the definition of ‘‘visualization, characterization, and
measurement of biological processes at the molecular and cellular levels in
humans and other living systems’’ [36], is now greatly enhancing the way
researchers and clinicians visualize and investigate complex biological events.
Although still in its infancy, molecular imaging shows great promise in disease
diagnosis, therapy monitoring, drug discovery, and, especially, the understanding
of nanoscale interactions/reactions [37]. Molecular imaging with MSNs can be
used to assess their biodistribution pattern, cell-targeting efficacy, cytotoxicity, and
therapeutic output [38]. In the following sections, we will discuss about the
engineering of MSN for fluorescence, positron emission tomography (PET), and
magnetic resonance imaging (MRI).

23.3.1 Fluorescence Imaging

Fluorescence imaging is economical, easy to handle, and highly sensitive in cer-
tain scenarios and has been widely used for monitoring molecular events in live
cells and tissues. Although MSN itself emits no light, many strategies have been
developed for engineering MSN that can be tracked by fluorescence imaging.
Fluorescent dyes with varied excitation/emission combinations have been chem-
ically linked to the surface or loaded into the matrix of MSN for studying the
dynamic distribution of MSN in vivo [24, 39]. Moreover, inorganic function
nanocrystals, such as QDs [40], UCNPs [41, 42], with even more attractive optical
properties [e.g., near-infrared (NIR) excitation and NIR emission] have also been
encapsulated into MSN for imaging deeper tissues in vivo.

Fluorescein and rhodamine derivatives are frequently used for MSN modifi-
cation with the application in cell targeting/labeling [43–45], drug delivery
monitoring [46], or subcellular function exploration [47]. However, due to the
penetration limitation, most of them were not optimal to be used in live animals
[48]. For better in vivo imaging applications, MSNs can be modified or loaded
with NIR organic dyes with emissions located in the range of 700–900 nm, which
has been well accepted to have minimal skin absorbance and better tissue pene-
tration [37, 49]. In one study, indocyanine green (ICG), an FDA-approved NIR
contrast agent with the excitation/emission of 800/820 nm, has been absorbed onto
MSNs via electrostatic attraction [50]. As-synthesized MSN-ICG showed high
stability over the pH range from acidic to physiological. In vivo imaging in
anesthetized rats demonstrated their prominent uptake in the liver with minimal
autofluorescence, while significant autofluorescence from different organs (e.g.,
skin, hair, and urine) has been observed when injecting with fluorescein isothio-
cyanate (FITC)-conjugated MSN (Fig. 23.1a). By using in vivo fluorescence
imaging and inductively coupled plasma mass spectroscopy (ICP-MS), the same
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groups demonstrated the big differences in distribution patterns of MSN-ICG with
different surface charges. MSN-ICG with more highly charged moieties
(+34.4 mV at pH = 7.4) has been found excreted quickly from the liver into the
gastrointestinal tract, while same nanoparticle with only less charged moieties
(-17.6 mV at pH = 7.4) remained sequestered within the liver [51]. In another
study, NIR dye ZW800-conjugated MSNs have been designed for tracking 4T1
tumor metastatic sentinel lymph nodes (T-SLNs) in vivo [49]. Significant

Fig. 23.1 a Fluorescence imaging of MSN-NH2-FITC (left) and MSN-ICG (middle) in
anesthetized rats before and 90 min after i.v. injection. Scanning time was all set to be 30 s.
The fluorescence image of mouse injected with MSN-ICG at 3 h p.i. was also included (right).
b (Left) Excitation and emission spectra of MSN nanoprobes. Inset: the fluorescence imaging of
particles which were directly acquired before (left) and after (right) excitation by Maestro
imaging system. (Right) In vivo optical imaging of SLNs in a 4T1 tumor metastatic model. The
tumor-drained SLNs were confirmed by bioluminescence imaging and monitored by ZW800-
modified MSNs for up to 3 weeks. c In vivo optical imaging of a tumor-bearing mice after local
injection of UCNP@MSNs. From left to right bright field, upconversion luminescence, and
overlay images. Recreated with kind permission from Wiley–VCH Verlag GmbH & Co. KGaA
[27, 50] and Elsevier B. V. [49]

614 F. Chen et al.



differences in uptake of MSNs in T-SLNs and normal lymph nodes (N-SLNs) have
been clearly observed and could be maintained for up to 3 weeks (Fig. 23.1b),
indicating the high stability of ZW800-conjugated MSNs in vivo and their
potential for future tumor metastatic mapping.

Despite the success achieved by using ICG and ZW800-conjugated MSNs for
optical imaging, room for further improvement is still available to minimize their
inherent disadvantages, such as non-specific interactions with in vivo proteins/
enzymes, low photostability, wider emission spectra [52]. Nanoparticles-based
fluorescence reagents have tunable and narrow emission peaks, high quantum
yields and non-photobleaching, which can serve as another promising candidate
for fluorescence imaging [53, 54].

Due to the very small pore size (2–3 nm) of MSN, and to avoid potential optical
quenching when decorating fluorescent nanocrystals at the surface of MSN,
loading them into the mesoporous silica shell has been demonstrated to be the best
way to synthesize high-quality fluorescent MSNs [25, 30]. By using cetyltri-
methylammonium bromide (CTAB) as not only organic template for the formation
of mesoporous silica shell, but also the stabilizing secondary surfactant for
transferring the hydrophobic nanoparticles into water phase, a simple but efficient
method for encapsulating any oleic acid-capped nanoparticles into mesoporous
silica matrix has been developed and widely used to date [25, 26, 30]. Similar
strategy has been used for the synthesis of a PEGylated liposome-coated QDs/
MSN core–shell nanoparticles [40]. Although successful cellular imaging was
achieved in MCF-7 breast cancer cell line by using such nanoparticles [40], so far
no in vivo imaging study has been reported, possibly due to the toxicity concern
from traditional cadmium-based QD [55].

In comparison with traditional organic dyes and QDs, UCNP excludes the
potential ultraviolet photodamage and has been demonstrated to be much more
biocompatible with extremely low toxicity in living systems [56, 57]. Besides,
UCNP exhibits other attractive optical features such as sharp emission lines [58],
long lifetimes (*ms) [59], large anti-Stokes shift [58], superior photostability
[60], high detection sensitivity [61], non-blinking and non-bleaching [60, 62], high
tissue penetration depth [63], minimal photodamage [64], and extremely low
autofluorescence [65]. Moreover, by doping with well-selected lanthanide ions of
Gd3+, Er3+/Yb3+, and Tm3+/Yb3+ (or combination of these ions) in suitable crystal
hosts (e.g., NaYF4), magnetic resonance and multicolor upconversion lumines-
cence (UCL) imaging could be readily achieved [62, 66–68]. With the presence of
heavy metal ions like Gd3+, Yb3+, and Lu3+ in NaYF4 matrix, such UCNP has also
be considered as an intrinsic computed tomography (CT) contrast agent recently
[69–71]. Although UCNP@MSN could become a highly attractive candidate for
cancer imaging and therapy, so far only very limited papers have been reported
regarding the in vivo imaging of UCNP@MSN [27]. In one study, core–shell-
structured NaYF4:Tm3+/Yb3+/Gd3+@MSN nanoparticles have been synthesized
with a modified method of that reported by Kim et al. [30] and used for in vivo
tumor optical and MR imaging [27]. Although only preliminary in vivo UCL
imaging of NaYF4:Tm3+/Yb3+/Gd3+@MSN nanoparticles after intratumor
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injection has been provided (Fig. 23.1c), as-synthesized NaYF4:Tm3+/Yb3+/
Gd3+@MSN could become more useful if suitable post-surface modifications, such
as PEGylation, targeting ligand conjugations, and anti-cancer drug loading, could
be invited in the future.

Although series of fluorescent MSNs have been developed and adopted for
fluorescence imaging, most of them are still unsuitable for in vivo tumor imaging
due to the limited tissue penetration depth. Also, despite NIR dyes (e.g., ICG and
ZW800) conjugated MSNs or UCNP@MSN have shown promising in vivo
imaging, due to the semi-quantitative nature of fluorescence imaging, engineering
of MSN to enable a much more sensitive and quantitative imaging is urgently
needed and will provide researchers with more accurate information about the fate
of MSN in vivo.

23.3.2 PET

In PET imaging, internal radiation is administered through a low mass amount of
chemicals labeled with a radioisotope. The major advantages of PET imaging over
other modalities (e.g., optical and MRI) are that it is highly sensitive (picomolar
detection limit) and quantitative with no tissue penetration limit [72]. Labeling
nanoparticles with positron-emitting nuclides has been accepted as the most
accurate mean for the non-invasive evaluation of their biodistribution [73]. Despite
the above-mentioned advantages of radionuclide-based imaging, the numbers of
studies using PET for MSN are rather limited.

So far, only one report about radioisotope-labeled MSN has been reported [49],
where MSN-based triple-modal (fluorescence/MR/PET) nanoprobe has been
developed for tracking 4T1 T-SLNs in vivo. To synthesize an MSN-based triple-
modal nanoprobes (fluorescence/MR/PET), preprepared NIR dye (i.e., ZW800)
doped MSN has been further labeled with gadolinium (Gd3+) or 64Cu through
chelation (Fig. 23.2a). Systematic in vitro characterization and long-term (up to
3 weeks) in vivo T-SLNs mapping confirmed the high stability of as-designed
nanoprobe. Based on PET imaging, the accumulation of MSNs in T-SLNs has been
found to be very high and reached nearly 80 %ID/g at 1 h post-injection (p.i.), which
was about 35-fold higher than that in N-SLNs (Fig. 23.2b). Although much room is
still available for improving the current version of triple-modal MSN probes, the
advantages for the integration of fluorescence/MR/PET together with one nano-
particle are obvious. PET imaging can be performed first to identify any skeptical
‘‘hot spots’’ in a highly sensitive and quantitative manner. Then, MRI will be used
for achieving a better anatomical localization of site of interest. Last, on-spot optical
imaging can be invited for providing an imaging guidance during surgery.

It is worthy to know that, different from optical imaging of UCNP@MSN [27],
where typically the nanoparticle itself is detected, radionuclide-based imaging
detects the radioisotopes rather than MSN itself. The biodistribution of radiola-
beled MSN is measured indirectly by assessing the localization of the
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radionuclide, which can provide quantitative measurement of the pharmacoki-
netics only if the radioisotope on MSN is stable enough under physiological
conditions. With the possible dissociation of the radionuclide (typically metal
ions) from the chelator, and/or the detachment of radionuclide-containing polymer
coating from the nanoparticle, significant difference between the real nanoparticle

Fig. 23.2 a Schematic illustrations for the synthesis of triple-modal imaging MSN probes. (up)
Diagram of ZW800-doped MSN fabrication; (down) diagram of Gd3+ and 64Cu integration.
b PET imaging of SLNs with 64Cu-labeled triple-modal MSNs in a 4T1 tumor metastatic model.
Recreated with kind permission from Elsevier B. V. [49]
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distribution and the radionuclide distribution may occur. Thus, the biodistribution
data of radiolabeled nanoparticles based on PET imaging should only always be
interpreted with caution. Rigorous validation of the stability of the radioisotopes
on the nanoparticle should always be carried out to obtain more reliable experi-
mental results.

Along with the advantages of PET for sensitive and quantitative in vivo
imaging, one disadvantage is that their relatively low spatial resolution ([1 mm),
which is significantly lower than that of MRI (\100 lm) [74]. MRI, with exquisite
soft tissue contrast, is a widely used imaging modality with high clinical relevance
due to its high spatial resolution [75]. By conjugating MSN with Gd3+ complex
[76] or encapsulating with varied nanoparticles (e.g., Fe3O4 [77], Gd-doped UCNP
[27], MnOx [78, 79]) that can be demonstrated as MRI contrast agents, such f-
MSNs could be ready to be used for MR imaging as well as drug delivery.

23.3.3 Magnetic Resonance Imaging

Generally, two major categories of f-MSNs have been developed. They are gad-
olinium- or MnOx- modified MSNs [78, 80–82] for T1-weighted MRI and su-
perparamagnetic iron oxide nanoparticle (SPION)@MSN core–shell structure for
T2-weighted MRI [77, 83, 84].

Gd3+-complex-modified MSNs have been used most frequently in cell tracking,
especially in stem cell tracking [85–87]. In one study, dual-functional Gd-FITC
mesoporous silica nanoparticles (Gd-Dye@MSN) that possess green fluorescence
and paramagnetism have been developed to evaluate their potential as effective T1-
enhancing trackers for human mesenchymal stem cells (hMSCs). As-synthesized
Gd-Dye@MSN showed high biocompatibility with no obvious affection on the
cell viability, proliferation, and differentiation capacities and has been suggested to
be an ideal vector for stem cell tracking with MRI [85]. High internalizing effi-
ciency, durability, and biocompatibility of Gd3+-complex-modified MSN have also
been demonstrated in the other similar studies [86, 88]. More recently, different
novel Gd3+-complex-modified MSNs have also been demonstrated useful for
tumor targeting and drug delivery [83, 88, 89]. At the same time, different methods
for enhancing the relativity of these MSNs are also available [76, 81, 82, 90, 91].

Manganese (II) has been adopted as an MRI contrast agent due to its less
toxicity and five unpaired electrons with long electronic relaxation time. MSN-
coated hollow manganese oxide (MnO) nanoparticles (HMnO@MSN) have been
developed as a powerful tool for serial MR monitoring of adipose-derived mes-
enchymal stem cells [78], which enabled the long-term monitoring of cell trans-
plants up to 14 days (Fig. 23.3a). Possibly due to the shielding of manganese ions
by mesoporous silica coating, results showed that as-synthesized HMnO@MSN
had only a very low r1 value of about 0.99 mM-1 s-1. In another study, by using
an in situ redox reaction, Chen et al. reported a novel manganese oxide-based
multifunctionalization of hollow mesoporous silica nanoparticles (h-MSN@MnO)
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for pH-responsive T1-weighted MRI to detect the acidic tumor microenvironment
[92]. Under weak acid conditions, the release of Mn2+ ions from h-MSN@MnO
could cause a significant increase in r1 value (up to 8.81 mM-1s-1), which has
been demonstrated to be 11-fold higher than the same value in neutral condition.
This is the highest r1 value that has ever been reported in manganese-based MRI
contrast agents, and such pH-responsive MRI contrast enhancement might become
a useful technique for future cancer diagnosis.

SPION is among the most well-developed contrast agents for T2-weighted MRI
[5]. Although oleic acid-assisted strategy could guarantee high-quality SPIONs
with uniform size and morphology [93], as-synthesized SPIONs are always coated
with a layer of oleic acid ligands, which makes them water insoluble. Surface
modifications, such as ligand exchange [94] and mesoporous silica coating [77],
can efficiently overcome the hydrophobicity of original SPIONs, making them
ready for biological applications. Recent research showed that the shell thickness
of mesoporous silica could significantly affect the MRI contrast enhancement and
might become a simple way to tune r2 values of SPION@MSN nanoparticles [95].
With the presence of MSN at the surface, small molecular drugs [e.g., docetaxel
(DOC) and doxorubicin (DOX)] can be loaded for controlled drug release and
cancer therapy, suitable length of PEG could also be added to increase the blood
circulation time of SPION@MSN for a better enhanced permeability and retention
(EPR) effect. In one study, enhanced tumor uptake of uniform PEGylated SPI-
ON@MSN in MCF-7 tumor-bearing nude mice has been achieved based on pure

Fig. 23.3 a Up schematic illustration for the synthesis of HMnO@MSN and labeling of stem
cells. Down in vivo T1-weighted MR images of transplanted stem cells. No hyperintense signal
has been detected in mouse transplanted with unlabeled stem cells, while observable signals have
been detected in labeled stem cells and kept visible for at least 2 weeks p.i. b Up schematic
illustration of the synthetic procedure for SPION@MSN core–shell nanostructures. Down in vivo
T2-weighted MR images (upper row) and corresponding color maps (lower row) of tumor before
and after the i.v. injection of SPION@MSN into MCF-7 tumor-bearing nude mouse. Recreated
with kind permission from American Chemical Society [78] and Wiley–VCH Verlag GmbH &
Co. KGaA [77]
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EPR effect [77] (Fig. 23.3b). Higher in vivo tumor-targeting efficiency could be
achieved by conjugating SPION@MSN with certain targeting ligands (e.g., pro-
teins, peptides, or small molecules). Many other studies have further proven the
feasibility in using functionalized SPION@MSN as a useful tool for tracking
various types of cells with MRI [86, 95–97]. The low cytotoxicity, high cell-
labeling efficiency, and high biocompatibility of SPION@MSNs make them
attractive choices for a variety of biomedical applications.

23.3.4 Other Modalities and Multimodality Imaging

Although still under intensive investigation, f-MSNs can also be applicable in
other molecular imaging modalities such as ultrasound or computed tomography
(CT). Compared with other imaging modalities, ultrasound imaging stands out as a
versatile, painless, low-risk, non-invasive procedure, which can be done and
readily repeated virtually anywhere. Au nanoparticle and perfluorohexane-
encapsulated h-MSNs have been used for both contrast-enhanced ultrasound
imaging and high-intensity focused ultrasound (HIFU) surgical therapy [98, 99],
demonstrating that functionalized h-MSN can serve as a novel theranostic agent
for both the imaging and combined therapy under the guidance of intensified
ultrasound (Fig. 23.4a). With the support of X-ray, CT can provide high-resolution
anatomical information and has indisputable benefits to the practice of medicine.
ICG-loaded Au@MSN has been developed recently for dual-modal fluorescence/
CT imaging (Fig. 23.4b) [100]. Such probe might have great potential applications
for use in applications such as cancer targeting, molecular imaging in combination
with radiotherapy, and phototherapy.

Each imaging modality discussed above has its advantages and limitations. For
example, it is difficult to accurately quantify a fluorescence signal in living sub-
jects with fluorescence imaging alone, particularly in deep tissues; MRI has high-
resolution and good soft tissue contrast but low sensitivity; radionuclide-based
imaging techniques are very sensitive but suffer from relatively poor spatial res-
olution and high costs. Combination of multiple imaging modalities may provide
complementary information than a single modality alone. Using MSNs as a
multifunctional platform, combination with different imaging modalities will
enable the development of ‘‘smart’’ nanomedical platforms with higher clinical
potentials. One of the most selected combinations is the integration of fluorescent
and magnetic materials into MSNs, which merges the high sensitivity of fluores-
cence with the high spatial resolution of MRI for real-time monitoring of disease
evolution [27, 88] or specific cell tracking [97]. Similar rules can apply to the
MSNs for CT/fluorescence dual imaging purpose [100]. Another attractive choice
is the unionization of ultrasound and MRI [92]. Using MRI as the presurgical
evaluation tool and ultrasound as the real-time guidance during the surgical
removal of lesions, this type of MSNs can stand for the next generation of ther-
anostic agents. MSN nanoprobe, with triple-modal (i.e., PET/fluorescence/MRI)
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imaging modality, has also been developed and used for long-term monitoring of
tumor-draining SLNs [49]. For the multimodality imaging applications, the sta-
bility and robustness of MSNs should stay high to guarantee the imaging results
from different modalities that are consistent and complementary.
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Fig. 23.4 a Ultrasound imaging in rabbit VX2 liver tumor before and after the injection of
perfluorohexane-encapsulated MSNs. b In vivo planar X-ray images before and 12 h after the
injection of ICG-loaded Au@MSN. Recreated with kind permission from Elsevier B. V. [98] and
OSA [100]
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23.4 Engineering of MSNs for Cancer Therapy In Vivo

Besides using MSN as a useful nanoplatform for molecular imaging, thanks to its
large surface area, high pore volume, and uniform and tunable pore size, MSN has
long been considered as highly attractive candidate for delivering small molecular
drugs to tumor site for suppressing the growth of cancer. Despite the huge progress
that has been made in the in vitro therapy with drug-loaded MSNs, in vivo
translation is still facing big challenges and is now under intensive investigations.
In the following sections, only engineering of MSNs for successful in vivo ther-
apeutic studies will be highlighted.

23.4.1 Pure MSNs or h-MSNs for Chemotherapy

Although great efforts have been devoted to improve the in vivo therapeutic
efficiency of anti-cancer drugs by using various kinds of drug delivery systems,
developing a universal strategy for improving both the passive and active targeted
drug delivery is still a huge challenge. By reducing the size of MSN to about
50 nm and further surface functionalized with a polyethyleneimine–polyethylene
glycol copolymer (PEI-PEG), Meng et al. demonstrated that such redesigned
MSN@PEI/PEG could effectively reduce the particle opsonization while
improving the EPR effect and in vivo therapeutic effects [101]. In comparison with
similar MSNs with only PEGylation, the further introduction of cationic charged
PEI has been shown highly useful to enhance the repulsion between nanoparticles,
which increase the particle stability and reduce the chance of their aggregation in
saline (Fig. 23.5a). A significantly higher (*12 %) passive tumor-targeting effi-
ciency of NIR dye-incorporated MSN@PEI/PEG has been demonstrated, while
only limited tumor uptake has been observed in non-PEGylated (*1 %) and
PEGylated (*3 %) control groups (Fig. 23.5b). Although clearly higher fluores-
cence signal could be seen in MSN@PEI/PEG group based on the optical imaging,
due to the semi-quantitative feature of fluorescence, the real differences in EPR
effect might deserve further investigation by using more quantitative method, such
as PET imaging. Interestingly, no obvious kidney uptake of all three kinds of
nanoparticles has been observed after 72 h post-injection, which is inconsistent
with similar nanoparticle reported by the same group [102, 103]. After demon-
strating the enhanced passive targeting efficiency of MSN@PEI/PEG, the thera-
peutic effect of DOX-loaded MSN@PEI/PEG on KB-31 tumor model has also
been investigated, which showed an 85 % of tumor inhibition, 10 % higher than
that of free DOX (i.e., 70 %) (Fig. 23.5c). Importantly, mice treated with DOX-
loaded MSN@PEI/PEG showed reduced systemic, hepatic, and renal toxicity
compared to free DOX drug. One of the possible drawbacks of these DOX-loaded
MSN@PEI/PEG nanoparticles is its high lung uptake, which usually is caused by
the aggregation of nanoparticle after intravenous (i.v.) injection. Although the
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authors claimed no significant lung damage, no reason for such high lung uptake
has been provided yet.

DOC is a hydrophobic drug which could kill cancer cells via stabilizing
microtubules to induce cell cycle arrest and caspase-2- and caspase-3-dependent
apoptoies [104]. The current clinical formulation of DOC, also named as Taxotere,
is known to have severe adverse effect due to the acute hypersensitive reaction
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Fig. 23.5 a Photographs of three different MSNs in saline (20 mg/mL). NP1: 100-nm-sized non-
PEGylated MSNs, NP2: 50-nm-sized PEGylated MSNs, NP3: 50-nm-sized PEI/PEG copolymer-
modified MSNs. b Ex vivo optical imaging of major organs (heart, lung, spleen, liver, kidney,
brain, and muscle) from mice at 72 h post-injection. c Photograph of tumor sizes at the end of
treatment. d TEM image of SN-PEG. e In vivo anti-tumor effect of SN-PEG-DOC and Taxotere
on H22 liver cancer subcutaneous model (dose: 20 mg/kg of DOC, 4 doses in 13 days).
Photographs of tumors from different treatment groups of [1] SN-PEG-DOC, [2] Taxotere group,
and [3] control group with saline. Recreated with kind permission from American Chemical
Society [101, 102]
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induced by its toxic excipients (i.e., Tween-80) and the severe systematic toxicity
of DOC itself [105]. By loading DOC into a well-designed PEGylated silica
nanorattle (SN-PEG) (Fig. 23.5d), Li et al. demonstrated the feasibility for
enhancing the in vivo therapeutic efficiency of SN-PEG-DOC while reducing the
systematic toxicity of DOC in H22 liver cancer subcutaneous model [106]. The
absence of toxic Tween-80 surfactants and reduced amount of free DOC after i.v.
injection have been suggested to be two of the main factors which contribute the
lower systematic toxicity. Their systematic treatment experiments showed a sig-
nificant inhibition of tumor weight by SN-PEG-DOC up to 72 %, in comparison
with that of 57 % in Taxotere groups (Fig. 23.5e). Although no data about the
passive targeting efficiency of SN-PEG-DOC in vivo could be found in this study,
the author believed the possibility to further enhance such therapeutic efficiency by
conjugating nanoparticle with certain targeting ligands.

23.4.2 f-MSN@PS for Photodynamic Therapy

Photodynamic therapy (PDT) has arisen as an alternative to chemotherapy and
radiotherapy. PDT involves the use of certain photosensitizer (PS) which, upon
irradiation with light with specific wavelength and in the presence of oxygen,
could lead to the generation of cytotoxic singlet oxygen and consequently cause
the killing of cancer cells [107]. Due to the limited light penetration depth, for a
long time, PDT has only been effective to certain superficial cancers, such as skin
cancer [107]. The combination of PDT with light in the NIR region might hold the
potential for extending the treatment to tumors located deeply in body. Recent
researches have demonstrated such possibility in f-MSNs either by using a well-
designed PS which has high two-photo absorption (TPA) cross-section in the
biological spectral window (i.e., 700–1,000 nm) [108], or by using UCNPs as an
internal light transducer for transferring 980 nm laser to visible light for triggering
the generation of singlet oxygen [28].

In one study, Gary-Bobo et al. reported the first example of tumor treatment by
using MSNs which were covalently linked with PS and targeting ligands (mannose
moiety), denoted as MSN1-mannose (Fig. 23.6a) [108]. Each MSN had about
6,850 units of PS and a hydrodynamic diameter of 118 nm. By irradiation with
760 nm laser (80 mW or 10.6 J cm-2), in vitro two-photo-excitation PDT effect
showed a twofold enhanced therapeutic effect of MSN1-mannose in three cancer
cell lines, in comparison with group treated with only non-targeted MSN1 nano-
particles. To investigate the potential of MSN1-mannose for in vivo treatment,
nude mice-bearing HCT-116 xenografts were used. With only one i.v. injection,
the authors have demonstrated a significant reduction in tumor weight (ca. 70 %)
in the group treated with MSN1-mannose (dose: 16 mg/kg, light dose: 760 nm
laser for three periods of 3 min) compared with control groups (Fig. 23.6b).
Surprisingly, it was reported that MSN1-mannose treatment followed by two-
photo-excitation PDT prevented macrometastasis formation in liver and colon,
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while no such effect could be observed in groups of mice treated with saline alone
or with MSN1-mannose without 760 nm laser irradiation. The authors suggested
the decrease in the subcutaneous tumor growth and its associated neoangiogenesis
to be the main reason behind such effect. Although enhanced therapeutic effects
have been demonstrated by using MSN1-mannose plus laser in this report, no data
about the exact tumor uptake and biodistribution of MSN1-mannose after i.v.
injection could be found.

UCNP has gained growing interests owing to their unique UCL features that are
highly suitable for multimodal imaging in living subjects [11]. UCL is a unique
process where low-energy continuous wave of NIR light (usually 980 nm) is
converted to higher-energy light through the sequential absorption of multiple
photons or energy transfer [109]. By using the visible emission bands (mostly red
emissions) of UCNP for triggering the generation of singlet oxygen, researchers
have developed many different versions of UCNP/PS nanocomposites for 980 nm
laser-initiated PDT [28, 110–118].

In one well-conducted study, Idris et al. demonstrated that enhanced PDT effect
could be achieved by encapsulating two different PSs (i.e., ZnPC and MC540) into

Fig. 23.6 a Synthesis of PS and MSN1-mannose. b Effect of two-photo-excitation PDT on
tumor growth. c Schematic of MSN coated with UCNP coloaded with ZnPC and MC540 PSs for
PDT. After the excitation of single 980 nm laser, the UCNP can convert the NIR light to visible
light of different wavelength, which will be absorbed by the PSs and trigger the generation of
singlet oxygen. d Representative photos of mouse injected with folic acid-conjugated PEGylated
UCNP, unmodified UCNP and PBS. Scale bar: 10 mm. Recreated with kind permission from
Wiley–VCH Verlag GmbH & Co. KGaA [108] and Nature Publishing Group [28]
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one mesoporous silica-coated NaYF4:Er/Yb nanoparticle (Fig. 23.6c) [28]. In vitro
experiments demonstrated the higher generation rate of singlet oxygen and lower
cell viability when shedding 980 nm light on co-PS-loaded nanoparticles. After the
injection of B10-F0 melanoma cell that prelabeled with co-PS-loaded UCNP under
the skin of C57BL/6 mice, they succeeded in inhibiting the tumor growth rate
significantly by irradiating the injected site with a 980 nm laser. However, in the
case of injecting the drug either intratumorally or intravenously, only slight tumor
growth inhibition could be achieved, indicating such in vivo PDT effect is still
limited. Since the half-life of singlet oxygen is very short, on the order of
microseconds, and can therefore act only on target structures that are in close
proximity to it, in order to guarantee an effective PDT therapeutic outcome, suf-
ficient amount of PDT agents should be able to accumulate in the tumor site and
somehow further internalized by the cells. Much room is still available for
enhancing the UCNP-based PDT therapeutic effect in the future.

23.4.3 MSN for Gene Delivery and Therapy

Although small interfering RNA (siRNA) holds great promising as a powerful
gene therapeutic agent for the treatment of a wide range of diseases from viral
infection to cancer [119, 120], it is still a big challenge to deliver effective dose of
siRNA into target cells with high gene-silencing efficacy while maintaining its
intact chemical structure. Aiming to provide a better solution to these problems,
except using previously reported nanoplatforms, such as viral gene or liposomes,
Na et al. reported a highly efficient siRNA delivery system based on biocompatible
MSNs with large pores of 23 nm in diameter (denoted as MSN23) and have
demonstrated their advantages in siRNA delivery for gene silencing both in vitro
and in vivo (Fig. 23.7a) [121]. As-designed MSN23 was prepared by expanding
the original pores of MSN2 (mesoporous silica with 2 nm pore size) with trim-
ethylbenzene (Fig. 23.7b). With the presence of larger pores, they have demon-
strated that siRNA could be loaded into the MSN23 with a decent loading capacity
of 1.25 pmol/lg and shown high resistance against the RNase-mediated degra-
dation while maintaining its chemical integrity in vivo. The in vivo siRNA
delivery and gene silencing by using siRNA–MSN complex have been demon-
strated in mice-bearing green fluorescent protein (GFP) expressing HeLa and
MDA-MB-231 xenografts, which showed significantly decreased green fluores-
cence intensity and inhibition of tumor growth rate in positive groups after in-
tratumoral injection with siGFP (or siVEGF)-MSN complexes vascular endothelial
growth factor (VEGF) (Fig. 23.7c, d). Although the intratumoral administration of
siRNA-MSN in this study, to a certain degree, limited its application and needed
further improvement by optimizing the surface modifications, it ensured the
accumulation of sufficient siRNA in tumor site and guaranteed the efficiency in
gene silencing.

626 F. Chen et al.



23.4.4 MSN for MRI-Guided Ultrasound Therapy

HIFU surgery is one of the most promising non-invasive and non-radiative
transcutaneous treatment protocols for cancer therapy [122]. Unlike radiation,
HIFU is non-ionizing and can be repeated without damaging healthy tissue.
Although it is still under investigation in clinical trials and has not received the
stamp of approval by the FDA in the United States, HIFU is now being used
extensively to treat localized prostate cancer in Europe, Russia, Japan, and other
Asian countries. How to realize the accurate positioning of therapeutic targets for
focused ultrasound during surgery and achieve an effective HIFU therapy under

Fig. 23.7 a A schematic illustration showing the siRNA delivery with MSN possessing larger
pores. b Representative TEM image of MSN23. c In vivo GFP silencing in GFP-expressing HeLa
xenografts on day 0 and day 4. Mice were intratumorally injected with PBS (left) and siGFP-
MSN complex (right). d In vivo VEGF silencing in MDA-MB-231 xenografts. Intratumoral
injections of siVEGF–P–T-MSN complex, naked siVEGF, and PBS were performed four times at
days 0, 5, 10, and 20. Tumor growth was observed for 30 days from the initial injections.
Extracted tumors at day 30 were shown for size comparison. Recreated with kind permission
from Wiley–VCH Verlag GmbH & Co. KGaA [121]
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simultaneous imaging guidance are two typical challenges before HIFU realize its
extensive clinical applications.

To potentially provide a solution to these challenges, Chen et al. have designed
an interesting mesoporous composite nanocapsule (MCNC), which is both HIFU
synergistic agent for enhancing surgery effect and MRI contrast agent for imaging
guiding (Fig. 23.8a) [123]. Specifically, MCNC was formed firstly by reacting
strong oxidizing MnO4

- ions with surfactant (i.e., CTAB) to generate MnO
nanoparticles in the mesoporous silica network for T1-weighted MR contrast effect
and then by loading biocompatible perfluorohexane (PFH) in the hollow cavity for
an enhanced HIFU surgery effect (Fig. 23.8b) [99]. The final dynamic light
scattering size of MCNCs was found to be *342 nm. Although raw MSN has
been known to be highly unstable and easily aggregated in biological buffers, no
further surface modification (e.g., PEGylation) has been introduced in this study
and all of the following in vitro and in vivo imaging-guided surgeries have been
achieved by using such raw MCNCs. The effectiveness of MCNCs as the syner-
gistic agent for HIFU surgery has been evaluated by using degassed bovine liver as
the model tissue. To further evaluate the in vivo therapeutic effect of PFH-MCNCs
in vivo, an MRI/HIFU apparatus and rabbit-bearing VX2 liver tumor were used.
After ear vein injection of PFH-MCNCs (200 uL, 30 mg/mL), tumor was first
imaged by using T1-weighted MRI and then precisely focused and irradiated by
ultrasound (150 W, 5 s). The mean volume of coagulated tumor by HIFU exposure
in PFH-MCNCs group was found 8.3 and 1.8 times larger than control groups that
only received PBS and MCNCs/PBS, respectively, demonstrating the enhanced
synergistic efficiency of PFH-MCNCs for MRI-guided HIFU surgery (Fig. 23.8d,
e). Since tumors in liver could already be clearly seen by MRI without using any
contrast agents (Fig. 23.8c), other tumor models might be needed to further
demonstrate the proposed concept. Moreover, the slight change in signal intensity
in tumor after ear vein injection might not be a good evidence to support the
uptake of MCNCs in tumor, other more sensitive and quantitative method, such as
PET imaging, might be considered to confirm this in the future research.

23.4.5 MSN for Combined Thermal Therapy
and Chemotherapy

For the last 5 years, combining hyperthermia and chemotherapeutic agents into
one nanosystem (e.g., Au nanocages, carbon nanotubes) for synergistic effects has
been intensively pursued [6, 124]. Such synergistic effect of thermal therapy and
chemotherapy has been speculated to be caused by the altered kinetics, perme-
ability, and uptake of chemotherapeutic agents during the heating process [125].
With the presence of large hollow cavity for enhanced drug-loading capacity and
well-established silica chemistry for surface modifications, biocompatible hollow
(or rattle type) mesoporous silica holds great potential as a novel nanoplatform for
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integrating both thermal therapy and chemotherapy in one multifunctional system
[126–128].

For example, Liu et al. successfully reported an interesting PEGylated gold
nanoshell-coated silica nanorattle (Fig. 23.9a) (denoted as pGSNs), which was
further loaded with anti-cancer small molecular drug (i.e., DOC, which has been
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Fig. 23.8 a Technical principle of MRI-guided HIFU for the surgery of hepatic neoplasm in
rabbits. b TEM image of MCNC. c In vivo T1-weighted MRI of rabbit-bearing VX2 liver tumor
after ear vein injection of PBS, MCNCs/PBS and PFH-MCNCs/PBS. d In vitro coagulated-tissue
volume of degassed bovine liver after intratissue injection of PBS, MCNCs/PBS, and PFH-
MCNCs/PBS under the same irradiation power and duration (150 W cm-2, 5 s and 250 W cm-2,
5 s). e In vivo coagulated necrotic tumor volume by MRI-guided HIFU exposure under the
irradiation power of 150 W cm-2 and duration of 5 s in rabbit liver tumor after ear vein injection
(inset digital photos of tumor tissue after HIFU exposure). Recreated with kind permission from
Wiley–VCH Verlag GmbH & Co. KGaA [123]
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reported to have a hyperthermia-enhanced cytotoxicity [129]) for investigation of
its synergistic effects in cancer therapy [127]. The shell thickness of Au nanoshell
could be easily tuned by altering the precursors and reaction time. After i.v.
injection of pGSNs-DOC, the tumor sites of H22 tumor-bearing ICR mice were
exposed to NIR laser (808 nm) at 2 W cm-2 for 3 min after 6 h p.i. Their results
showed the significant tumor inhibition rate in pGSNs-DOC group (85.4 %),
higher than that of Taxotere group (57.4 %) (Fig. 23.9b, c). However, some

Fig. 23.9 a TEM image of gold nanoshell-coated silica nanorattle. b Tumor weights of three
treatment groups. c Photograph of tumor sizes at the end of treatment from group pGSNs-DOC
(1), Taxotere (2), and control groups (3). d TEM image of GSNs. Inset shows the schematic
diagram of GSNs synthesis and bioconjugation. e Representative images of mice from groups of
(a) control, (b) pGSNs-NIR, (c) Taxotere, (d) pGSNs-Doc-NIR, (e) pGSNs-Doc-Tf-NIR on day
17 after treatment. f In vivo anti-tumor activities of corresponding groups on MCF-7-bearing
nude BALB/c mice. Recreated with kind permission from Wiley–VCH Verlag GmbH & Co.
KGaA [127, 130]
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important control groups (e.g., pGSNs with NIR laser and pure pGSNs-DOC
without laser) were missing in this study, and these results should be highly useful
to further demonstrate the synergistic effects in cancer therapy. Also, no solid
evidence could be found to support the passive targeting of pGSNs-DOC in vivo
and the detailed targeting efficacy is unknown either. Although the accelerated
drug release rate has been observed in other similar nanosystems, i.e., Au@m-
SiO2(DOX) [126], no such effect could be found in pGSNs-DOC system, possibly
due to the good thermal and mechanical stability of pGSNs-DOC, as suggested by
the authors.

To further ensure a better thermal therapeutic effect, the same group further
reported a Tf-targeting ligand-conjugated pGSNs (Fig. 23.9d) (denoted as pGSN-
Tf) and demonstrated a complete regression of breast tumor in vivo (Fig. 23.9e, f)
[130]. Although pGSNs-Tf has been designed for active targeting of nanoparticle
to tumor in vivo and was expected to show enhanced tumor uptake at the same
time post-injection, inductively coupled optical emission spectrometry (ICP-OES)
of Au from both pGSNs-Tf and pGSNs in solid tumors failed to show any sig-
nificant difference in tumor uptake (both were *3 % of injected dose), indicating
such cell-based active targeting strategy might not work in this case due to
extremely limited extravasation of either pGSNs-Tf or pGSNs in vivo. Without
clear knowledge of the pGSNs extravasation and suitable evidence to support their
hypothesis, the authors attributed the observed enhanced therapeutic effects simply
to an enhanced intracellular localization within cancer cells of pGSNs-Tf. More-
over, in vivo non-invasive imaging might be needed in the future to better
determine the best treatment window for this interesting nanoparticle.

Based on the discussions above, the combination of thermal therapy with
chemotherapy is indeed a better option and has shown promise in future clinical
translation. Although enhanced therapeutic effects could be achieved in these
studies based on passive EPR effect, better outcome should be expected if active
targeting strategies could be incorporated.

23.5 Conclusions and Future Perspective

In conclusion, we summarize here the engineering of various kinds of MSNs for
in vivo molecular imaging and therapy. Although inexpensive fluorescence imaging
of f-MSNs will continue to be used in studying the interaction between MSNs and
cells in vitro and in vivo, non-invasive PET imaging of radioisotopes-labeled MSN
might become a better choice in the near future for investigating the real-time tumor-
targeting efficiency and fate of MSNs in live animals. Engineering of MSNs to
integrate two or more imaging modalities into one nanosystem will also become a
new trend and provide researchers complementary and more accurate information
about the pharmacokinetics of MSNs in vivo. Thanks to the huge progress in control
synthesis and surface modifications of MSNs for biological imaging applications,
the past 5 years have also witnessed a rapid progress in applying MSNs for
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preclinical therapeutic studies and have shown great promises in fighting against
different cancers. Although most of the designed MSNs so far are still far from
perfect, with the increasing awareness of the high potential of biocompatible MSNs
in cancer imaging and therapy, even more advances in applying f-MSNs for com-
bined imaging and therapy will be anticipated in the next 5 years.

However, many challenges still remained to be conquered. Firstly, although
silica has been accepted as GRAS by the FDA, and silica-based C dots have
received approval for the first IND application for human clinical trial for cancer
imaging [16], the toxicity concerns of MSN will continue to be an major issue due
to the inevitable use of toxic surfactants as templates for creating mesopores
during the synthesis of MSN. Systematic short- and long-term toxicity studies in
different levels (from cell to big animals) are urgently needed.

Secondly, specifically deliver enhanced amount of anti-cancer drugs to tumor
site by in vivo active targeting of f-MSN is still a big challenge by far. Although a
few studies could demonstrate an enhanced signal intensity or therapeutic effect by
using MSNs conjugated with cell-based targeting ligands, a lot of control exper-
iments, such as targeting efficiency of negative control and blocking groups, are
usually unavailable to further confirm the specific targeting of MSNs. Moreover,
few quantitative data of tumor uptake could be found, and more sensitive and
quantitative imaging modalities (e.g., PET) should be explored in the future cancer
imaging studies.

Finally, more effective targeting strategies are needed. Despite the progress in
suppressing the tumor growth rate by delivering drugs based on EPR effect, the
attempts to further enhance the therapeutic effects by conjugating MSNs with cell-
based targeting ligands (e.g., folic acid, transferrin) have failed. Due to the pos-
sible limited tumor extravasation of f-MSNs, tumor angiogenesis-based targeting
strategy might stand out as a promising alternative to solve this problem. We
recently demonstrated the first example of in vivo PET imaging, combined active/
passive targeting and enhanced delivery of DOX by using TRC105 (anti-CD105
antibody) as a targeting ligand for targeting tumor vasculature. The highest tumor
uptake of as-designed 64Cu-NOTA-mSiO2-PEG-TRC105 has been found to be
5.9 %ID/g at 5 h p.i., which is significantly higher than that of non-targeted
control group (\2.5 %ID/g) (unpublished data). Based on such promising tumor
angiogenesis targeting, progress in more accurate in vivo pharmacokinetics,
optimized tumor-targeting efficiency in different tumor models and enhanced
therapeutic effect of MSN-based nanosystems are expected in the near future.
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Chapter 24
Engineering Carbon Nanomaterials
for Stem Cell-Based Tissue Engineering

Tapas R. Nayak and Weibo Cai

24.1 Introduction

Tissue engineering and regenerative medicine is an incipient multidisciplinary
field involving biology, medicine, and engineering. It is expected to revolutionize
the ways to enhance the health and quality of life for millions of people worldwide
by restoring, maintaining, or improving tissue and organ functions (NIH, USA). It
is associated with interesting therapeutic applications, where the tissue is either
grown inside a patient’s body or built outside the patient and subsequently
transplanted. Alternatively, tissue engineering can be exploited in terms of diag-
nostic applications, where the tissue is grown in vitro and used for testing drug
uptake, metabolism, toxicity, and pathogenicity. In other words, the basis of tissue
engineering/regenerative medicine for either therapeutic or diagnostic applications
is the ability to exploit living cells in a variety of ways.

Tissue engineering and regenerative medicine aims to control and guide spe-
cific tissue regeneration in order to restore structure and function of a defect by
utilizing the body’s natural healing response. It may provide functional substitutes
for native tissues to serve not only as grafts for implantation [1], but also as
physiologically relevant models for controlled studies of development and func-
tion of specific tissue [2]. In addition to supporting factors such as sequencing and
expression analysis of genes and proteins, quantitative cellular and tissue analysis,
in silico tissue and cell modelling, and quality assurance, there are three most
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important elements associated with tissue engineering and regenerative medicine.
They are as follows:

• Cells and Tissues: They constitute and are responsible for regeneration of
specific tissues. They can be further exploited by (a) their acquisition from
appropriate source (such as autologous cells, allogeneic cells, xenogeneic cells,
stem cells, and genetically engineered cells), (b) use of appropriate methods for
their proliferation and differentiation into specific tissues, and (c) their immu-
nological manipulation.

• Biomolecules: They comprise several angiogenic factors, growth factors, dif-
ferentiation factors, and bone morphogenic proteins which help in accelerating
cell differentiation into specific tissue lineage and functionality.

• Biomaterials and Scaffolds: They provide the optimal microenvironment in the
form of physical and chemical cues conducive for growth and regeneration of
specific tissues [3]. Therefore, these novel biomaterials are currently being
designed to direct the organization, growth, and differentiation of cells in the
process of forming functional tissues.

24.1.1 Stem Cells in Tissue Engineering

Since the late 1980s, autologous grafts have been the gold standard for their
application in tissue repair and regeneration [4–7]. A patient’s own tissue not only
lacks immunogenicity, but also can be directly delivered at the implant site. Once
implanted, these autologous grafts recruit stem cells and induce them to differ-
entiate into specific tissues through exposure to specific growth factors [5, 8].
Although there are many advantages associated with this tissue source, there has
been a search for alternatives for several decades owing to major drawbacks in the
form of limited tissue harvesting sites without loss of function [9], morbidity at
donor sites due to extra surgery involved [8, 10], postoperative continuous pain
[11], hypersensitivity [5], and infection [8, 11].

A possible solution to this problem is represented by the use of allografts (from
human to human). This eliminates the need for harvesting tissue from patient, and
therefore, the quantity of available tissue is no longer an issue. Nevertheless, the
quality of allografts is worse, as they have a poor degree of cellularity, less
revascularization, and a higher resorption rate compared to autologous grafts [8],
resulting in a slower rate of new tissue regeneration, as observed in several studies
[12]. Additionally, the immunogenic potential of these allografts and the risks of
virus transmission to the recipient are serious disadvantages [13]. In case of bone
tissue repair, metals such as iron, cobalt, and titanium have been utilized as per-
manent implant in bone to fill defects and provide internal fixation [14]. However,
problems in the form of fatigue, corrosion, tissue infections, poor implant-tissue
interface, and stress-shielding effects were found to be associated with patients
undergoing such procedures. To overcome these drawbacks of the current graft
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materials and metal implants, new tissue engineering approaches utilizing stem
cells have been suggested as promising techniques for regenerative medicine.

Current tissue engineering strategies tend to combine biomaterials or scaffolds
with living cells to develop biological substitutes that can restore tissue functions
[15–17]. The cells are essential for regeneration of new tissues through extracel-
lular matrix synthesis [18] during which they proliferate, fill up the scaffold, and
grow into a three-dimensional (3D) tissue [19, 20]. However, tissue-specific cell
types are not always available in sufficient amounts to guarantee complete
recovery of damaged tissue; therefore, stem cells symbolize a remarkable alter-
native for tissue engineering. They include pluripotent stem cells, such as
embryonic stem cells (ESCs) and reprogrammed induced pluripotent stem cells
(iPSCs), and multipotent (adult) stem cells, such as mesenchymal stem cells
(MSCs) and neural stem cells (NSCs). Both the pluripotent stem cells and adult
stem cells have specific advantages and disadvantages involving their application
in tissue engineering. Pluripotent stem cells have immense differentiation potential
or plasticity compared to adult stem cells, as they can differentiate into any number
or type of diversified tissue lineages. However, they are not only prone to tumor
formation but also may be subjected to immune rejection. In contrast, adult stem
cells have the potential to differentiate into limited tissue lineages but have the
ability to modulate the activity of immune cells of the host body and hence may
not be subjected to immune rejection. Depending on the specific requirements,
both stem cell types are promising and attractive for tissue engineering-based
therapy aimed at treating previously incurable disorders [21]. Numerous experi-
mental and preclinical studies are currently being undertaken to evaluate their
potential in tissue engineering and regenerative medicine.

24.1.2 Growth Factors in Tissue Engineering

Several biomolecules in the form of proteins and growth factors that play a key
role in proliferation and differentiation of cells have frequently been applied to
tissue engineering. They include bone morphogenetic proteins (BMPs), basic
fibroblast growth factor (bFGF or FGF-2), vascular endothelial growth factor
(VEGF), and transforming growth factor-b (TGF-b) [22]. In addition, biomole-
cules such as dexamethasone, ascorbic acid, hydrocortisone, and insulin are also
being used as induction factors for specific differentiation of the pluripotent or
multipotent stem cells.

24.1.3 Biomaterials as Scaffold for Tissue Engineering

Biomaterials are critical in the success of tissue engineering approaches, as they
modulate the shape and structure of developing tissues, provide mechanical
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stability, and present opportunities to deliver inductive molecules to transplanted or
migrating cells [23]. Therefore, the selection of the appropriate biomaterial can have
a profound impact on the quality of newly formed tissue. But the fact that very few
biomaterials possess all the characteristics necessary to perform ideally, and the
identification of materials capable of promoting the desired cellular and tissue
behavior is still a major challenge facing the field of tissue engineering. To alleviate
this problem, engineers and clinicians alike have been pursuing the development of
different nanomaterials and their composite as biomaterials to synergize their ben-
eficial properties into a superior matrix. These nanomaterials and their composite are
expected to augment cellular interaction, embolden integration into host tissues, and
provide tunable material properties and degradation kinetics [23]. In this book
chapter, we have focused on recent studies pertaining to engineering and develop-
ment of carbon nanomaterials and their composite for their application in synthetic
scaffolds in tissue engineering and regenerative medicine.

24.2 Carbon Nanomaterials

Nanostructured carbons or carbon-based nanomaterials are mostly composed of
carbon in the form of zero-dimensional (0D) fullerene, one-dimensional (1D)
carbon nanotubes (CNTs), two-dimensional (2D) graphene, and three-dimensional
(3D) nanodiamond and amorphous carbon dots [24]. Since their discovery, they
are being researched extensively for several applications owing to their unique
physicochemical properties. The enormous aspect ratio and surface area exhibited
by some of these carbon nanomaterials allow functionalization with multiple
therapeutic moieties. These multiple functionalities augment their functions, and
hence, they are being widely regarded as attractive biomaterials. Simultaneously,
recent development of nanofabrication techniques has led to further engineering of
these carbon nanomaterials for production of several derivatives having more
advantageous properties than the starting materials. The growing popularity of
these carbon nanomaterials has been embraced by the field of biomedical research
as many of its applications rely heavily on the performance of biomaterials [25].

Currently, most artificial scaffolds being researched for tissue engineering are
made of polymers and peptide fibers. However, these materials have relatively low
strength and are often susceptible to immune rejection [26]. The discovery of
carbon nanomaterials and their extraordinary physical and chemical properties has
fuelled intense research and paved way for recent developments of synthetic
scaffolds for tissue engineering. Because of their structural dimensions, they can
be considered as a physical analog of extracellular matrix (ECM) components
(e.g., collagen fibers). In addition, they are one of the strongest known materials
known on this earth [27]. Coupled with their outstanding flexibility and elasticity,
they can potentially reinforce the organic/inorganic synthetic scaffolds. Further-
more, these nanomaterials possess high electrical conductivity, which can be
utilized to provide electrical stimulation required for specific cell types growing on
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synthetic scaffolds [28]. While some of these carbon nanomaterials have been
found to be incompatible with biological milieu, the development of different
functionalization methods have led to reduced toxicity and enhanced biocompat-
ibility of such nanomaterials [29, 30]. This book chapter will focus only on tissue
engineering applications of carbon nanotubes, graphene, and their derivatives due
to the insufficient literature reports pertaining to such application of fullerenes,
nanodiamonds, and carbon dots.

24.3 Carbon Nanotubes

CNTs are allotropes of carbon with a 1D cylindrical nanostructure. The first reported
observation of CNT was by Iijima [31]. Depending on the number of concentrical
layers, they can be further classified into (1) single-walled CNT (SWCNT), which is
made up of a single layer of carbon atoms wrapped into a cylindrical form, and (2)
multi-walled CNT (MWCNT), which has a central tube surrounded by several
graphitic layers spaced by a distance of about 0.34 nm [32, 33]. CNTs exhibit many
unique intrinsic physical and chemical properties, and therefore, they are being
intensively explored for several biomedical applications including scaffold for tissue
engineering in the past few years [34, 35]. Since the creation of microenvironments
for stem cells similar to ECM is important in the development of suitable scaffolds
for tissue regeneration, therefore, CNTs have been engineered by different methods
to fabricate both 2D and 3D scaffolds. Table 24.1 lists all such scaffolds engineered
from CNT and its derivatives for tissue engineering with various stem cells.

24.3.1 Carbon-Nanotube-Based 2D Scaffold for Tissue
Engineering

The successful growth and differentiation of stem cells on CNT-based 2D scaffold
was initially demonstrated by Jan et al., who studied the behavior of mouse cor-
tical neural stem cells (NSCs) on layer-by-layer (LBL)-assembled SWCNTs [36].
The NSCs grown on this SWCNT/polyethyleneimine (PEI) polyelectrolyte com-
posite multilayer thin film showed increased differentiation into neurons and oli-
godendrocytes and decreased differentiation into astrocytes compared to NSCs
grown on poly-L-ornithine (PLO), one of the most widely used substrata for neural
stem cells.

Similarly, SWCNT/laminin composite fabricated by LBL method was also
reportedly found to support growth, proliferation, and differentiation of NSCs into
neurons [37]. Extensive functional neural networks along with the presence of
synaptic connections were observed on this composite scaffold. Furthermore,
application of pulsed electrical stimulation through the SWCNT substrate revealed
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generation of action potential with simultaneous excitation of NSCs. The above
results indicate the potential application of these SWCNT composite materials for
neural tissue engineering and nerve injury repair using neural stem cells due to
their chemical structure better suitable as neural electrode leading to their long-
term integration with neural tissues.

Behavior of hNSCs and their selective neuronal differentiation has also been
investigated on different MWCNT network patterns [38]. Topographical cues
obtained from these micropatterns were found to provide optimal surface rough-
ness for selective growth and adhesion of hNSCs on to MWCNT regions. Fur-
thermore, differentiation of these hNSCs into neurons or astroglial cells was found
to depend on shape and dimensions of the MWCNT micropatterns. The results
suggest that these CNT patterns were able to induce the adhesion, growth, and
selective differentiation of hNSCs even better than conventional cell culture
substrates such as bare glass.

CNT micropatterns based on SWCNTs have also been reported for growth and
morphogenesis of human mesenchymal stem cells (hMSCs). These micropatterns
were fabricated by adsorbing SWCNTs onto self-assembled monolayer patterns
and further modified with adhesion protein such as fibronectin [39, 40]. The
hMSCs growing on these patterns exhibited a stronger affinity to SWCNTs region
with an elongated morphology compared to bare glass, CNT, or only fibronectin
regions. Further studies have reported upregulation of neurogenic expression of
hMSCs grown on SWCNT film [41] and aligned MWCNT sheets [42]. hMSCs
showed increased neurite outgrowth along the CNTs implying that the differen-
tiation of hMSCs is controlled by the nanoroughness of the CNTs. The above
results provide solid evidence that CNT-based nanofibrillar surfaces mimic the
characteristics of ECM with enhanced cell adhesion and growth factor adsorption
and promote stem cell differentiation. In other words, the role of ECM molecules
in cell–nanostructure interactions is important in designing nanostructure-based
surface arrays to control and monitor activity and behavior of stem cells.

CNTs modified with natural or synthetic polymers have also been reported for
growth and differentiation of pluripotent cells like human embryonic stem cells
(hESCs). The hESCs grown on SWCNTs grafted into collagen matrix were found
to form rigid fibril bundles with polarized growth [43]. Additionally, 90 % of the
hESCs were differentiated into ectodermal lineage indicated by their long and
bipolar filaments aligned with CNT/collagen matrix. Similarly, hESCs grown on
MWCNTs grafted with poly(acrylic acid) [44] (PAA) and poly(methacrylic acid)
[45] (PMA) via in situ polymerization showed not only better viability but also
enhanced differentiation into B-tubulin-positive neurons compared to thin films
made up of individual polymer or PLO. Further surface analysis and cell adhesion
studies indicated that above result could be due to enhanced cell adhesion and
protein adsorption resulting from large surface area and nanoscale fiber mor-
phology created by CNTs. The lineage selection in hESCs generally depends on
growth factors and small molecules in the media and the microenvironment pro-
vided by the scaffold. These results confirm the responsiveness of the hESCs to
matrix properties and thereby provide a simple and efficient way to direct hESC
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differentiation. Specifically, in these cases, CNT/polymer composite showed
potential for their future application in forming neural-cell-based biodevices.

Similar to the above results pertaining to use of CNT and its composite for
neural tissue engineering, many researchers have also investigated the suitability
of CNTs as a substrate material for bone tissue engineering. Initial in vivo
investigation showed high bone–tissue compatibility, new bone integration, and
accelerated bone formation stimulated by recombinant human bone morphogenetic
protein-2 (rhBMP-2) along with little local inflammatory reaction for MWCNTs
adjoining bone [46]. This result encouraged several studies exploring use of
engineered carbon nanomaterials as scaffold for bone tissue engineering. One such
study done by Nayak et al. explored the homogenous thin film formed by poly-
ethylene glycol (PEG)-conjugated multiwalled carbon nanotubes sprayed on to
plain coverslips to induce hMSCs differentiation into osteogenic lineages
(Fig. 24.1) [47]. This compact and thin film of MWCNT–PEG having nanometric
irregularities was able to provide suitable microenvironment for differentiation of
hMSCs into osteogenic lineage visualized by upregulation of osteogenic proteins
like osteocalcin and osteopontin, without the need of any biochemical inducers
like BMP-2. This study clearly demonstrates that such carbon nanomaterial-based
scaffolds can direct and support differentiation of multipotent stem cells like
hMSCs into other tissue types through subtle modification of the matrix and
induction with specific media.

Similar CNT/polymer composite scaffolds based on MWCNTs/polycaprolac-
tone (PCL) were fabricated by the solution evaporation technique and have been
studied for attachment, proliferation, and differentiation of the rat bone marrow-
derived stromal cells (BMSCs) [48]. Incorporation of MWCNTs into PCL led to
increase in surface roughness and tensile strength of the matrix. The proliferation
and osteogenic differentiation of BMSCs were found to depend on the concen-
tration of MWCNTs in the polymer, and the optimum concentration of MWCNTs
to grow BMSCs was 0.5 %.

The results from another study pertaining to growth of hMSCs on SWCNT
monolayer showed enhanced adhesion, proliferation, and osteogenic differentia-
tion due to oxygen plasma treatment without any induction medium [49]. The
osteogenic proteins such as osteocalcin, alkaline phosphatase (ALP), and early
markers for osteogenic commitment such as CBFA1 were found to be upregulated.
The possible explanation could be stress on hMSCs due to enhanced cell spreading
brought about by chemical effects along with normal topological effects. In
addition to the above effects, enhanced proliferation and osteogenic differentiation
were also exhibited by hMSCs growing on aligned CNT networks compared to
those on randomly oriented CNT networks [50]. In other words, hMSCs grown on
CNT networks could recognize the arrangement of individual CNTs in the CNT
networks, which implies that direction of growth and differentiation of hMSCs can
be controlled by alignment direction of the individual CNTs. In this study,
enhanced proliferation and osteogenic differentiation were proposed to be due to
mechanotransduction pathways triggered by high cytoskeletal tension in the
aligned hMSCs.
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24.3.2 Carbon-Nanotube-Based 3D Scaffold for Tissue
Engineering

CNTs have been engineered to develop various 3D architectures, and several of
these structures have been found to support growth, proliferation, and differenti-
ation of NSCs, MSCs, and pluripotent hESCs. A 3D rope like structure with a
diameter of 1 mm and length of 1.5 cm was prepared by elongating bulk CNTs
and twisting the resulting CNT strips. This rope was evaluated as a scaffold for
growth and differentiation of NSCs. NSCs growing on these CNT ropes displayed
enhanced differentiation into neurons even in the early culture stage compared to
conventional tissue culture plates [51]. In addition, the neurite outgrowth was

Fig. 24.1 a, b SEM images of hMSCs growing in normal medium on MWCNT–PEG-coated
coverslips at day four of incubation showing growth of lots of cells in a large field of view (Scale
bar is 100 lm) and growth of a single cell in a small field of view (Scale bar is 10 lm),
respectively. c, d Atomic force microscopy images showing the topography of the surfaces of
MWCNT–COOH- and MWCNT–PEG-coated coverslips, respectively. e–j Immunofluorescence
image of cells subjected to osteoinduction without BMP-2 (Scale bars are 100 lm). e, f Plain
coverslips showing the presence of CD44 and absence of OCN; g, h MWCNT–PEG-coated
coverslips showing the absence of CD44 and presence of OCN; i, j only PEG-coated coverslips
showing the presence of CD44 and absence of OCN. k qPCR analysis of relative expression
levels of OPN for hMSCs cultured on different types of substrates and osteoinduced with
osteogenic media with or without BMP-2 for 14 days. **Negative control consists of a coverslip
without BMP-2 and without induction with osteogenic media. Figure adapted from Nayak et al.
[47]. Copyright@ACS
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found to polarize along the spiral direction of the rope. Furthermore, electrical
stimulation led to increased neuronal maturity with simultaneous increase in speed
of neurite outgrowth as determined by upregulation of specific protein markers
such as B-tubulin class III and microtubule-associated protein 2 (MAP-2). The
above synergistic results pertaining to enhanced differentiation into mature neu-
rons and promotion of neurite outgrowth due to electrical stimulation indicates
potential application of such electroconductive CNT rope for therapeutic appli-
cation of neural tissue regeneration.

The first 3D porous biodegradable scaffold for bone tissue engineering was
fabricated by reinforcing poly(propylene fumarate) (PPF) with ultra-short (US)
SWCNTs. This porous US-SWCNT nanocomposite scaffold demonstrated good
cell attachment and sustained proliferation for rat MSCs [52]. The in vivo bio-
compatibility of this scaffold was evaluated in a rabbit model by implanting them

Fig. 24.2 Representative histological sections of CNT-based 3D scaffolds implanted in femoral
condyle defects (a–h) and subcutaneously (i–l): a, b, and i a PPF scaffold 4 weeks after
implantation, c, d, and j a US-tube/PPF scaffold after 4 weeks, e, f, and k a PPF scaffold after
12 weeks, and g, h, and l a US-tube/PPF scaffold after 12 weeks implantation. The PPF scaffold
(P) appears in all images as white areas. The US-tubes (UST) appear as black aggregates in the
nanocomposite images and are distinctly different from the other black artifacts generated during
the sectioning process. Direct bone implant contact (BIC) occurred with the US-tube/PPF
nanocomposite scaffold 12 weeks after implantation. The original defect edge (DE) is visible in
the low magnification images. Connective tissue (CT), adipose cells (AC), blood vessels (BV),
and inflammatory cells (IC) are also visible. Figure adapted from Sitharaman et al. [53].
Copyright@Elsevier
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in femoral condyles and in subcutaneous pockets (Fig. 24.2) [53]. Addition of US-
SWCNTs did not change the scaffold’s structure, but improved its mechanical
properties. The porous composite scaffold exhibited favorable hard and soft tissue
responses and a threefold greater bone tissue ingrowth compared to control
polymer scaffolds as determined by microcomputed tomography (microCT), his-
tology, and histomorphometry at 4 and 12 weeks after implantation. The results
indicate that presence of US-SWCNTs may be assisting in osteogenesis by ren-
dering nanocomposite scaffolds bioactive.

Another method of fabricating 3D porous biocompatible scaffold that could
possibly mimic the structure of ECM is electrospinning which helps in easy
incorporation of CNTs into polymeric nanofibers by spinning a homogenous
mixture of CNTs and polymers. Scaffolds made up of such CNT composites have
been found to possess enhanced tensile modulus. The behavior of such electrospun
scaffold was initially evaluated by incorporating varying concentration of
MWCNTs into poly(lactic acid) (PLA) and seeding adipose-derived mesenchymal
stem cells on them [54]. At the end of two weeks, hMSCs were found to be alive
and proliferating as determined by DNA quantification and live and dead cell
assay. Moreover, hMSCs growing on the 1 % MWCNT composite showed mor-
phological differences as they were closely packed and longitudinally aligned
compared to hMSCs growing on PLA only scaffold. Recently, another study done
on the MSCs cultured on SWCNT/PLA nanocomposite and subjected to electrical
stimulation showed upregulated expression of cardiac gene and proteins [55].
Several other studies have also been done utilizing these electrospun CNT com-
posite scaffolds for growth and proliferation of cells such as osteoblasts [56] and
skeletal myoblasts [57].

24.4 Graphene

Graphene is a 2D sheet of sp2 bonded one-atom-thick monolayer of carbon atoms
arranged in a honeycomb structure [58, 59]. It is a basic building block for other
graphitic materials such as graphite, CNT, and fullerene. Because of their unique
and desirable characteristics, graphene and its derivatives such as graphene foam,
graphene oxide (GO), reduced graphene oxide (rGO), and GO nanocomposites
have received extraordinary attention for a wide variety of applications such as
nanoelectronics, sensors, and energy storage [60]. In addition, single-layered
graphene has ultra-high surface area as every atom is exposed on its surface
allowing efficient loading of drugs/genes leading to versatile surface functionali-
zation. Therefore, within the realm of biomedical engineering, graphene-based
nanomaterials are currently being explored as novel nanoplatforms for drug and
gene delivery, multimodal imaging, image-guided cancer therapy including tissue
engineering and regenerative medicine [60, 61]. While there is a continuous search
for biocompatible scaffolds with desired physical, chemical, and mechanical
characteristics for engineering appropriate biomimetic materials [47], graphene
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and its derivatives with unique properties such as high elasticity, flexibility, and
adaptability to flat or irregular shaped surfaces can play key roles in promoting the
adhesion, proliferation, and differentiation of various stem cells such as hMSCs,
hNSCs, and iPSCs [62–64]. Table 24.2 lists scaffolds engineered from graphene
and its derivatives for tissue engineering with various stem cells.

24.4.1 Graphene-Based 2D Scaffold for Tissue Engineering

The potential of graphene as 2D biocompatible scaffold was initially evaluated as a
substrate for mammalian NIH 3T3 fibroblast cells [65], mammalian colorectal
adenocarcinoma HT-29 cells [66], human osteoblasts, and mesenchymal stromal
cells [67]. It was found to promote growth, proliferation, and adhesion of these
mammalian cells. Cellular functions such as gene transfection and expressions
were also found to be enhanced on graphene-based scaffolds without any toxicity.
In addition, mesenchymal stromal cells grown on graphene showed spindle-shaped
morphology compared to normal polygonal-shaped morphology achieved on SiO2

substrate. While all of the above results suggested high affinity of mammalian cells
toward scaffold based on graphene family of nanomaterials, the results pertaining
to difference in morphology of mesenchymal stromal cells indicated its future
application on regulating specific lineage direction of pluripotent or multipotent
stem cells. Since then, several studies have been reported for differentiation of
hMSCs, hNSCs, IPSCs, and hESCs growing on scaffolds based on graphene
family of nanomaterials into specific lineages.

Table 24.2 List of graphene-based engineered scaffolds for tissue engineering with stem cells

Engineered nanostructure Stem
cell

Differentiated
cell

Proposed mechanism Reference

Graphene coated on
different substrates
(Glass, SiO2, PET, and
PDMS)

hMSCs Osteocytes Preconcentration platform [68]

GO film with varying
surface roughness

hMSCs Osteocytes Increased cytoskeletal tension
due to nanotopography

[71]

Graphene layer hNSCs Neuron Good electrical coupling [74]
Fluorinated graphene hMSCs Neurons Electrostatic induction

resulting from polarization
effect of carbon–fluorine
bond

[75]

GO coated on SiO2 hMSCs Adipocytes Electrostatic interaction [69]
GO coated on SiO2 iPSCs Endodermal

lineages
Physiochemical properties of

surface
[76]

Graphene foam hNSCs Neurons and
astrocytes

Efficient conductive platform [86]

Graphene foam hMSCs Osteocytes – [87]
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One such study was done for evaluation of graphene coated on different sub-
strates (glass, SiO2, PET, and PDMS) for osteogenesis of hMSCs [68]. Graphene
not only supported unhindered growth and proliferation of hMSCs irrespective of
the below substrate but also accelerated their differentiation into osteocytes as
indicated by enhanced expression of typical protein marker for osteoblasts such as
osteocalcin, osteopontin, and calcium deposition (Fig. 24.3). The rate of osteo-
genic differentiation was found to be comparable to that of specific differentiation
factor such as BMP-2. This particular result was further confirmed by Lee et al.,
who attributed the role of unique physiochemical properties of graphene surface
which act as a preconcentration platform due to the noncovalent binding of growth
factors including osteogenic inducers [69].

Since some of the prior studies have reported significant increase in osteogenic
differentiation of hMSCs growing on scaffolds with nanotopography [70], therefore,
surface morphology of graphene owing to its highly wrinkled structure has also been
proposed to be the driving force for osteogenic differentiation [68, 69]. This role of
surface topography was evaluated by growing hMSCs on graphene oxide (GO) films

Fig. 24.3 a Optical image of 1 9 1 cm, partially graphene-coated Si/SiO2 chip, showing the
graphene boundary. b Osteocalcin (OCN) marker showing bone cell formation on the same chip
only on the graphene-coated area; the graphene boundary is also clearly visible here. c, d Alizarin
red quantification of hMSCs grown for 15 days on substrates with or without graphene coating.
c Cells grown in the absence of BMP-2. Control with coverslips is shown as a reference. d Cells
grown in the presence of BMP-2. Conventional plain coverslips were used as a positive control.
e–h PET substrate stained with alizarin red showing calcium deposits due to osteogenesis. e PET
without BMP-2 and without graphene; f PET without BMP-2 and with graphene; g PET with
BMP-2 and without graphene; h PET with both BMP-2 and graphene. Scale bars are 100 lm.
Figure adapted from Nayak et al. [68]. Copyright@ACS
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with different surface roughness created by crosslinking methacrylate functional-
ized GO by the process of free radical polymerization [71]. The extent of mineral-
ization as determined by calcium precipitation on the roughest GO film was found to
be four times higher than the smoother GO film. Moreover, spontaneous osteogenic
differentiation of hMSCs was observed on rough GO film without the use of any
chemical inducers. The above result was attributed to the increased cytoskeletal
tension created due to the nanotopography on the surface of GO film which provides
more anchoring points for the adhesion and hence facilitates the proliferation and
differentiation of hMSCs. Such kind of engineering of graphene nanomaterials has
opened up the possibility of preparing biocompatible scaffolds for potential use in
bone tissue engineering and regenerative medicine.

Recently, graphene and its derivatives have also been investigated for their
potential application in neural tissue engineering. Being electroactive, behavior of
neural cells can be influenced by electrical properties of graphene [28]. Such pos-
sibility was initially explored with growth of mouse neuronal hippocampal cells on
graphene [72] and neuroendocrine PC12 cells on reduced graphene oxide (rGO)
[73]. In both the cases, morphology of these cells remains unaltered and increased
neurite outgrowth was observed. Similar to the above results, hNSCs grown on
graphene displayed long-term viability and enhanced neuronal differentiation
indicated by neural activity of the differentiated cells as confirmed by electrical
stimulation using the graphene electrode [74]. In other words, graphene had a good
electrical coupling with the differentiated neurons for electrical stimulation.

In addition to the graphene, fluorinated graphene has been reported for pro-
moting transdifferentiation of hMSCs into neural lineage [75]. This neuroinductive
effect was suggested to be due to polarization effect of carbon–fluorine bond which
results in electrostatic induction at the interface of the cell and fluorinated
graphene facilitating cellular alignment and nucleus elongation. These results
suggest that graphene and its family of nanomaterials can be utilized as an
excellent nanostructured scaffolds for promoting neuronal differentiation leading
to their potential applications in neural tissue engineering.

Compared to the results pertaining to osteogenesis and neurogenesis, adipo-
genesis of hMSCs was found to be suppressed on graphene [69]. This was
explained by the fact that insulin, a key regulator for fatty acid synthesis, gets
denatured due to p–p interactions with graphene. Contrastingly, graphene oxide
(GO) did not suppress the process of adipogenesis due to the surface oxygen
content which helped in electrostatic interaction without affecting function of
insulin. In other words, GO promoted adipogenic differentiation of hMSCs due to
the increased adsorption of insulin. These results suggest that graphene displays
different binding interactions with different growth factors and hence has a dif-
ferent influence on the growth of different stem cells and their subsequent dif-
ferentiation to specific tissue lineages.

This particular aspect could be only be confirmed by evaluating growth, pro-
liferation, and differentiation of pluripotent stem cells like hESCs or IPSCs on
scaffolds engineered from graphene and its derivatives. One such study done
utilizing cultured mouse induced pluripotent stem cells (iPSCs) growing on
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graphene and GO surfaces displayed distinct proliferation and differentiation
characteristics [76]. GO-based scaffold showed better iPSCs attachment and pro-
liferation than graphene, due to the presence of oxygen atoms (e.g., OH) on their
surface. Additionally, unlike graphene, GO was found to promote the differenti-
ation of iPSCs toward an endodermal lineage. However, the differentiation toward
ectodermal and mesodermal lineages was comparable for both surfaces. This result
indicated the importance of surface properties of graphene-based scaffolds in
controlling the behavior of stem cells.

24.4.2 Graphene-Based 3D Scaffold for Tissue Engineering

While unique surface properties of 2D graphene and its derivatives can induce stem
cells to differentiate into specific lineages, their 3D porous structures engineered via
different processes such as hydrothermal reduction [77–80], supramolecular inter-
action [81–83], electrospinning [84], and chemical vapor deposition might provide
in vivo 3D microenvironment resembling natural ECM. Among various graphene-
based 3D scaffolds, hydrogels are most attractive biomaterials as their mechanical
properties can be controlled by utilizing different polymeric materials and altering
crosslinking density and swelling degree. Graphene and its derivatives act as rein-
forcing materials in these 3D polymeric scaffolds leading to increased tensile and
compressive strength without any change in their biocompatibility. The results from
a preliminary study suggest that one such rGO hydrogel-based 3D polymeric
scaffold promoted growth and proliferation of osteoblasts [85].

While all the above graphene-based 3D scaffolds are yet to be evaluated with
regard to stem cells, graphene foam (GF), a 3D porous structure, was reportedly
utilized as a novel 3D scaffold for NSCs (Fig. 24.4) [86]. The 3D GF not only
supported NSCs growth, but also kept cells at a more active proliferation state as
indicated by upregulated expression of Ki67 (a cellular marker for proliferation).
Additionally, 3D GF was able to enhance differentiation of NSCs toward neurons
as well as astrocytes as determined by phenotypic analysis. Furthermore, 3D GF
was observed to be an efficient conductive platform mediating effective electrical
stimulation for differentiated NSCs. Graphene foam as part of another study was
found to support growth, proliferation, and spontaneous osteogenic differentiation
of hMSCs [87]. Above results implicate great potential of 3D GFs for neural and
bone tissue engineering.

24.5 Toxicity of Carbon Nanomaterials

While carbon nanomaterials are relatively new nanoplatforms for tissue engi-
neering and regenerative medicine compared to other biomaterials such as poly-
meric scaffolds, they hold tremendous potential owing to their unique
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physicochemical characteristics. However, their production with identical char-
acteristics, good quality control, and minimal impurities is still a challenge for
their potential biomedical applications. In addition, significant barriers also persist
due to their lack of solubility in most solvents compatible with the biological
milieu as the pristine form of these nanomaterials are inherently hydrophobic.
However, these barriers have been overcome by mainly focusing on covalent and
noncovalent functionalization of carbon nanomaterials with different biomolecules
or polymers, which render them more hydrophilic with enhanced biocompatibility
and toxicity profile. Subsequently, it is important to determine the potential toxic
effects of these nanomaterials before their clinical translation can become a reality.

Fig. 24.4 SEM micrographs of 3D GFs at a low and b high magnification, the inset shows an
enlarged view of 3D GF skeleton surface. c Low and d high magnified SEM micrographs of
NSCs cultured on 3D GFs under the proliferation medium. The inset illustrates the interaction
between the cell filopodia and 3D GF surface. e Cell viability assay of NSCs on 3D GFs after
5 days of culture as determined by live/dead assay. Live cells are stained green, and dead cells
are red, white arrow points to dead cell. The lower right inset depicts the percentage of live cell
on 2D graphene films and 3D GFs. f Fluorescence images of NSCs proliferated on 3D GFs for
5 days, immunostaining markers were nestin (green) for neural stem cells and DAPI (blue) for
nuclei. g NSCs were double-immunostained with anti-Ki67 (red) and anti-nestin (green)
antibodies, and Ki67 is a marker for cell proliferation. h Western blot analysis of Ki67 expression
on 2D graphene films and 3D GFs. i, j Representative fluorescence images of differentiated NSCs
under differentiation conditions. The cells were immunostained with Tuj-1 for neuron (green, i),
GFAP for astrocyte (red, i and j), O4 for oligodendrocyte (green, j) and DAPI for nuclei (blue,
i and j). k Relative expression of nestin, Tuj1, GFAP, and RIP as determined by Western blot
analysis. The data are presented as mean ± standard error (s. e. m.), *p, 0.05, **p, 0.01. Figure
adapted from Li et al. [86]. Copyright@NPG

656 T. R. Nayak and W. Cai



Therefore, several studies detailing the in vitro and in vivo toxicity of both pristine
and functionalized carbon nanomaterials and their derivatives are currently being
investigated.

24.5.1 Toxicity of CNTs

The adverse and unintended effects of pristine CNTs on human health have been a
concern [88]. Several in vitro studies involving lung epithelial cells [89–91],
keratinocytes [92, 93], macrophages [94], cardiac muscle cells [95], mouse
embryonic stem cells [96], and mesenchymal stem cells [94] have indicated dose-
dependent cytotoxicity for pristine CNTs. In vivo study involving intratracheally
instilled pristine CNTs have been found showing pulmonary toxicity including
unusual inflammation and fibrotic reactions due to the aggregation of CNTs in the
lung airways [97–100]. Similarly, intraperitoneal injection of large MWCNTs has
resulted in asbestos-like pathogenic consequences such as mesothelioma [101].
Contrastingly, PEGylated SWCNTs intravenously injected into mice (3 mg/kg of
mouse BW) and monitored for over four months were found to be biocompatible
and safe for in vivo biological applications [102, 103]. Since, in most cases, CNTs
are required to be made biocompatible by process of functionalization, therefore,
the results obtained from toxicity studies pertaining to pristine CNTs may not be
relevant in the context of biomedical applications. However, it can be a concern
for occupational safety considerations [104], and therefore, further investigations
using parameters such as animal models, routes of administration, and surface
functionalization are needed to fully address the toxicity concerns of CNTs.

24.5.2 Toxicity of Graphene

Several in vitro studies have been undertaken to evaluate the cytotoxicity of
graphene and its derivatives. Studies done with macrophages [105–107], kidney
cells [108], neuronal cells [109, 110], lung epithelial cells [111], fibroblasts [112],
erythrocytes [112], and hepatoma cells [113] have indicated dose-dependent
cytotoxicity associated with both graphene and GO. The main reason behind this
cytotoxicity was found to be due to generation of intracellular/extracellular
reactive oxygen species (ROS) in response to accumulation of graphene and GO
which hinders nutrient uptake. Additionally, some of the above studies have also
suggested size-dependent cytotoxicity for GO. The loss of viability of lung epi-
thelial cells [114] and hemolysis of erythrocytes [115] was found to be inversely
proportional to the size of the GO. In contrast, macro-sized GO showed better
biocompatibility with macrophages in comparison to nanosized GO [116]. In other
words, different types of cells are influenced differently by the dimensions and
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surface properties of GO. However, graphene functionalized with biocompatible
polymers such as PEG [117] and dextran [118] exhibited good biocompatibility.

Unlike CNTs, very few in vivo studies detailing biocompatibility and toxicity
have been reported for graphene and its derivatives. One such in vivo study done
after intravenous (IV) injection of GO in mice indicated chronic toxicity in the
form of pulmonary edema and lung granuloma, as they get deposited primarily in
the lung [119, 120]. However, similar study done after IV injection of dextran
functionalized GO exhibited very good biocompatibility without any noticeable
toxicity to mice as they accumulate in the reticuloendothelial systems (e.g., liver
and spleen) and are cleared from the mouse body within one week [121]. In vivo
studies done with graphene nanoplatelets (which are consisted of several layers of
graphene sheets) have indicated inflammation in both the lung and pleural space,
associated with increased expression of IL-1b [122]. In contrast, PEGylated na-
nographene sheets did not elicit any toxicity in mice for a period of 3 months, even
at a dose of 20 mg/kg, as indicated by blood biochemistry, hematological analysis,
and histological examination [123]. Results from both in vitro and in vivo studies
demonstrate that the development of functionalized graphene derivatives is
essential for their potential biomedical applications such as regenerative medicine.

24.6 Conclusion and Perspectives

The recent interest in the use of carbon nanomaterials and their derivatives for
biomedical applications including tissue engineering and regenerative medicine has
led to continuous progress in this research area. Several studies pertaining to tissue
engineering have demonstrated carbon nanomaterials as biocompatible substrates
for enhanced growth, adhesion, proliferation, and spontaneous differentiation of
various stem cells such as hMSCs, hNSCs, and iPSCs. Simultaneously, they have
also been found to be amenable to transduction and genetic manipulation.

Different mechanisms have been proposed by these studies outlining the role of
these scaffolds based on carbon nanomaterials for the behavior of stem cells
growing on them. While some reports have suggested the role of these scaffolds as
a preconcentration platform to growth factors and inductive peptides, others have
implicated such responsibility on nanotopography of these scaffolds. Alternatively,
several reports have also indicated the role of specific interaction of specific
growth factors with the chemical interface of these scaffolds responsible for
specific differentiation of both multipotent and pluripotent stem cells. In other
words, the different surface properties of scaffolds based on carbon nanomaterials
modulate differential behavior of different stem cells, indicating the broad
potential of these nanomaterials as extracellular scaffolds to guide osteogenesis,
neurite outgrowth, and adipogenesis, among others. These findings provide new
insights regarding the capability of stem cells to recognize nanostructures and their
interaction with growth factors and proteins, which indicates their potential
applications for regenerative tissue engineering.
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The development of these carbon nanomaterials for potential tissue engineering
applications must proceed in tandem with the documentation of their toxicological
side effects. The toxicity associated with the pristine carbon nanomaterials as
reported in some of the previous studies may not be highly relevant, as they need
to be functionalized for any such potential applications. However, robust chem-
istry for functionalization and the quality control of such functionalized carbon
nanomaterials are the two most important prerequisites for any future clinical
applications such as tissue engineering and regenerative medicine.

Overall, the exploration of carbon nanomaterials and their derivatives has
culminated in many exciting and intriguing literature reports indicating them as
excellent nanoplatforms for tissue engineering and stem cell-based regenerative
medicine. However, most of these literature reports consist only of in vitro studies
of specific stem cells. Subsequently, these are relatively new materials, and
research on their potential applications in tissue engineering and regenerative
medicine is still at a nascent stage. Therefore, sufficient in vivo investigations are
necessary for their future application as an implantable tissue engineering material.
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Chapter 25
Engineering Peptide-based Carriers
for Drug and Gene Delivery

Jo-Ann Chuah, David L. Kaplan and Keiji Numata

25.1 Introduction

An efficient delivery system is the key element to ensure that new drugs (small
molecules, peptides, proteins, DNA, RNA) can serve their purpose as useful
medicines. These molecules encompass a range of sizes and need to be delivered
intracellularly to produce therapeutic effects in the cytoplasm or in specific
organelles such as the nucleus, mitochondria, or lysosomes. The lipophilic nature
of the cell membrane, however, is a barrier that prevents the diffusion of large and
charged molecules into cells. Physical techniques such as microinjection and
electroporation are well established and have been found to be effective with most
cells and species, but these methods cause damage to the cell membrane [1, 2].
Viral vectors (adenoviruses, retroviruses, herpes) have unparalleled success in
delivering membrane-impermeable molecules, surpassing all other methods in
terms of efficiency. With these vectors, however, immunogenicity, cytotoxicity,
and insertional mutagenesis are major limitations [3, 4].

Although less efficient, non-viral vectors are safer alternatives. Some common
non-viral delivery systems include liposomes, polyethylenimine, dendrimers,
chitosan, polylysine, and various peptides. Once molecules are inside the cell by any
of these delivery methods, trafficking of the different biological active molecules to
appropriate intracellular compartments becomes the next challenge. A potential
problem here is that molecules traveling via the endocytic pathway may become
trapped in the endosome and eventually end up being enzymatically degraded in
the lysosome [5]. In this regard, any vehicle that can deliver molecules directly into
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the cytoplasm of target cells and to specific organelles would be highly desirable.
Ideally, the carrier should (1) be biodegradable and biocompatible, (2) lack intrinsic
toxicity, (3) not accumulate in the body, (4) retain the original specificity for the
target, and (5) preserve bioactivity of the drug until it is delivered to the target site.

Peptides stand out among the non-viral vectors as no other class of biomole-
cules is able to simultaneously condense and protect DNA [6, 7], mediate endo-
somal escape [8, 9], and localize to specific organelles for cargo delivery [10–12]
(Fig. 25.1). Peptides also have the amazing ability to transport cargoes with
molecular weights significantly greater than their own [13]. For intracellular
trafficking of peptide carriers, two major strategies have been described: (1) the
covalent linkage of the cargo to the peptide, thereby forming a conjugate, achieved
by chemical cross-linking, cloning, or expression of a protein fused to the peptide
and (2) the formation of a non-covalent complex between the two partners. As yet,
there is no consensus as to the mechanism of translocation by these peptides except
for various proposed mechanisms detailed in recent reviews [14–16].

Advantages

• small in size
• easy to synthesize/modify 
• condenses/protects DNA
• preserves bioactivity of delivered drug 
• transports molecules of various size, 

charge and function
• targets different organelles
• can mediate endosomal escape
• have reduced cytotoxicity/immunogenicity

Viral vector Non-viral vectors

• Retrovirus 

• Adenovirus

Liposome

Dendrimer
NH2NH2NH2NH2NH2NH2

Chitosan

Physical techniques

• Electroporation 

• Microinjection

Peptide

Fig. 25.1 Examples of established delivery systems. Physical techniques such as electroporation
and microinjection, viral vectors in the form of retrovirus or adenovirus, as well as non-viral
vectors which include liposomes, dendrimers, chitosan, and peptides are commonly used for
delivery of genes/drugs into cells. Among these methods/carriers, peptides are advantageous as
they are small in size, easily synthesized and modified, can condense DNA into compact particles
for transport, preserve bioactivity of the drug until it is delivered to the target site, disrupt the
endosomal membrane and escape proteasomal degradation, traffic therapeutic molecules of
various size, charge and function to targeted intracellular compartments, and additionally, have
reduced cytotoxicity and immunogenicity
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Aside from the useful qualities exhibited by peptides, the ability to deliver
bioactive molecules and drugs in a slow, sustained, controlled release format is
also important. The applicability of such a delivery system would be further
expanded if the carriers were also biodegradable, biocompatible, mechanically
durable, and could be prepared and processed under ambient aqueous conditions to
preserve the bioactivity of the drug to be delivered. Silk proteins are promising
biomaterials that can fulfill these needs. In addition, they have advantages of slow
biodegradability, biocompatibility, self-assembly, excellent mechanical properties
(tensile strength and Young’s modulus), and controllable structure and morphol-
ogy [17, 18]. Silk proteins have been produced by spiders and insects such as
silkworms, and they form fibrous materials. Recombinant silks are also synthe-
sized by the elucidation of silk genetics, structures, and biophysics.

We describe in this chapter peptide/protein-based carriers for intracellular gene
or drug delivery as well as organelle-targeted delivery and highlight some of the
recent advances in designs. Diverse applications where these peptides have been
harnessed are presented, as well as how these carriers have helped to advance the
field of cell biology. The use of silk-based biomaterials to deliver bioactive
molecules, such as small drugs, proteins, and genes, is also described in this
review.

25.2 Peptide-based Drug/Gene Carrier

Peptides possess many advantages as delivery vehicles in comparison with viral
vectors and outperform even other non-viral vectors with the small size, ease of
synthesis and modification, and good biocompatibility. A highly versatile and
efficient class of transporters, known as cell-penetrating peptides (CPPs), com-
prises short peptide sequences (6–30 amino acids) with the ability to traverse
plasma membranes. CPPs vary significantly in sequence, hydrophobicity, and
polarity. These peptides are typically cationic and exist as naturally occurring
protein transduction domains or can be rationally designed [14] (Table 25.1). Tat
[19] represents CPPs derived from naturally occurring proteins. A second group
contains chimeric CPPs such as transportan, which has 12 amino acids derived
from the neuropeptide galanin fused with 14 amino acids derived from the wasp
venom mastoparan [20]. A third group contains synthetic CPPs, and of these the
polyarginines [21] are the most studied. Identification of the first CPP, the trans-
activating transcriptional activator (Tat) of HIV-1, dates back to 1988 from two
research groups working on HIV [22, 23]. Other CPPs have been discovered since,
and the list continues to grow.

Although the mechanism underlying the internalization of CPPs across the
cellular membrane remains to be elucidated, recent studies have helped to shed
some light on the subject [24]. To date, these peptides have successfully delivered
a wide range of exogenous molecules including nucleic acids, proteins, antibodies,
nanoparticles, and liposomes (Fig. 25.2). An intense and ongoing subject of
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Table 25.1 Examples of cell-penetrating peptides described in this review, sequences and
origins
Peptide Sequence Origin Reference

Tat (48–59) GRKKRRQRRRAP Protein-derived [19]
Penetratin RQIKIWFQNRRMKWKK-NH2 Protein-derived [42]
pVEC LLIILRRRIRKQAHAHSK-NH2 Protein-derived [72]
PTD4 YARAAARQARA Protein-derived [82]
Transportan GWTLNSAGYLLGKINLKALAALAKKIL-NH2 Chimeric [20]
PepFect6 Stearyl-AGYLLGK(eNHa)INLKALAALAKKIL-NH2 Chimeric [37]
Tetravalent

decaarginine
(10R-p35tet)

R10GEYFTLQIRGRERFEMFRELNEALELKDAQA Chimeric [57]

Bombesin (6–14) NQWAVGHLM-NH2 Chimeric [109]
Pep-1 Acb-KETWWETWWTEWSQPK

KKRKV-cyac
Synthetic [15, 87]

Polyarginine Rn (n = 6–12) Synthetic [21]
CADY Ac-GLWRALWRLLRSLWRLL

WRA-cya
Synthetic [40]

YTA2 YTAIAWVKAFIRKLRK-NH2 Synthetic [73]
YTA4 IAWVKAFIRKLRKGPLG-NH2 Synthetic [73]
a lysine tree with trifluoromethylquinoline derivative modifications; b acetyl group; c cysteamine

Nucleic acids

• small interfering RNA 
(siRNA)

• plasmid DNA (pDNA)
• peptide nucleic acid (PNA)
• decoy oligonucleotides (ON)
• phosphorodiamidate

morpholino oligo(PMO)

Drugs

• antibody 
(immunoglobulin G, IgG; single 
chain variable fragment, scFv)

• peptides, peptoids, proteins
• small molecule drugs

(Paclitaxel, cyclosporine A, 
doxorubicin, methotrexate, 
chlorambucil, insulin)

Covalent

Non-covalent

CPP
CPP

Fig. 25.2 Covalent and non-covalent linkages of cell-penetrating peptide (CPP) to various drug
and nucleic acid cargoes
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research is the intracellular delivery of genes due to their tremendous potential as
therapeutic agents for many acquired or inherited diseases. The selective perme-
ability of the plasma membrane presents a major challenge for internalization of
these large and negatively charged molecules. Unassisted uptake of nucleic acids,
if at all, occurs only at negligible levels [25]. Cationic CPPs, on the other hand, are
not only able to destabilize the cell membrane but can also bind and compact
nucleic acid molecules via electrostatic interactions [26], thereby aiding the
translocation of these molecules across the cell membrane.

For efficient uptake, the size of CPP–nucleic acid complexes should preferen-
tially be in the range of 100–300 nm. An equally important criterion is the stability
of complexes which can be regulated by varying the charge ratio, as overly strong
electrostatic interactions may prevent dissociation of nucleic acids from the carrier
inside the cell [27]. Although CPP–nucleic acid complexes face the risk of being
trapped in endosomes, the current state of research on CPPs enables modifications
of peptides to improve their endosomal escape [28–30]. Most importantly, CPPs
have been found to have minimal cytotoxicity at concentrations required to
mediate the delivery of various cargoes [31]. Additionally, the versatility of CPPs
lies in their ability to undergo structural modifications to suit different types of
cargoes. For instance, CPPs can be conjugated covalently as well as non-cova-
lently with siRNAs [32, 33].

The discovery of siRNA as a powerful strategy for the modulation of gene
expression [34] led to various approaches to modify the systems to optimize
potency, specificity, and delivery [35, 36]. The past few years have seen the
emergence of new CPPs such as PepFect6 (variant of TP-10) [37], gastrin-related
peptides [38], and bLFcin6 (derived from bovine lactoferricin) [39], specifically
designed for optimized delivery of siRNA. The first secondary amphiphilic pep-
tide, CADY, showed improvement in terms of higher affinity for siRNA and higher
viability (more than 80 %) with all tested cell lines [40]. Tat peptide, crosslinked
to siRNA, effectively increased cellular uptake of the oligonucleotide [41]. The
degree of silencing achieved by Tat-mediated siRNA delivery matched that using
the highly efficient transfection reagent, Lipofectamine 2000. Reduced gene
expression for up to 7 days could be attained with penetratin [42] and transportan
covalently linked to modified siRNA [43], while CPPs in the form of polyarginine
and an MPG derivative formed non-covalent complexes with siRNA for delivery
[44, 45]. A separate study boasted an efficient and persistent silencing effect with
minimum cytotoxicity using siRNA packaged in octaarginine-modified MEND
(R8-MEND) for cell transfection [46]. In another report, a type of CPP termed
‘‘peptide for ocular delivery’’ (POD) successfully transported siRNA into human
embryonic retinal cells to result in a gene silencing effect of more than 50 % [47].
POD also delivered plasmid DNA (pDNA) to cells with gene expression exceeding
50 %. In addition, macrobranched Tat [48], arginine- or histidine-rich CPPs [49,
50] and some well-known synthetic peptide analogs such as GALA [51], KALA
[52], JTS1 [53], and ppTG1 [54] were found to function efficiently as carriers of
pDNA. Multimers of Tat increased transfection efficiency of plasmids by 6–8
times more than poly-L-arginine or mutant Tat2-M1 and by 390 times compared
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with other standard vectors [55]. We recently developed peptide carriers, which
were fusions of different CPPs and polycations, as a new tool for gene delivery
(Fig. 25.3). The designed peptides facilitated rapid delivery of pDNA and showed
better transfection efficiency compared to either just the CPP or polycationic
region alone [56]. Related to the idea of a fusion peptide, multivalency also
improves the activity of CPP. Tetrameric CPPs performed 10–100 times better in
cellular uptake and mediated as high as a 1,000-fold increase in activity relative to
their monomeric counterparts [57].

Apart from siRNA and plasmids, CPPs have also been used widely in the
delivery of DNA mimics such as peptidic nucleic acid (PNA), decoy oligonu-
cleotide (ON), and phosphorodiamidate morphilino oligomer (PMO). CPP (trans-
portan or penetratin) conjugates of PNA analog exhibited inhibition of Tat-
dependent trans-activation in HeLa cells within 6 h when coadministered with
chloroquine [58]. Nuclear localization of splice-correcting ON analogs was
accomplished by CPP-mediated delivery [59]. A specific example is the delivery of
double-stranded decoy ONs targeting the transcription factor nuclear factor kappa-
light-chain-enhancer of activated B cells and Myc protein by TP or TP10 [60, 61].
R8-MEND, which can transport siRNA, also transported antisense oligodeoxynu-
cleotides to functionally inhibit cytosolic mRNA [62]. CPPs have also been applied
for PMO delivery into mouse models of Duchenne muscular dystrophy, to enable
splice correction of a nonsense mutation at exon 23 in the dystrophin gene [63, 64].

Intriguingly, the Rath peptide, derived from VP5 protein of avian infectious bursal
disease virus, rapidly delivered not just DNA but also antibody within 30 min for the
former, and 1 h for the latter [65]. Similar to their application in nucleic acid delivery,
CPPs are just as commonly used for cellular delivery of a variety of drugs, with sizes
ranging from 30 to 150 kDa. CPPs can deliver these molecules by chemical modi-
fications, non-covalent transduction, or using fusion proteins. Polyarginine conju-
gates of paclitaxel enhanced the water solubility, and thus cellular uptake of this
hydrophobic drug [66, 67]. The same CPP, when conjugated with cyclosporine A,
showed potential use for treatment of psoriasis as well as other skin diseases [21].
Penetratin, on the other hand, made delivery of photoactive drugs possible by mit-
igating their extreme lipophilicity and poor trafficking properties [68].

R9 Bp100 RRRRRRRRRKKLFKKILKYL- :

(KH)9-Bp100: KHKHKHKHKHKHKHKHKHKKLFKKILKYL 

R9 -Tat2: RRRRRRRRRRKKRRQRRRRKKRRQRRR

Cell Penetrating Peptide
(CPP)

Polycation

pDNA
Nucleus

20 µm

+ + + + +

Fig. 25.3 A useful strategy for rapid and efficient gene delivery which is based on the
combination of a cell-penetrating peptide (Bp100 or Tat2) and a polycation (nona-arginine or a
copolymer of histidine and lysine) (adapted from [57])
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Some of these CPPs also play a pivotal role in cancer therapy. Doxorubicin
conjugated to Tat and transferrin successfully inhibited the growth of multidrug-
resistant tumor cells [69, 70]. This well-characterized chemotherapeutic was also
employed to evaluate the anti-tumor efficacy of a new and potential glioma-tar-
geted drug delivery vector, gHoPe2 [71]. In this study, the authors reported con-
struction of the new vector by covalent conjugation of pVEC [72], gHo, and a
cargo, and the efficiency of drug delivery by gHoPe2 highlighted the feasibility of
the strategy. In another study, two different CPPs, YTA2 and YTA4, increased
uptake of methotrexate in resistant tumor cells [73]. CPPs are invaluable tools in
cancer therapy primarily because they can be modified to improve selectivity for
cancer cells. Conjugation of a Tat derivative to AHNP, a mimetic that binds
selectively to an epidermal growth factor receptor overexpressed in breast cancers,
yielded a cell-specific transporter [74]. Subsequently, this transporter successfully
delivered the intended therapeutic to cancer cells both in vivo and in vitro, without
compromising the activity of the drug. Tumor-homing domains can also be
engineered into CPP, for instance, a PEGA-homing domain known to accumulate
in breast tumor vasculature was conjugated to pVEC CPP, and the resultant
construct was effective and selectively taken up into breast tumor blood vessels
[75]. Conjugation of a chemotherapeutic agent, chlorambucil, to the same CPP
enhanced efficacy of the drug as much as 4 times.

In comparison with the delivery of small molecule therapeutics for the treat-
ment of cancer and other diseases, a more challenging task is the translocation of
large molecules such as antibodies into cells. Tat peptide, known for its remark-
able translocation capacity, was first exploited for such a function two decades ago
[76]. Since then, Tat has been used to deliver 111In-labeled anti-mouse IgG for
radiotherapeutic applications [77] and anti-p21 for sensitizing cancer cells to
cytotoxic therapies [78]. Some recent achievements include the delivery of single-
chain antibody fragments into mouse brain cells to target prion diseases [79] and
into hepatocytes to inhibit hepatitis B virus replication [80]. The ability of CPPs to
overcome various barriers is showcased with examples, such as the blood–brain
barrier, membrane barrier of hepatocytes and, additionally, the intestinal barrier
for the delivery of insulin [81]. An impressive point to note was that covalent
attachment of the CPP to insulin was not required; instead, the simple coadmin-
istration sufficed. Bioactive macromolecules in the form of peptides, peptoids, and
proteins have also been successfully delivered to modulate intracellular processes.
A representative example for each of these different types of cargo is described.
The peptide inhibitor of transcription factor STAT-6 was conjugated to the HIV-
Tat-derived PTD4 CPP [82], and internalization of the conjugate attenuated
ovalbumin-induced inflammatory responses and mucus production in mice [83].
Anti-apoptotic proteins, Bcl-xL and its BH4 domain, were conjugated to Tat for
administration to mice to treat bacterial sepsis, which pioneered the use CPP in
such applications [84]. The conjugation of Tat and Penetratin, individually, to a
peptoid inhibitor improves cell membrane permeability, with higher inhibition
observed using the penetratin conjugate [85]. Antigens, with ovalbumin as a
model, were conjugated to the translocation motif of the hepatitis B virus for
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intracellular delivery [86]. The authors observed improvements of both cellular
and humoral immune system responses. Interestingly, it is possible for a single
carrier, such as the amphiphilic peptide Pep-1, to promote cellular uptake of both
small peptides as well as large proteins regardless of their nature and target cell
type [15, 87].

25.3 Organelle-Specific Delivery System

The ultimate goal in designing a peptide carrier is to make one with target spec-
ificity or the ability to carry therapeutics not just to a specific cell, but to a specific
organelle within the cell. This is crucial as a majority of therapeutic agents need to
be in particular intracellular compartments to fully exert their therapeutic poten-
tial. Some diseases and corresponding treatments have been associated with spe-
cific organelles—the cell nucleus is a well-known target for gene therapy; the
mitochondrion itself is important for proapoptotic cancer therapy, while its gen-
ome is a prime target for manipulation; and the lysosomes are recognized for
targeting of enzymes to treat lysosomal storage diseases. An effective strategy for
organelle-specific targeting is by the use of signal peptides, which have specific
amino acid sequences for recognition by the cellular machinery in order to direct
attached cargoes toward correct destinations in the cell [88] (illustrated in
Fig. 25.4).

The most established system for transport of molecules between the cytoplasm
and the nucleus is the classical nuclear import pathway, whereby proteins con-
taining nuclear localization signals (NLS) are transported into the nucleus. Since
characterization of the NLS from simian virus 40 (SV40) large T antigen in 1984
[10], this and other NLS peptides have been used to traffic DNA to the nucleus
[89]. These NLS peptides ensure entry of DNA through the nuclear pore com-
plexes by active transport as free diffusion is an unlikely route for DNA passage
due to size restrictions [90, 91]. NLSs are characterized by short clusters of basic
amino acids and are typically about 10 amino acids in length. They form com-
plexes with DNA by ionic interactions, covalent attachments, or site-specific
attachment using a peptide nucleic acid clamp [92]. In the field of gene therapy,
the most notable NLS originated from the large tumor antigen of SV40. This
peptide of 7 amino acids enabled a 100-fold increase in the speed of nuclear uptake
of pDNA compared to a reversed NLS sequence [93]. In another study, the M9
sequence of the heterogeneous nuclear ribonucleoprotein attached to DNA in a
non-covalent manner improved nuclear import of DNA. Conjugation of the M9
sequence to a cationic peptide for DNA condensation resulted in a 10-fold increase
in reporter gene expression [94]. As nuclear-targeted drug delivery can kill cancer
cells more directly and efficiently, some recent work featured design strategies
using different NLSs and doxorubicin as model drug. In one of the studies, Tat was
conjugated with mesoporous silica nanoparticles and was found to efficiently
target the cell nucleus, killing cancer cells effectively [95]. Another study reported

674 J.-A. Chuah et al.



on a novel nucleus-targeting carrier comprising NLS conjugated to cholesterol-
modified glycol chitosan, which facilitated nuclear localization of higher doxo-
rubicin amounts than unassisted uptake of the drug [96].

As mentioned earlier, mitochondria represent another important target for
intracellularly delivered DNA and drugs. Not only is this organelle responsible for
ATP production, the mitochondrion is also involved in various metabolic pathways
essential for the regulation of fundamental cellular processes. Mitochondria dys-
function therefore contributes to a variety of disorders and diseases namely cancer
[97], Parkinson’s disease [98], Alzheimer’s disease [99], diabetes [100], and
atherosclerosis [101], among others. Since the discovery of peptides with mito-
chondria-targeting ability, a variety of innovative approaches to develop new
peptides or fine-tune properties of existing peptides to achieve efficient mito-
chondrial localization have surfaced. Introduction of lipophilic residues and
modification of charge distribution in a CPP yielded peptides with mitochondrial
targeting ability [102]. A different approach was taken in a separate study where
artificial signal sequences were created, and the fabricated sequences worked
favorably to target the mitochondria just as well as natural signal sequences [12].
Zhao and coworkers successfully used tetrapeptide sequences containing radical
scavenging properties to deliver antioxidants to the mitochondria. The versatile
Tat peptide, when fused to a mitochondrial targeting sequence from malate
dehydrogenase, efficiently translocated proteins across mitochondrial membranes
[103]. These mitochondrial targeting peptides (MTPs) are typically N-terminal

- -
--

Nucleus Mitochondria

MTP

Nuclear Localization Signal

+ + + + + +

DNA-peptide complex

NLS

MTP

++ +

++ +

DNA or RNA

- - -

NLS

or

+ + + + + +

Mitochondrial Targeting Peptide

Fig. 25.4 Peptide carrier loading and targeting strategies for gene delivery. Non-covalent
complex of signal peptides (nuclear localization signal or mitochondrial targeting peptide) and
cargo (DNA or RNA) for localization to specific organelles (nucleus or mitochondria). The
complex is formed by electrostatic and hydrophobic interactions between the peptide and the
cargo
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motifs predicted to form amphipathic helixes approximately 15–70 residues in
length and enriched in positively charged basic residues [104]. To date, different
MTPs have been discovered for the delivery of various cargoes. The DNA
alkylating drug chlorambucil was delivered as an MTP conjugate [105], while
histatin 5, an anti-microbial peptide, can be used as a carrier molecule for leish-
manicidal molecules to target mitochondria ATP synthesis in Leishmania [106].
Fusion of adeno-associated virus capsid with a mitochondrial targeting sequence
provided a platform for introduction of large DNA fragments (*5 kb) into
mitochondria [107], which was applied in a follow-up study for mutant gene
delivery to successfully induce visual loss and optic atrophy in mice [108]. In other
new cancer-related studies, a chimeric peptide analog of bombesin targeted
mitochondria-disrupting peptides to the mitochondria in tumor cells [109], while a
combination of mitochondria-targeting genes (LETM1 and CTMP) and 2A-peptide
sequence induced anti-tumor effect and mediated mitochondria apoptosis [110].

In the case of lysosomes, delivery of enzymes is the only means of treatment for
lysosomal storage diseases (LSDs) such as glucocerebrosidase, phenylalanine
ammonia lyase, and many others. More than forty of the known LSDs are caused,
directly or indirectly, by the absence of one or more enzymes in the lysosome
[111]. Hence, enzyme replacement therapy for LSDs is being actively pursued
although advancement in the area still falls short compared to well-established
therapeutic strategies for diseases associated with the mitochondria or nucleus.
Nevertheless, recent progress related to lysosomal targeting is highlighted.
LeBowitz and coworkers tested an alternative, peptide-based targeting system for
delivery of enzymes to lysosomes. Their strategy involved a chimeric protein
containing a portion of mature human IGF-II fused to the C terminus of human b-
glucuronidase, which was delivered effectively and reversed the storage pathology
in mice as models [11]. The same research group reported recently on lysosomal
targeting of acid a-glucosidase to enhance muscle glycogen clearance in mice with
Pompe disease, where human clinical studies are currently underway [112]. Other
researchers evaluated subcellular targeting and delivery of nanoparticles to the
lysosome in mammalian cells using a novel carrier comprising cell-penetrating
peptide and lysosomal sorting peptide domains [113]. Another approach taken in
the development of new vectors was to synthesize, by click chemistry, an inhib-
itor–Tat conjugate, which was successfully delivered to lysosomes for inhibition of
lysosomal cysteine proteases [114].

25.4 Drug Delivery Via Silk Nanoparticles

Silk proteins have been used successfully for several decades as sutures and have
also been explored as biomaterials for drug delivery systems, due to their excellent
mechanical properties, versatility in processing, and low cytotoxicity [18, 115,
116]. The degradation products of silk proteins with beta-sheet structures, when
exposed to alpha-chymotrypsin, have been identified and shown to have no
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cytotoxicity to in vitro neuron cells [117, 118]. The combination of silk protein
and nanoparticles makes useful delivery systems because silk nanoparticles are
advantageous over other delivery methods in terms of biodegradability and bio-
compatibility. In this section, silk-based nanoparticles and their preparation
methods, which have been widely studied by many groups, are summarized.

Silk nanoparticles from silk fibroin solutions of Bombyx mori and tropical tasar
silkworm Antheraea mylitta were stable, spherical, negatively charged,
150–170 nm in average diameter, and showed no toxicity [119]. The silk nano-
particles were observed in the cytosol of murine squamous cell carcinoma cells,
and the growth factor release from the nanoparticles showed significantly sus-
tained release over 3 weeks, implying potential application as a growth factor
delivery system [119]. Silk nanoparticles were also used to increase mechanical
properties of silk-based porous scaffolds [120]. Several types of silk nanoparticles
hybridized with chitosan, sericin, elastin, and genes have been developed due to
their excellent availability and biocompatibility [121–125]. Silk fibroin-based
nanoparticles (\100 nm) for local and sustained therapeutic curcumin delivery to
cancer cells were fabricated by blending with non-covalent interactions to
encapsulate curcumin in various proportions with pure silk fibroin or silk fibroin
with chitosan. The silk-based nanoparticles containing curcumin showed a higher
efficiency against breast cancer cells and have potential to treat in vivo breast
tumors by local, sustained, and long-term therapeutic delivery [126]. Silk sericin–
poloxamer nanoparticles loaded with both hydrophilic and hydrophobic drugs
were reported to be stable in aqueous solution, small in size (100–110 nm), and
rapidly taken up by cells [122]. Conjugation of bioactive agents such as drugs or
peptides into silk-based nanoparticles is also an efficient methodology for delivery
of these molecules into target sites. The crystalline silk protein nanoparticles
(40–120 nm) have been conjugated with insulin via covalent crosslinking [127]. It
was confirmed that in vitro stability of insulin in human serum was enhanced and
the half-life of insulin prolonged by conjugating with silk protein nanoparticles.
Silk fibroin was also bioconjugated with L-asparaginase to form crystalline
nanoparticles with diameters of 50–120 nm [124]. These bioconjugates had an
increased resistance to trypsin digestion, better stability in serum, storage stability
in solution, and no leakage of the enzyme from the nanoparticles.

The reconstituted dragline silk proteins from the spider Araneus diadematus
have been used to prepare microcapsules for drug delivery using self-assembly of
the proteins at an emulsion interface [128]. These microcapsules were suggested to
be useful to encapsulate small active ingredients, provided that the active ingre-
dient does not impede the adsorption of the silk and/or that the encapsulation
process does not alter the ingredient [128]. Microspheres of bioengineered spider
silks, which were derived from ADF4 from A. diadematus, were formed by several
methods such as dialysis and micromixing [129]. As a result of their material
strength, biocompatibility, and the possibility of functionalization via recombinant
protein techniques, spider silk microspheres may offer potential for the develop-
ment of targeted drug delivery systems.
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We recently developed a facile ethanol-based method for preparing silk
nanoparticles, and then fabricated a biodegradable and biocompatible dual-drug
release system based on silk nanoparticles and the molecular networks of silk
hydrogels [130]. This is the first fully silk-based biocompatible and slowly bio-
degradable dual-drug delivery system. Model drugs incorporated in the silk
nanoparticles and silk hydrogels showed fast and constant release, respectively,
indicating successful dual-drug release from silk hydrogel containing silk nano-
particles. The present silk-based system containing silk nanoparticles for dual-drug
release demonstrated no significant cytotoxicity against human mesenchymal stem
cells (hMSCs), and thus this silk-based dual-drug release system has potential as a
versatile and useful new platform of polymeric materials for various types of dual
delivery of bioactive molecules.

25.5 Recombinant Silk-based Gene Delivery

Spider silk-based block copolymers have been designed via genetic engineering
and used for drug/gene delivery systems. In particular, recombinant silk proteins
containing transition peptides or ligand molecules have been designed for target-
specific delivery, such as into tumor cells. The bioengineered silk proteins with
additional functional features are classified as a new family of highly tailored gene
delivery systems. The nanoparticles composed of DNA and recombinant silks,
which contained cell-penetrating peptide, tumor-homing peptide, Arg-Gly-Asp
(RGD) motifs, and/or cationic sequences, were recently reported and are sum-
marized here [18, 131–135].

The authors designed silk-based block copolymers by combining spider silk
consensus repeats with poly(L-lysine) for gene delivery [135]. Poly(L-lysine) is a
polycation that interacts with genes through electrostatic interactions to assemble
into ionic complexes, is hydrolyzed inside cells, and has been considered as an
alternative to recombinant viruses for the delivery of genes into cells. The silk-
based block copolymers formed ion complexes with pDNA, and sizes were con-
trollable based on the polymer/DNA ratio or molecular weight of poly(L-lysine)
bioengineered into the designs [135]. The pDNA complexes of silk-based block
copolymers with less than 30 lysines showed no cytotoxicity toward human
embryonic kidney (HEK) cells. This demonstrated the feasibility of bioengineering
highly designed silk-based pDNA complexes for gene delivery systems; however,
the transfection efficiency was too low to be useful for gene vectors.

By combining CPPs with the silk and lysine sequences, the authors aimed to
enhance the transfection efficiency of the silk-based gene delivery system. These
biosynthesized recombinant silk proteins contained one of the CPPs, ppTG1 [54],
and their pDNA complexes were used for in vitro gene transfection to HEK cells
[132]. The pDNA complexes of silk-polylysine-ppTG1 dimer recombinant pro-
teins prepared at an N/P 2 (the ratio of number of amines/phosphates from pDNA)
showed the highest transfection efficiency into HEK cells, the level of which was
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comparable to the transfection reagent Lipofectamine 2000. The assemblies
showed a globular morphology with an average hydrodynamic diameter of 99 nm
and almost no beta-sheet structure. Additionally, the silk-based pDNA complexes
demonstrated excellent DNase resistance as well as efficient release of the pDNA
by enzymes that degrade silk proteins. Comparisons with beta-sheet induced silk-
based pDNA complexes indicated that the beta-sheet structure content of the silk
sequence of the pDNA complexes controlled the enzymatic degradation rate and
hence can be used to regulate the release profile of genes from the complexes. The
bioengineered silk-based gene delivery vehicles containing cell membrane-desta-
bilizing peptides were concluded to have potential for less toxic and controlled
release gene delivery systems.

To add target specificity into the silk-based gene delivery systems, transfection
of silk-based polymers that contained ligand molecules such as arginyl-glycyl-
aspartic acid (RGD)(s) was expected via receptor-mediated endocytosis. The RGD
sequence is known to selectively recognize and bind avb3 and avb5 integrins that
are expressed on cell surfaces of endothelial cells, osteoclasts, macrophages, and
platelets [136–139]. The integrins are considered to be a class of transmembrane
glycoproteins that interact with the extracellular matrix and are exploited for cell
binding and entry by receptor-mediated endocytosis, a representative pathway for
gene delivery [139]. RGD sequences are therefore a useful candidate as a ligand
for gene vectors. The silk-based block copolymers containing both poly(L-lysine)
domains to interact with pDNA and RGD to enhance cell binding and transfection
efficiency were reported as a new gene delivery system via endocytosis [131].
Ionic complexes of these silk-polylysine-RGD block copolymers with pDNA were
prepared, characterized, and utilized for gene delivery to HeLa cells and HEK
cells. Sizes and surface charges of the pDNA complexes were regulated by the
polymer/nucleotide molar ratio. Samples with 30 lysine residues and 11 RGD
sequences, prepared at N/P of 2, had an average solution diameter of 186 nm and
showed the highest transfection efficiency. The results demonstrated that a few
RGDs were not enough to be recognized by integrin receptors at the cell surface
membrane. The position of the RGD motif, at the N- or C-terminus of the
recombinant silks, did not influence the transfection efficiency of the pDNA
complexes.

Tumor vasculature, which is important in cardiovascular diseases and cancer, is
a target for anti-cancer therapy. However, most drug/gene carriers are relatively
poor at target-specific delivery. Selective targeting to tumor cells has been reported
using several tumor-homing peptides. Peptides include antibodies that recognize
tumor-specific vascular signatures, identified by in vivo screening of phage
libraries, revealed extensive heterogeneity in tumor blood vessels and lymphatics
[140]. We also demonstrated that pDNA complexes of recombinant silk proteins
containing poly(L-lysine) and tumor-homing peptides (THPs), which are globular
and approximately 150–250 nm in diameter, showed significant enhancement of
target specificity to tumor cells by additions of F3 [141, 142] and CGKRK [143].
Novel silk-based ionic complexes containing pDNA able to home specifically to
tumor cells were also reported with particular focus on how the THP, F3
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(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) [141, 142] and CGKRK
[143], enhanced transfection specificity to tumor cells. Silk proteins containing
both poly(L-lysine) domains to interact with pDNA and the THP to bind to specific
tumor cells for target-specific pDNA delivery were examined for in vitro and
in vivo transfection experiments into MDA-MB-435 melanoma cells and the
highly metastatic human breast tumor MDA-MB-231 cells. Nanoscale complexes
of recombinant silk molecules containing THPs with DNA were also designed as
less cytotoxic and highly target-specific gene carriers [133]. Recombinant silk
proteins (MaSp1 monomer) containing poly(L-lysine) domains and the THP for
target-specific pDNA delivery were investigated for in vitro transfection experi-
ments into the same cells as above. The silk–poly(L-lysine) block copolymer
containing F3 was the most useful candidate for target delivery into tumorigenic
cells with respect to less cytotoxicity to healthy cells and transfection efficiency to
tumorigenic cells. The target specificity of the pDNA complexes to tumorigenic
cells seemed to be regulated by specific adsorption processes on the cell surface,
based on field emission scanning electron microscopy observations. These results
demonstrated that combinations of the bioengineered silk delivery systems and
THP can serve as a versatile and useful new platform for non-viral gene delivery.

25.6 Future Perspectives

Comprehensive studies on peptides, silk proteins, and their utility as transport
vectors for various types of bioactive cargo have made available large amounts of
useful information to improve our understanding of such systems. The ability to
incorporate genes or drugs into functionalized peptide- or silk-based carriers has
informed the fields of medicine, pharmacology, and cell biotechnology. Contin-
uous investigations into this rapidly developing area of research have opened up
new avenues for the application of these carriers. Some vital issues that need to be
addressed before these systems can be used clinically remain, such as poor
delivery, low bioavailability, and lack of specific targeting.

Due to their favorable properties, CPPs have tremendous potential as tools for
gene and protein transfer into various cell types. Further characterization of
peptide size, sequence, and structure is imperative to understand features that
influence CPP function and to allow rational engineering of CPPs. The secondary
structure of peptides, in particular, is most critical in influencing membrane
interaction and hence efficiency of CPP uptake into cells. Customization of peptide
carriers for each type of cargo is necessary to circumvent bioavailability problems.
In addition, stability of peptide–cargo conjugates in solution and in the cell
requires further studies and optimization. The complex needs include to be suffi-
ciently stable to prevent dissociation before arriving at the target intracellular
compartment and, conversely, be able to dissociate when the cargo needs to be
released. Ultimately, the discovery of new CPPs will provide a wider array of
properties for selection and aid elucidation of the mechanism governing their entry
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into cells. One of the greater merits of using CPPs for drug/gene delivery com-
pared to lipid- or polymer-based vectors is due to the absence of cytotoxicity at
their required concentrations. Thus far, there has been no known report of long-
term in vivo cytotoxicity evaluation for peptides currently being used as shuttle
systems. New strategies for the design and synthesis of peptide-based carriers need
to be developed to make these systems simple and reproducible on an industrial
scale as well as economically feasible for commercialization in the future. Despite
the growing number of therapeutic strategies that involve targeting therapeutics to
specific organelles in the cell, some novel intracellular targets have received less
attention. One such example and a promising target for therapeutic endeavors is
the endoplasmic reticulum, which has been associated with Alzheimer’s disease
and cystic fibrosis due to its involvement in signaling pathways regulating cell
growth and differentiation.

The remarkable mechanical properties, processability in an aqueous environ-
ment, biocompatibility, and controlled degradation suggest that silks (both native
as well as recombinant) are attractive biomaterials for controlled and sustained
release, stabilization, and delivery of bioactive molecules. Silk solutions can be
morphed into a variety of biomaterial formats, and the degradation rate of these
materials can be controlled during processing. In addition to these useful prop-
erties, silk proteins derived from recombinant DNA technology are amenable to
bioengineering efforts to greatly expand the suite of options for targeted delivery.
Targeted delivery function is a significant factor in drug delivery; hence, these silk
proteins can be prepared with functional sequences to home to specific cells,
tissues, or organs. The ability of silk to self-assemble, combined with all the other
inherent features of silk proteins, makes them a unique and versatile delivery
platform for small molecules, large proteins, DNA, and RNA. Hybrid or composite
silk-based materials containing other biopolymers have not been extensively
studied, and they should provide applicable mechanical, thermal, and biological
properties for not only drug/gene delivery but also tissue engineering, medical
imaging, and regenerative medicine.
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Chapter 26
Activation Approaches on Delivery
of Imaging and Therapeutic Agents

Mitulkumar A. Patel and Benedict Law

26.1 Introduction

For many years, chemotherapy has been used as the first-line treatment for cancer,
yet it can have many adverse effects due to off-targeting activity. In the past, a
number of prodrugs were synthesized to improve the therapeutic index [1, 2].
Some prodrugs such as capecitabine and cyclophosphamide were approved by the
US Food and Drug Administration (FDA) for the treatment for various cancers [3–
6]. With advances in nanomedicine, chemotherapeutic agents have been incor-
porated into nanometer-sized materials to serve as carriers to enhance tumoral
delivery through passive and/or active targeting [7, 8]. However, the kinetics of
drug release may affect the pharmacokinetics, biodistribution, therapeutic activity,
and toxicity of these inherited carriers; consequently, they can influence the
therapeutic outcome [9–11]. Thus, many of the carriers were designed to be ac-
tivatable. That is, the intention of drug release is to be controlled by specific trigger
[12–14]. Such activatable agents are typically composed of materials, such as
lipids, peptide, inorganic salts, and polymers, which undergo changes in structure,
hydrophobic–lipophilic balance, solubility, charge, and chemical bonding to pro-
mote drug release under the influence of internal or external triggers [15–19]. The
ultimate goal is to allow a sufficient accumulation of the drug carrier at the target
site that will provide a rapid drug release upon activation [20, 21]. The results were
proved to improve efficacy [22, 23] and to decrease the side effects and the dose
require [24, 25].

The internal triggers are dependent on the biochemical or physiological dif-
ference between the disease and the healthy states, such as a lower pH or a higher
enzyme level at the tumor site [26–29]. This approach is self-regulatory, since the
drugs are released in response to the detected difference [30–32]. External triggers
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are physical stimuli, such as higher temperature, light, and magnetic field, which
are applied locally to the accessible target area to promote spatial (space/target site
specific) and temporal (time dependent) control over the drug release from a
predelivered nanomedicine [33, 34]. This chapter includes a discussion of the
methods used to engineer activatable agents. Specific examples were chosen to
illustrate not only their mechanism of common trigger to activate them, but also
the effectiveness both in vitro and in vivo. Some of them have been used to
develop contrast agents for functional imaging as well as for the reduction in the
imaging background [35–37].

26.2 pH-Activatable Agents

In the context of cancer, the microenvironment of tumors can be slightly acidic
(pH *7.0) because a tumor normally has a higher metabolic rate than normal
tissue [38–40]. As a result of the higher metabolic rate, specifically from glycolysis
under aerobic or anaerobic conditions, the tumor produces substantial amounts of
lactic acid and carbonic acid as the major sources of H+ ions. In contrast,
regardless of whether a cell is in a cancerous or a normal state, certain intracellular
organelles, such as endosomes and lysosomes, are always acidic (pH *5.0–6.0).
Maintaining a low pH in these organelles is essential to the function of [50 acid
hydrolase enzymes for breaking down various biological molecules [41]. Hence, a
drug delivery system that can be activated by an acidic pH to release a payload will
not only enhance the efficacy, but also reduce the incidence of side effect [42, 43].
In fact, the concept of a pH-activatable system can be traced back to the time when
a prodrug, methenamine (or hexamine), was introduced by Schering in 1899. It
was shown to decompose in acidic urine to formaldehyde for the treatment for
urinary tract infection. Today, many pH-activatable delivery systems are designed
differently, mostly are nanocarriers that can be dissolved, disassembled, or swelled
in response to acidic pH to release the therapeutic payload. In addition to thera-
peutic agents, the similar designs have also been applied to the delivery of contrast
agents for tumor imaging [44–47].

26.2.1 Acid-sensitive Linkers

One of the pH-activatable approaches is to covalently conjugate a therapeutic or an
imaging agent to a carrier via acid-sensitive linkers, such as acetal, ester, hydra-
zone, imine, orthoester, oxime, phosphoramidate, vinylether, or b-thiopropionate
(Table 26.1). Although these linkers are relatively stable in physiological pH, they
can be hydrolyzed in an acidic environment. The choice of linkers is made based
on the accessibility of functional groups that are available from the drug molecule
and the carrier. Hydrazone is the most widely used linker, primarily because its
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conjugation chemistry is mild and flexible. Various functional groups, including –
COOH, –OH, or –CHO, from a carrier can be easily converted to hydrazide by
using hydrazine. The hydrazide can then react with another carbonyl from a drug
molecule, such as the ketone of doxorubicin, to form an acid-labile linkage [48–
53] (Fig. 26.1a). Oxime has also been employed in many drug delivery systems
[54–57], although studies have shown that it was more resistant to acid hydrolysis
than hydrazone [58]. For oligonucleotides, phosphoramidate and b-thiopropionate
are the better choices, given that they can be introduced to DNA or RNA via the
phosphate group at the 50 position [59–62].

In some cases, acid-sensitive linkers are incorporated into the carriers. This
strategy does not require the chemical modification of a drug or an imaging agent.
For example, acid-sensitive micelles have been described in the literature. They
were composed of polyethylene glycol (PEG) that was conjugated to stearic acids

Table 26.1 Examples of pH-sensitive linkers used to develop prodrugs

Linkers Chemical structures Therapeutic
agents

References

Acetal

O O

R3

R2R1

Diethylstilboestrol [63]
Doxorubicin [64]

Ester

OR1

O

R2

Bortezomib [65]
Doxorubicin [66]

Hydrazone

R2R1

N

H
N

R3

Cisplatin [51]
Doxorubicin [49, 50,

52]
Geldanamycin [67]
Gemcitabine [68]

Imine

R2R1

N
R3 Chromone [69]

Doxorubicin [70]

Orthoester O

O O
R2

R1

Paclitaxel [71]

Oxime

R2R1

N
O

R3
Daunorubicin [54, 55]
Doxorubicin [57]
Oligonucleotide [56]

Phosphoramidate

P
O

O

R1

H
N

R2

R3

O

Oligonucleotide [60]

Vinyl ether O
R1

R2 Oligonucleotide [72]

b-Thiopropionate

S O
R2

O

R1

Oligonucleotide [61, 62]
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(C18) via hydrazone linkages (Fig. 26.1b). These linkages were destabilized at a
low pH and, subsequently, triggered the release of 4-(N)-stearoyl-gemcitabine
(GemC18), a deoxycytidine nucleoside analog of gemcitabine used for the treat-
ment for many cancers [68]. In another study, hydrazone linkages were introduced
between the PEG chains and the phospholipids of long-circulating liposomes.
Following the cleavage of the hydrazone bonding at low pH, the PEG was
removed, leading to multiple cell-penetrating peptides exposing on the liposome
surfaces to promote the intracellular delivery of the encapsulated doxorubicin [73].

26.2.2 Demicellization of Micelles

Some materials used to construct the acid-sensitive micelles are intrinsically
sensitive to pH changes [74, 75], whereas others are introduced with functional
groups that are known to be neutral at physiological pH and ionizable in an acidic
environment (Fig. 26.2a). Poly(b-amino ester) is commonly used to construct
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Fig. 26.1 Examples of pH-activatable agents which utilize hydrazone linker. a PolyMPC–DOX
prodrugs that integrate pH-responsive hydrazone linkages into the poly(methacryloyloxyethyl
phosphorylcholine) (polyMPC) structure. b Acid-sensitive micelles. The micelles were assem-
bled by acid-sensitive copolymers, which were synthesized by conjugating the hydrophilic PEG
segment to a hydrophobic stearic acid derivative with a hydrazone bond. Recreated with
permission from ACS Publications [68]
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acid-sensitive micelles [76, 77]. The advantage of poly(b-amino ester) is that it
responds abruptly to pH changes. Given that the tertiary amino groups in the
hydrophobic amino ester can be protonated (with a pKb of 6.5) in an acidic
environment, the polymers can become hydrophilic. Subsequently, the micelles

H
N

O

N
HN

n

N

n

(a)

Poly(β-amino ester)

Polyhistidine poly-4-vinylpyridine 

N N

n

O

O

O

O

(b)

(c)

Fig. 26.2 a Examples of functional group that is neutral at a physiological pH, but ionizable in
an acidic environment. b The design of the MPEG-poly(b-amino ester) micelles system.
c Fluorescence images of SCC7 tumor-implanted mice injected with free PpIX (top panel) and
PpIX encapsulated in the MPEG-poly(b-amino ester) micelles (PpIX-pH-PMs). Recreated with
permission from RSC Publishing [79]
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lose stability (dissociate) and release the encapsulated drug contents rapidly. For
example, camptothecin was encapsulated in the micelles assembled from PEG and
poly(b-amino ester) copolymers. The resulting micelles can be activated inside the
endosomes and the lysosomes to release the drug contents [78]. Protoporphyrin IX
(PpIX) is a photosensitizer that has been loaded into the pH-responsive MPEG-
poly(b-amino ester) polymeric micelles [79]. The resulting micelles could be
delivered to the tumors by the EPR effect and, subsequently, destabilized to release
the PpIX. Upon laser irradiation, the PpIX generated near-infrared (NIR) fluo-
rescence for tumoral imaging and, simultaneously, singlet oxygen for photody-
namic therapy (Fig. 26.2b and c). In another study, to synthesize an acid-sensitive
magnetic resonance imaging (MRI) probe, iron oxide (Fe3O4) nanoparticles were
encapsulated inside an acid-sensitive micelle composed of copolymers of PEG,
poly(b-amino ester), and poly(amido amine). This MRI probe released the Fe3O4

nanoparticles at a lower pH to image the ischemic area of the brain [80]. Other
acid-sensitive micelles were also created by introducing polyhistidine or poly-4-
vinylpyridine to the polymeric constructs (Fig. 26.2a) [81, 82].

26.2.3 Decomposition or Desorption of Inorganic Materials

Certain inorganic materials, such as calcium phosphate (CaPO4), are insoluble in
physiological pH, but can be completely dissolved at pH \6.5. Thus, pH-sensitive
delivery systems have been designed either by encapsulating hydrophobic drug
molecules inside the particles made up of inorganic materials [83] or by adsorbing
the drugs onto the particle surfaces [84]. For instance, CaPO4 has been used to
form a deposit layer on a polymer micelle through the mineralization process [85].
Doxorubicin molecules were securely trapped inside the micelle in physiological
pH and were readily released after rapid dissolution of the CaPO4 layer
(Fig. 26.3a). In another design, zinc oxide (ZnO) quantum dots were employed to
seal the nanopores of mesoporous silica nanoparticles [86]. The dots were
decomposed in an acidic environment, which caused the pores to open to promote
the release of the drug contents (Fig. 26.3b).

Some therapeutic agents such as doxorubicin have potential metal-binding sites
[87]. They can be adsorbed onto the surfaces of inorganic particles, including
titanium dioxide (TiO2), magnesium oxide (MnO), and ZnO via electrostatic and
hydrophobic interactions [88–92]. Despite the fact that the exact drug release
mechanism is not completely understood, it can be explained as the protonation of
the chemisorbed doxorubicin molecules under an acidic condition and lead to a
reduction in binding to particles. Some inorganic nanoparticles, such as MnO,
have been described as T1 MRI contrast agents [93]. When loaded with doxoru-
bicin, these particles can also be theranostic agents [89, 90].
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Fig. 26.3 Design of pH-sensitive agents using inorganic materials. a Calcium phosphate (CaP)
was deposited onto micelles assembled from copolymers of polyethylene glycol, poly(L-aspartic
acid), and poly(L-phenylalanine) through the mineralization process. The release of doxorubicin
content was facilitated inside the cells at the endosomal pH because of the rapid dissolution of the
CaP layer. Recreated with permission from Elsevier [85]. b ZnO quantum dots were used as a lid
to seal the pores of mesoporous silica nanoparticles, which could be efficiently dissolved in the
acidic intracellular compartments of cancer cells, resulting in the release of doxorubicin into the
cytosol. Recreated with permission from ACS Publications [86]
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26.2.4 Microgels

Acid-sensitive microgels are composed of polymeric materials that can undergo
phase transition (swelling) in response to pH [94]. At low pH, the protonation of
certain functional groups, such as amino groups, generates positive charges that
cause swelling. As a result, the gel permeability increases and leads to the release
of drug content. Chitosan is one of the most commonly used acid-sensitive
polymers for preparing microgels because it is also biocompatible. A chitosan
derivative, N-[(2-hydroxy-3-trimethylammonium)propyl]chitosan chloride, has
been employed to prepare acid-sensitive microgels for the delivery of methotrexate
into HeLa cells [95]. The polymer has also been copolymerized with a variety of
polymers, such as PEG, poly(methacrylic acid), and poly(N-isopropylacrylamide)
(PNIPAM), for the delivery of other chemotherapeutic agents including 5-fluo-
rouracil, temozolomide, and oridonin [96–98].

26.3 Enzyme-Activatable Agents

Aberration of enzyme activity or protein concentration occurs in most diseases. In
the past, therapeutic agents were developed with the goal of inhibiting the action of
a particular enzyme or protein. Enzyme-sensitive motifs can be incorporated into
different nanoparticles, which can be readily activated by the disease-associated
enzyme to release a payload at the target site [99]. The advantage of this approach
is that the target enzyme behaves similarly to a self-propelled machine, where one
enzyme can potentially activate hundreds to thousands of delivery systems. Fur-
ther, enzyme-activatable agents can also act as substrate inhibitors. Therefore,
numerous enzyme-activatable agents have been proposed for the purpose of drug
delivery, therapy, and imaging in recent years [100]. To ensure the success of an
enzyme-activatable agent, it is essential to have a profound understanding of the
mechanism of the target enzymes (Fig. 26.4) and the heterogeneity between the
disease and normal states.

26.3.1 Protease

Protease belongs to a class of enzyme that has the ability to hydrolyze the amide
bonding of a protein or peptide (Fig. 26.4). In 2012, there were 581 human pro-
teases in the Degradome database, which covers approximately 2–4 % of a typical
mammalian genome [101]. Each of the proteases exhibits distinct functions to
maintain ‘‘normality’’ in a healthy state. For example, pepsin, trypsin, and chy-
motrypsin are secreted from the stomach and duodenum to digest proteins in food
[102]. Thrombin, plasmin, and the Hageman factor are involved in the normal
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function of blood clotting [103]. Inside a cell, some proteases, such as cathepsin D,
are stored within the lysosomes for breaking down waste material and cellular
debris. Other intracellular proteases are known to regulate gene expression, cell
growth, and apoptosis [104, 105]. Because of the diverse functionality and
abundant amount of proteases, many of them are abolished or elevated during
disease progression. For instance, dysregulated protease activities are commonly
found in atherosclerosis [106–108], thrombosis [109], arthritis [110], asthma
[111], emphysema [112], and osteoporosis [113]. In the context of cancer,
cathepsins [114], matrix metalloproteinases (MMPs) [115], urokinase plasminogen
activators (uPA) [116], and prostate-specific antigen (PSA) have been shown to
play distinct roles in tumor growth, invasion, migration, and angiogenesis by
facilitating the breakdown of extracellular matrix (ECM) [116–118].

Advances in solid-phase peptide synthesis and combinatorial chemistry have
led to the discovery of many peptide sequences that are specific to individual
proteases [119, 120]. When these peptides are conjugated to chemotherapeutic
agents, the resulting conjugates become prodrugs that can be activated by targeted

Fig. 26.4 General mechanisms of some target enzymes used to activate an enzyme-activatable
agent
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proteases [121–127]. A peptide (Mu-HSSKLQL) that is specific to PSA cleavage
was coupled to the primary amine of doxorubicin. The drug–peptide conjugate
exhibited a specific cytotoxic response to PSA-positive prostate cancer cell lines
[128]. In another example, a synthetic semenogelin I peptide analog was cova-
lently conjugated to the aminoglycoside of doxorubicin. The resulting L-377,202
showed a significant reduction in dose-limiting systemic toxicities compared to
free doxorubicin [129]. In the clinical context, L-377,202 was well tolerated in
patients with advanced hormone-refractory prostate cancer. The prodrug could be
cleaved by PSA to release the active metabolites [130]. The similar design has
been applied to numerous other drug–peptide conjugates (Table 26.2). Unfortu-
nately, peptide-based therapeutic agents normally exhibit short elimination half-
lives. Further, they are difficult to administer over a prolonged dosing interval
[131].

To increase circulation time, these prodrugs can be covalently attached to a
biomolecule. Antibodies are frequently used as the biomolecules because they are
specific. These so-called antibody–drug conjugates can deliver the therapeutic
agents inside the target cell. In a successful case, monomethylauristatin E
(MMAE) was conjugated to a monoclonal antibody (cAC10) that was specific
CD30 via a dipeptide (V-Cit) [132]. In vitro study showed that the resulting

Table 26.2 Some of the drug–peptide conjugates

Active drug metabolite Peptide substrate Target protease Disease References

Amiloride LFGGGG Enkephalinase Ischemia [136]
Cyclopamine SSKYQ PSA Cancer [137]
Cyclophosphamide Cbz-SSFY PSA Cancer [138]
Doxorubicin BLAL TOP Cancer [139]

PLGL, PVGLIG MMP-2/9 Cancer [126, 140, 141]
aFK Plasmin/urokinase Cancer [142, 143]
RSSYYSR PSA Cancer [144]
AANL Legumain Cancer [145]

Fluorodeoxyuridine HSSKLQL PSA Cancer [146]
Gentamicin GfPRGFPAGG Thrombin Infection [147]
Methotrexate aFKK Cathepsin, plasmin Arthritis [148]
Paclitaxel aFK, vLK Plasmin Cancer [149]

V-Cit Cathepsin B Cancer [150]
GPLGIAGQ MMP-2 Cancer [151]

Pyropheophorbide-a TSGPNQEQK FAP Cancer [152]
DEVD Caspase 3 Cancer [153]

TGX-221 SSKYQ PSA Cancer [154]
Thapsigargin HSSKLQL PSA Cancer [155]

GKAFRR Hk2 Cancer [156]
Vinblastine Hyp-SS-Chg-QSSP PSA Cancer [127]

Note The small letters indicate that particular amino acids are in D-configuration. The amino acid
derivatives are shown by a group of three italics. Cbz N-benzyloxycarbonyl; Chg L-cyclo-
hexylglycine; Cit citrulline; FAP fibroblast activation protein; Hk2 human glandular kallikrein 2;
Hyp trans-4-hydroxy-L-proline; MMP matrix metalloproteinase; PSA prostate-specific antigen;
Pyr L-pyroglutamic acid; TOP thimet oligopeptidase
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antibody–drug conjugate (brentuximab vedotin) could target CD30-expressing
malignant cells and could be cleaved by cathepsin B to release the active MMAE.
In vivo study showed that brentuximab vedotin was able to suppress subcutaneous
Karpas 299 anaplastic large cell lymphoma (ALCL) tumors [132]. In 2011,
brentuximab vedotin was approved by the FDA for the treatment for ALCL and
Hodgkin’s lymphoma [133]. However, some studies have shown that using pep-
tides might not be superior to using a pH-cleavable linker when designing an
antibody–drug conjugate [134]. Occasionally, a protein may be selected as the
biomolecular carrier. For example, paclitaxel has been conjugated to albumin via a
peptide (RSSYYSL) that is specific to PSA cleavage. The albumin improved the
pharmacokinetic and the solubility of the drug. The macromolecular prodrug was
three times more potent toward PSA-positive LNCaP prostate cancer cells, and the
maximum-tolerated dose in vivo was twice that of free paclitaxel [135].

A number of macromolecular prodrugs have been designed using synthetic
polymers (Table 26.3). N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers
have been used extensively. For example, prostaglandin E1 (PGE1) has been
conjugated to HPMA through a cathepsin K-sensitive peptide linker (GGP-Nle,
where Nle = norleucine) [157]. Incubation of the polymer with cathepsin K-
expressing osteoblasts caused a rapid release of PGE1 for the treatment for
osteoporosis [158]. The same polymer has been used to deliver many other che-
motherapeutic agents including 5-fluorouracil, anthracycline, platinum (II), and
TNP-470 for the treatment for different cancers [159–164], except the drugs were
conjugated to the polymer via a cathepsin B-sensitive peptide (GFLG).

Recently, many fluorophores, including fluorescein, indocyanine green (ICG),
cresyl violet, isosulfan blue, methylene blue, and porphyrins, have been identified
as contrast agents for optical imaging [175–181]. By simply replacing the drug
molecule with a fluorophore to conjugate it to a macromolecule, a protease-acti-
vatable probe can be developed (Fig. 26.5). For example, multiple peptides
(GSGRSANA) capped with different NIR fluorophores (Cy5.5 or Cy7) have been
conjugated to PEG and poly-L-lysine copolymer. The probe was optically silent
(quenched) in its native state, as the fluorophores orientated in a close proximity.
Upon digestion by a serine protease (uPA), the polymer released fluorophore–
peptide fragments, which resulted in the recovery of fluorescence [182]. The probe
was used to visualize the uPA activity in HT1080 tumor xenografts [183]. Using
the same strategy, other peptide substrates have also been applied to imaging other
disease-associated proteases including cathepsins, MMPs, caspases, and thrombin
[184–189].

For therapeutic agents that are too fragile to be chemically modified or do not
have a spare functional group for bioconjugation, a drug can be encapsulated in a
carrier that can be degraded by proteases. Some materials used for engineering
nanoparticles, such as gelatin, can be intrinsically degraded by proteases; there-
fore, they have been used for the delivery of chemotherapeutic agents, such as
paclitaxel [190]. On the other hand, enzyme-activatable nanoparticles have been
custom-designed by incorporating peptide substrates as part of the components.
Short chains of PEG (*480 Da) have been cross-linked with peptide substrates

26 Activation Approaches on Delivery of Imaging and Therapeutic Agents 701



(RVRR) to form nanocapsules to protect and carry a recombinant myogenic
transcription factor across the cell membrane [191]. Upon uptake by the cell, the
intracellular furin, a ubiquitous endoprotease, degraded the capsules and, subse-
quently, released the encapsulated protein. In another example, sodium poly(sty-
rene-4-sulfonate), a polymeric microbicide used to treat HIV infection, was
encapsulated in the microgel particles composed of HPMA and 2-aminopropyl-
methacrylamide (APMA) copolymers cross-linked with PSA substrates (GIS-
SFYSSK) [192]. The resulting particles were degraded by the PSA in human
seminal plasma (HSP) and released the entrapped antiviral polymer.

26.3.2 Esterase

Esterase is an enzyme that breaks down the ester, amide, and thioester bonding of
an organic molecule. It can be found in many organs including the liver, lung
epithelia, small intestine, kidney, and plasma [193]. To improve the solubility

Table 26.3 Some of the macromolecular prodrugs

Macromolecule Active drug
metabolite

Peptide
substrate

Target
protease

Disease References

Protein
Avidin Equinatoxin II CNKSRLGLGK Cathepsin B/

MMP-7
Cancer [165]

Albumin Camptothecin RRALALA Cathepsin B Cancer [166]
Doxorubicin FK, RRALAL Cathepsin B Cancer [166, 167]

GPLGIAGQ MMP-2/9 Cancer [168, 169]
RSSYYSR PSA Cancer [144]
GGGRR Urokinase Cancer [170]

Paclitaxel RSSYYSL PSA Cancer [135]
Antibody
CBR96 MMAE V-Cit Cathepsin B Cancer [132]
cAC10 MMAE V-Cit Cathepsin B Lymphoma [132]
Polymer
CM-Dextran-

PA
Exatecan GGFG Cathepsin B Cancer [171]

Dextran Methotrexate PVGLIG MMP-2/9 Cancer [172]
HPMA 5-Fluorouracil GFLG Cathepsin B Cancer [159]

Doxorubicin GFLG Cathepsin B Cancer [160, 161]
Daunorubicin GFLG Cathepsin B Leukemia [162]
L12ADT SSKYQ PSA Cancer [173]
Platinum (II) GFLG Cathepsin B Cancer [163]
Prostaglandin E1 GGP-Nle Cathepsin K Osteoporosis [157, 158]
TNP-470 GFLG Cathepsin B Cancer [164]

PGA Paclitaxel (E)x Cathepsin B Cancer [174]

Note The amino acid derivatives are shown in a group of three italics
Cit citrulline, Nle norleucine, PSA prostate-specific antigen
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and/or bioavailability of the drug formulation [194–198], prodrugs such as cape-
citabine, oseltamivir, meperidine, and methylphenidate were designed. They can
be converted by carboxylesterase to the active pharmacophores (Fig. 26.6).
Esterase-activatable nanoparticles have only been reported recently. Lipid nano-
particles assembled from ester-containing polysorbate 60 and PEG6000 monos-
tearate have been synthesized [199]. Silica mesoporous nanoparticles (MCM-41)
have been employed for the delivery of camptothecin [200]. The pore outlets of
MCM-41 were capped with ester glycol moieties as the stoppers, which could be
hydrolyzed by esterase in the lysosome inside HeLa cells to release the active drug
contents. In another example, micelles were constructed from amphiphilic den-
drimers functionalized with hexyl ester (as the lipophilic unit) and pentaethylene
glycol (as the hydrophilic unit). In the presence of porcine liver esterase, the
enzyme hydrolyzed the ester functionalities and caused the demicellization of the
micelles, leading to the release of hydrophobic guest molecules at the target
site [201].

(a) (b)

Fig. 26.5 An enzyme-activatable probe designed to be activated by MMP-2-associated protease.
a The probe was composed of multiple peptide motifs that were terminally capped with different
Cy5.5 and a pegylated poly-L-lysine graft copolymer. b In vivo imaging. NIRF imaging of a nude
mouse implanted with HT1080 (MMP-2+) and BT20 (MMP-2-) tumors. Photograph and
fluorescence image of the mouse 2 h after intravenous injection of the probe. Recreated with
permission from RSNA [187]
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26.3.3 Myeloperoxidase

Myeloperoxidase (MPO) is an enzyme that is predominantly stored in azurophilic
granules of polymorphonuclear neutrophils and macrophages. The enzyme con-
sumes hydrogen peroxide to produce hypochlorous acid and tyrosyl radicals during
neutrophil’s respiratory burst. During inflammation, MPO is released into
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extracellular fluid; consequently, it has been implicated in many diseases including
Alzheimer’s disease, atherosclerosis, Parkinson’s disease, stroke, and vasculitis
[202–206]. For these reasons, a number of myeloperoxidase-activatable contrast
agents have been developed for MRI [207–210]. They were designed with the
attachment of an MPO substrate, such as 5-hydroxytryptamine-(serotonin) and
tyramide, to a paramagnetic gadolinium chelate, such as DOTA-Gd or DPTA-Gd,
via amide bonding (Fig. 26.7). Upon enzyme activation, these contrast agents form
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Fig. 26.7 Myeloperoxidase-activatable MRI contrast agents. a The chemical structures of some
of the developed myeloperoxidase-activatable contrast agents. b Upon enzyme activation, bis-
5HT-DTPA-Gd radicalized to form oligomers and/or to bind to other proteins, which resulted in
the increase in r1 relaxivity. c A comparison of the T1-weighted brain images of animals injected
with bis-5HT-DTPA-Gd and DTPA-Gd. Recreated with permission from PNAS [211]

26 Activation Approaches on Delivery of Imaging and Therapeutic Agents 705



radical species and oligomerize or bind to proteins, which results in an increase in
the T1-weighted signal in MRI. For example, bis-5HT-DTPA-Gd has been used to
image the MPO activity of a living animal with cerebral ischemia [211]. The post-
contrast T1-weighted image of the brain was enhanced compared to the conven-
tional DTPA-Gd (Fig. 26.7). The same contrast agent has also been applied to
visualize the MPO activity in atherosclerotic plagues and myositis [212, 213].

26.3.4 Miscellaneous Enzymes

Numerous innovative agents have been for activation by other enzymes. However,
their application in vivo still needs to be addressed. A multiple protein kinase A
(PKA) substrate kemptide, and an NIR fluorophore, Cy5.5, have been incorporated
into positively charged polyethylenimine [214]. The polymer was coassembled
with the negatively charged polyacrylic acid (PAA) to form an optically silent
polyion-induced complex (PIC). The PIC has been used for imaging protein
phosphorylation in single living cell. Upon enzyme activation, the particle became
phosphorylated, dissolved, and resulted in the recovery of NIR fluorescence. The
same peptide has also been grafted to polyacrylamide, resulting in the formation of
a cationic polymer (PAK) [215]. PAK formed a stable complex with DNA and
halted gene expression. Ex vivo study showed that the activated protein kinase A
(PKA) in abnormal cells could destabilize the complex via phosphorylation to
release the DNA for gene transcription. Other prodrugs that can be activated by b-
galactosidase were also developed as potential candidates for chemotherapy [216–
220] and imaging purposes [221].

26.4 Thermo-Activatable Agents

In certain medical conditions such as hyperpyrexia, body temperature can be
elevated up to 41.5 �C. In other disease states, including cancer, the microenvi-
ronment of tumors is slightly hyperthermic. In the past, numerous thermo-acti-
vatable agents have been developed for drug delivery with the aim of enhancing
local drug release and cellular uptake. Another advantage of applying additional
heat [i.e., hyperthermia therapy (HT)] to the tumor is that it can sensitize the
cancer cells when responding to radiation and chemotherapy; therefore, HT has
been proposed as an adjunctive therapy [222–226]. Many micelles have been
assembled from thermo-responsive polymers (Table 26.4). In particular, PNIPAM
has been widely used as the thermo-activatable polymer. It has a lower critical
solution temperature (LCST) of 32 �C and can be dissolved at temperature below
32 �C. When the temperature is above the LCST, the polymer can undergo phase
transition to form a gel. Thus, PNIPAM has been used in combination with other
hydrophobic constructs. The resulting copolymers were able to assemble into a
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Table 26.4 Some of the polymers employed to assemble into thermo-activatable micelles

Polymers Drug LCST (�C) References

PIPROX-PAA N/A 32 [231]
PNIPAM-PBMA Doxorubicin 33 [234]
PNIPAM-(PHEMA –PCL)x Paclitaxel 36 [235]
(PNIPAM-PNHMAM)x-PLLA Methotrexate 37 [236]
(PNIPAM-PHEMA)x-(PLLA-PCL)y Doxorubicin 38 [237]
(PNIPAM-PDMAM)x-PLGA Doxorubicin 39 [238]
(PNIPAM-PAM)x-PLLA Docetaxel 41 [229, 230]
PLLA-PEG-PLLA Doxorubicin 42 [239]

PAA poly(amino acid), PAM poly(acrylamide), PBMA poly(butylmethacrylate), PDMAM
poly(N,N-dimethylacrylamide), PHEMA poly(2-hydroxyethylmethacrylate), PIPROX poly(2-
isopropyl-2-oxazoline), PNHMAM poly(N-hydroxymethylacrylamide), PNIPAM poly(N-isopro-
pylacrylamide), PCL poly(e-caprolactone), PLGA poly(D,L-lactide-co-glycolide), and PLLA
poly(L-lactide)

Fig. 26.8 The concept of thermo-activatable micelle. a The mechanism of the phase transition of
the polymer (e.g., PNIPAM) employed in a thermo-responsive micelle. b The micelle can be
designed by assembling the thermo-responsive and hydrophobic copolymer
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micelle consisting a thermo-responsive coating (Fig. 26.8). Furthermore, thera-
peutic agents, such as doxorubicin, could be encapsulated inside micelles. Upon
heating, the coatings collapsed and resulted in the release of drug contents and/or
enhanced cell attachment [227, 228]. Docetaxel has been loaded into micelles
assembled from copolymer, poly(N-isopropylacrylamide-co-acrylamide)-b-
poly(DL-lactide). The cytotoxicity of the micelles was significantly increased with
hyperthermia therapy (Fig. 26.9) [229]. In vivo study using human BCG gastric
tumor-implanted nude mice demonstrated that HT could significantly enhance the
tumor inhibition of the docetaxel-loaded micelles compared to animals without
hyperthermia treatment (82 vs. 32 %) (Fig. 26.9) [230]. Other newer types of
polymers have also been used to generate thermo-activatable particles or micelles
[231–233]. However, their performance still needs to be confirmed in vivo.

In addition to the thermo-sensitive polymer, a thermo-sensitive liposome was
introduced in the late 1970s [240]. By changing the lipid compositions, the
resulting liposomes could be fine-tuned to release the drug contents quickly at a
desired temperature [241, 242]. ThermoDox� is a low-temperature-sensitive
liposome (LTSL) composed of dipalmitoylphosphatidylcholine (DPPC), monos-
tearoylphosphatidylcholine (MSPC), and pegylated distearoylphosphatidyletha-
nolamine (DSPE-PEG2000) in 90:10:4 molar ratio [243]. It is currently
undergoing clinical trials for the treatment for liver and recurrent breast cancers.
The liposome exhibited a lower phase transition temperature and a faster drug
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Fig. 26.9 A comparison of the cytotoxicity of docetaxel-loaded thermo-responsive micelles with
and without hyperthermia therapy a ex vivo and b in vivo. Recreated with permission from Wiley
InterScience [229, 230]
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release kinetic compared to the ‘‘traditional’’ TSL (TTSL) and non-temperature-
sensitive liposome (NTSL) (Fig. 26.10). It was shown to be more effective in
reducing tumor growth rate in vivo when used in combination with HT [244].
Recently, a new class of thermo-sensitive liposome was developed by incorpo-
rating a leucine zipper peptide that has the ability to dissociate at 40 �C into the
LTSL (Fig. 26.10). The liposome exhibited a similar thermo-responsive nature,
but appeared to be more stable in serum [245].

26.5 Photo-Activatable Agents

The use of light as an external trigger in drug delivery has received a great deal of
attention recently. An external light source can be remotely and accurately con-
trolled in a temporal (when the light source is switched on) and spatial (the area to

Fig. 26.10 A design of thermo-sensitive liposome. a Schematic presentation of the drug release
mechanisms of LSTL, TTSL, and NTSL. The additional lysolipid in LTSL stabilizes the pore
formed at the phase transition temperature (Tm) to enhance the drug release kinetic. Recreated
with permission from Elsevier [301]. b A thermo-responsive liposome system was developed by
anchoring a temperature-sensitive amphiphilic peptide within the lipid bilayer. At hyperthermia,
the peptide unfolded, which made the liposome become sufficiently leaky to release the drug
content. Recreated with permission from ACS Publications [245]
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which the light is directed) manner with a resolution as high as approximately
1 lM. The early design involved the introduction of photo-isomerizable groups,
such as azobenzene or stilbene, in the hydrophobic chains [246]. Micelles or
vesicles composed of diblock copolymer of poly(azobenzene) and poly(tert-butyl
acrylate) and poly(acrylic acid) have been designed to undergo disruption and
reformation upon alternating UV and visible light illumination [246]. Currently,
many materials used for engineering photo-activatable agents are covalently
incorporated with photo-cleavable moieties [247]. For example, a photo-liable o-
nitrobenzyl group has been introduced between a hydrophobic poly(c-methyl-e-
caprolactone) and a hydrophilic poly(acrylic acid). The resulting micelles or
vesicles assembled from this polymeric construct showed significant reduction in
size and number after exposure to UV irradiation [248]. Nanoparticles constructed
from photodegradable 2-nitrophenylethlene glycol polymers have also been
reported. The particles could be triggered by UV light to release the anticancer
agent, Tagalsin G [249]. Because UV light may also cause damage to healthy cells,
NIR light has recently been proposed as the preferred trigger for in vivo appli-
cations. Furthermore, it can also penetrate more deeply into the tissue. It has been
shown that micelles composed of a hydrophilic poly(ethylene oxide) (PEO) and
hydrophobic poly([7-(dimethylamino)coumarin-4-yl]methyl methacrylate
(PDEACMM) diblock copolymer could be triggered by two-photon NIR absorp-
tion at 794 nm. The micelles were also encapsulated with a model drug (Nile Red).
As a result of photo-solvolysis, the hydrophobic component of PDEACMM, [7-
(dimethylamino)coumarin-4-yl]methyl esters, was cleaved, which led to changes
in the hydrophilic–hydrophobic balance and, subsequently, the disruption of the
micelles [250]. Similarly, a photo-sensitive polymer containing multiple quinone-
methide self-immolative moieties have been formulated into nanoparticles. In vitro
studies demonstrated a burst release of the encapsulated contents upon irradiation
at 750 nm by the two-photon process [247].

The two-photon absorption of NIR light can sometimes be slow and inefficient.
Micelles that can be directly activated by NIR have been designed. These micelles
were composed of the diblock copolymer of PEO and poly(4,5-dimethoxy-2-
nitrobenzyl methacrylate) encapsulated with NaYF4:TmYb upconverting nano-
particles (Fig. 26.11). Upon absorption of NIR light, the nanoparticles emitted
photons in the UV and visible regions, which were absorbed by the o-nitrobenzyl
groups of the polymeric components to initiate a photo-cleavage reaction. Sub-
sequently, the micelles dissociated to release the content [251]. In another design,
gold nanorods were encapsulated in thermo-sensitive microspheres. The system
utilized the photo-thermal effect of gold. Upon NIR light exposure, the encapsu-
lated gold nanorods converted the light into heat and triggered the release of the
doxorubicin from the microspheres [252].

Although many photo-activatable agents have been reported in the literatures,
their applications in vivo have not yet been confirmed. On the other hand, photo-
thermal conducting agents, such as various gold (Au) nanostructures [253–257]
and copper monosulfide (CuS) nanoparticles [258], were shown to be clinically
applicable to photo-thermal ablation therapy (PAT) [259]. They acted by
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converting the absorbed light energy into heat to eradicate the cancer cells. For
example, a-melanocyte-stimulating hormone analog, NDP-MSH, has been con-
jugated to pegylated hollow Au nanospheres (HAuNSs) and was shown to effec-
tively target murine B16/F10 melanoma for PAT [256]. Doxorubicin has also been
loaded to HAuNSs. In addition to PAT, the resulting particles, DOX@PEG-
HAuNS, could be triggered by NIR laser irradiation to release the drug locally at

Fig. 26.11 A photo-activatable micelle triggered by a direct excitation of NIR light. a The
encapsulated UCNPs absorbed the light and emitted photons at a shorter wavelength (i.e., in the
UV–visible region), which were absorbed by the o-nitrobenzyl groups of the polymeric constructs
to initiate a photo-cleavage reaction. Subsequently, the micelle dissociated and released the
content. b NIR light-triggered photoreaction of the polymeric constructs. Recreated with
permission from ACS Publications [251]

Fig. 26.12 A combination of PTA and chemotherapy. a Doxorubicin was coated at both the
outer and the inner surfaces of HAuNS. Therefore, irradiation with an NIR laser could induce
photo-thermal conversion for PTA and could also trigger the release of doxorubicin for
chemotherapy. b Photographs of MDA-MB-231 tumors after treatment with DOX@PEG-
HAuNS. Recreated with permission from Elsevier [260]
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the tumor site (Fig. 26.12) [260]. Some photo-thermal conducting agents, such as
AuroShell (TM), are currently undergoing clinical trials for the treatment for
patients with refractory and/or recurrent tumors of the head and neck.

26.6 Magnetic-Activatable Agents

The majority of magnetic-activatable agents are designed to induce hyperthermic
effects when placed in an alternating magnetic field (AMF) [261–263]. These
agents are often composed of supermagnetic nanoparticles embedded in materials,
such as porous scaffolds, polymers, liposomes, microspheres, microcapsules, and
nanospheres that are thermo-responsive [264–269]. Depending on the degree of
heat generated by the magnetic particles as a result of Néel and Brown relaxation
[270], the materials collapse, deform, or rupture, and result in the release of drug
content (Fig. 26.13a). Iron oxide (Fe3O4), together with a model drug (ibuprofen),

Fig. 26.13 a Schematic illustration of the mechanisms of magnetic-activatable agents. Recreated
with permission from Elsevier [302]. b A multimodal magnetic-activatable agent. Recreated with
permission from ACS Publications [278]
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has been embedded into silica nanospheres [271]. It was shown that the drug
release could be enhanced by the formation of porous channels upon contactless
exposure to a high-frequency magnetic field (HFMF).

Magnetic-activatable liposomes (MALs) have also been developed through
encapsulation of small superparamagnetic iron oxide nanoparticles (SPIONs)
within the aqueous core [272] or by insertion of SPIONs within the lipid bilayers
[273, 274]. When used as a combined hyperthermia and chemotherapy (i.e.,
chemohyperthermia), MALs were shown to be effective for the eradication of solid
tumors [275, 276]. For example, MALs were prepared by loading Fe3O4 nano-
particles and 4-S-cysteaminylphenol (4-S-CAP), a melanoma tyrosinase substrate,
into the cationic liposomes [276]. Results from in vivo study on B16 melanoma-
implanted mice demonstrated that the therapeutic efficacy of a combined MALs
and hyperthermia treatment was significantly higher compared to the MALs or
hyperthermia alone. A similar design using MALs loaded with docetaxel has been
proposed for the treatment for gastric cancer [277]. A multimodal SPIONs func-
tionalized with b-cyclodextrin (CD) and folic acid have been reported recently as a
magnetic-activatable agent [278]. The CD was served as a container for tamoxifen.
The heat generated upon application of high-frequency magnetic field (HFMF)
triggered the release of the drug from the CD cavity (Fig. 26.13b). One advantage
of using MALs is that the encapsulated magnetic iron oxide nanoparticles can also
be used as MRI contrast agent. For example, MALs containing cathepsin protease
inhibitor JPM-565 have been used for both the imaging (via the T2-weighted MRI
contrast) and the therapy of tumor [279].

Another approach to design magnetic-activatable system is in the form of a
cargo and a cap. The cargo is normally filled with the payload and sealed by a
thermo-sensitive cap. In the presence of an external magnetic field, the heat
generated by the magnetic nanoparticle will open the cap, leading to the release of
the encapsulated drug from the cargo. For example, magnetic mesoporous silica
decorated with single-stranded DNA was served as a cargo, whereas the pores of
the cargo were capped by magnetic nanoparticles functionalized with the com-
plementary strand (Fig. 26.14). Upon magnetic activation, the heat generated from
magnetic nanoparticle was sufficient to dehybridize the DNA, open the cap, and
release the drug molecules [280]. In another study, zinc-doped iron oxide nano-
crystals (ZnNCs) were encapsulated within mesoporous silica nanoparticles that
were surface-modified with pseudorotaxanes. Application of AMF caused internal
heating of the nanoparticles and, subsequently, dissembled the pseudorotaxanes to
release the drug content [281].

26.7 Prospective

We have described examples of some activatable agents. It is noteworthy that
many others can be triggered by reducing the environment, hydrogen peroxide,
electric field, and ultrasound that are not reported here [282–292]. There is no rule
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of thumb on how to design an activatable agent. Multiple factors, including the
nature and the progression of the disease, the accessibility to external stimuli, and
the components of the activatable agents, should be taken into account on a case-
by-case basis. To achieve better control over drug release kinetics, some activat-
able agents were designed to have more than one trigger [293–295]. In the case of
an imaging agent, it is important to establish a clinical purpose to distinguish
between normal and abnormal anatomy, locate a specific disease, evaluate the
function, and/or improve patient management.

Many other activatable agents have been reported for the treatment for diseases
other than cancer. For example, microaggregates that are sensitive to high fluid
shear have been developed for the treatment for pulmonary embolism [296]. Self-
regulated glucose-sensitive delivery systems have been created to treat diabetics
[297–299]. Further, activatable imaging agents have been used to monitor disease
progression, such as acute pancreatitis and ischemic injury [208, 300]. Until now,
although only a few of the activatable agents have been examined in in vivo
testing, many of them were shown to have great potentials. The state-of-the-art
research in multidisciplinary areas is expected to yield more sophisticated acti-
vatable systems that are biocompatible and possess favorable pharmacokinetic
properties as prospective candidates for future clinical trials.

Fig. 26.14 A schematic representation of magnetic-activatable system based on cargo-cap
concept. Drug releases from the magnetic mesoporous silica through DNA hybridization/
dehybridization. Recreated with kind permission from ACS Publications [280]
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Chapter 27
Opportunities for New Photodynamic
Molecular Beacon Designs

Kun Lou and Jonathan F. Lovell

27.1 Introduction to Molecular Beacons

27.1.1 Classic Molecular Beacons

Molecular beacons were originally described as single-stranded nucleic acid mol-
ecules with a stem-and-loop structure [1]. Molecular beacons make use of Förster
resonance energy transfer (FRET) or contact quenching, and complementary base-
pairing principles [2]. Generally, molecular beacons consist of three parts: loop,
stem, and fluorophore/photosensitizer/quencher groups. The loop portion, with
approximately 15–30 nucleotides, is usually designed to be complementary to the
target sequence. Typically composed of 5–7 nucleotides, the stem portion acts as the
flanking ends of the molecular beacon and is designed to be complementary to itself
(at the other end). Thus, before hybridization with the target, a molecular beacon is a
closed structure composed of a hairpin stem and a loop. Fluorophores (donors) and
quenchers (acceptors) are covalently linked to the 50 ends and 30 ends, respectively.
In this way, molecular beacons are closed before binding to the target, bringing
fluorophores and quenchers close together, and attenuating the fluorescence.

Several types of nucleic acid hybridization assays were used before the emer-
gence of molecular beacons [1, 3]. Two fluorophores could be brought in close
proximity with the binding of two fluorescently labeled nucleic acids to a target
strand at closely spaced positions [4]. Donor and acceptor fluorophores were also
covalently attached to two ends of the same oligodeoxyribonucleotide at 50 and 30

ends of two complementary strands [5]. Molecular beacons, flanked by two
complementary stem portions, are also based on nucleic acid hybridization. Their
advantage lies in the enhancement of selectivity and specificity brought by the
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hairpin stem. Hybridization specificity can be considered match versus mismatch
discrimination, and stem–loop molecular beacons excel in this regard, being able
to detect even a single base-pair mismatch [6]. Real-time polymerase chain
reaction (real-time PCR), where molecular beacons are often employed, benefits
from their selectivity and sensitivity since there is no need to remove excess
unhybridized probes prior to detection. The distance between fluorophores
attached to linear oligonucleotides in solution varies randomly since they behave
like a random coil, thus lowering sensitivity. The stable double-helix stem struc-
ture of molecular beacons keeps the fluorophore close to the quencher so that
fluorescence is highly quenched prior to target binding. Another desirable target
recognition feature is that molecular beacons are able to detect single-nucleotide
variations [7]. Probes do not hybridize with mismatched target sequence as long as
the reaction is carried out at appropriate temperatures [8].

Regarding their mechanism, when a fluorescently labeled beacon encounters a
target strand, the loop portion that is complementary to the target opens into a
duplex hybrid. This duplex hybrid between the loop and the target is longer and
more stable than the stem [1]. Zippering of the base pairs between the beacon loop
and the target results in unfolding of the hairpin stems [9]. Hybridization between
complementary probes and targets leads to spatial separation of the fluorophores
and quenchers covalently attached to the probe ends. The separation between
fluorophores and quenchers makes the target nucleic acids detectable by fluores-
cence measurements. Fluorescence can be viewed as light emission (of photons)
following excitation. The fluorophore is raised to a higher excitation level by light
absorption. This step is rapidly followed by a return to the lowest stable vibrational
level with heat loss. Finally, the fluorophore returns to the ground state with light
emission or non-radiative energy transfer, to which FRET and contact quenching
can be attributed [10]. In the case of photodynamic beacons, energy may ulti-
mately be dissipated by the generation of singlet oxygen following photosensitizer
intersystem crossing to its triplet state. Fluorescence and singlet oxygen are
quenched before separation between fluorophores and quenchers. High quenching
efficiency is of significance because a low background enhances the specificity of
the probes. In most cases, fluorescence of molecular beacons is quenched by FRET
or contact quenching [11], depending on the distance between the fluorophores and
quenchers. When fluorophores are brought close enough to quenchers, fluores-
cence emission intensity of the fluorophores decreases [3]. A closer distance may
trigger contact quenching (also referred as static quenching), resulting in the
formation of a non-fluorescent ground-state complex. It is believed that contact
quenching assumes a principal role to the close proximity of fluorophore and
quencher in most molecular beacons [12, 13].

Förster theory indicates that the energy transfer efficiency is inversely propor-
tional with 6 powers to the distance between the fluorophores and quenchers [2, 14].
Two prerequisites are necessary: a required interaction distance between donors and
acceptors (fluorophores and quenchers) as well as an overlap between the emission
spectrum of fluorophore and absorption spectrum of quencher [15]. Effective dis-
tance between fluorophores and quenchers ranges from 10 to 100 Å, which is
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roughly the distance of 3–30 nucleotides of double-helix DNA [10, 16]. Contact
quenching, however, is irrespective of spectral overlap. In this mode, most absorbed
energy is dissipated as heat instead of light emission [17]. Lifetime fluorescence
measurements may help distinguish the two quenching modes [12]. FRET may be
predicted by spectral overlap and the distance between fluorophores and quenchers,
and also directly applies to photosensitizers in an analogous manner [18].

Although most focus to date has been on DNA molecular beacons and their
corresponding fluorescence emission changes, the molecular beacon family has
been expanding. As an example, consider a peptide molecular beacon for DNA
imaging in cells [19]. Figure 27.1 illustrates this oligopeptide-derived molecular
beacon that changed conformation to switch to excimer emission at 490 nm from
monomer emission at 406 nm after binding to specific double-stranded DNA.
Structurally, a lysine spacer is centered laterally by two Trp-Thr-Lys tripeptide
units via C-terminus. A pyrene is attached to each N-terminus. These cationic
peptides are useful for cellular imaging due to their ability to penetrate cells [20].
Thus, the field of molecular beacons has expanded greatly beyond traditional DNA
stem–loop structures. Photodynamic molecular beacons in many ways can be
constructed in the same ways as classical and emerging molecular beacons, but
have not been explored to as great an extent.

Fig. 27.1 a Molecular structure of a pyrene-functionalized cationic oligopeptide. b Binding of
the beacon to double-stranded DNA. c Schematic working mechanism (Recreated with kind
permission from American Chemical Society; J. Am. Chem. Soc. 2012; 134(4):1958–61)
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27.1.2 Photodynamic Molecular Beacons

With the same sensitive detection ability as molecular beacons, photodynamic
molecular beacons feature light-activated singlet oxygen generating properties of
photosensitizers, which are altered, reduced, or intensified by molecular recogni-
tion or environmental changes. Historically, development of photodynamic
molecular beacons has not been based on nucleic acids. For instance, activatable
photosensitizers can control how singlet oxygen is quenched and activated via
protease control [21]. Cytotoxic singlet oxygen is only produced upon irradiation
if the photosensitizer is liberated from the quencher. Compared to fluorophores of
conventional molecular beacons, the excited singlet state can alternatively enter a
lower-energy triplet state via intersystem crossing [12]. Surrounded by diffused
oxygen molecules, triplet-state photosensitizers can interact with these to yield
singlet oxygen [22]. As for the photosensitizer spectral properties, those absorbing
at near-infrared wavelengths (650–900 nm) are usually selected since deeper tis-
sue penetration and lower background fluorescence are possible in this range due
to intrinsic optical properties of tissues [23]. The localization of photosensitizers is
also important, and partitioning into organelles like the mitochondria and endo-
plasmic reticulum can improve efficacy [22, 24]. The principles in designing
photodynamic molecular beacons for controlling singlet oxygen generation are
essentially the same as for fluorescence beacons and must enable beacon activation
upon target recognition [25, 26].

DNA-based activatable photosensitizers have been constructed as a means to
control on-and-off switching of singlet oxygen in response to nucleic acid target
binding [27]. Pyropheophorbide and Black Hole Quencher were conjugated to two
separate complimentary oligonucleotide strands to serve as photosensitizer and
quencher, respectively. Both fluorescence emission and singlet oxygen production
were almost completely shut down, while an excess of complimentary sequence was
able to recover 85 % of the singlet oxygen after hybridization. Figure 27.2 shows the
conversion of a classic molecular beacon into a photodynamic one [28]. Further
innovations include a pH-sensitive DNA i-motif controlling photosensitized singlet
oxygen [29]. The i-motif quadruplex was able to keep the photosensitizer and
quencher in close proximity in the absence of acidic conditions. The formation of the
triplet state of the sensitizer was prevented by quenching. The i-motif was not stable
when the pH was raised above five, resulting in increased distance between pho-
tosensitizer and quencher and increased singlet oxygen production. This approach
successfully permits the modulation of photodynamic activity in response to pH
change. A peptide photodynamic molecular beacon was synthesized for the diag-
nosis and treatment of epithelial cancer [30]. The photocytotoxicity is triggered via
fibroblast activation protein (FAP), which is a cell-surface serine protease in cancer-
related fibroblasts of human epithelial carcinomas but not healthy tissues. The
peptide loop specific to FAP could be cleaved and allowed restoration of fluores-
cence and singlet oxygen. Specific photocytotoxicity was observed toward HEK
cells expressing FAP, demonstrating a feasible therapeutic option as well.
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As photosensitizers are also fluorescent, they can be used for imaging combined
with photodynamic therapy (PDT). PDT is a minimally invasive therapeutic
method that avoids repeated dosage resistance and other side effects [22, 24]. PDT
aims at destroying target cells using three elements: light irradiation, photosen-
sitizers, and cytotoxic singlet oxygen [31]. Reactive oxygen species activated from
irradiated photosensitizers are responsible for killing targeted cells. PDT requires
careful planning to limit damage to surrounding healthy tissues. PDT and imaging
can be conveniently carried out with a single fluorescent photosensitizer, with
porphyrins being a good example [32]. Porphyrins have a long history as tumor-
specific diagnostic fluorescence imaging agents. For PDT applications, porphyrins
meet the demands of good availability, conjugation compatibility, quencher
compatibility, singlet oxygen quantum yield, and fluorescence quantum yield [22].
Thus, for photodynamic beacons, porphyrin-related compounds are suitable can-
didates to use in engineer beacons. Quenchers are important for photodynamic
molecular beacons since any unquenched beacons might exert unwanted singlet
oxygen on healthy tissues under irradiation. Thus, the signal-to-noise ratio is
important for therapeutic applications. Carotenoid (CAR) has been studied as a
unique quencher since it is able to directly scavenge singlet oxygen [33]. CAR has
dual quenching ability, which helps to improve beacon efficacy; photosensitizer
excited-state deactivation and singlet oxygen scavenging.

For photodynamic beacons, a linker sequence specific to the target, such as a
tumor-specific enzyme, can act as the recognition probe. The goal is to trigger the
enzymatic cleavage of the linker in disease-specific cells to restore light-induced
singlet oxygen, which is quenched in the inactive beacon. Figure 27.3 illustrates
an engineered photodynamic beacon targeting breast cancer cells [34]. Breast
cancer is a common disease and requires more effective diagnosis and treatment
options. The proposed photodynamic peptide-based beacon offers promise for non-
invasive and site-selective treatment. In this approach, the beacon was able to be
activated by matrix metalloproteinases (MMPs), proteases implicated in the dis-
ease. Another example was a membrane-permeable, cancer-specific beacon with a
built-in apoptosis sensor to carry out therapeutic and imaging functions [35]. The
beacon contained a fluorescent pyromoiety as a photosensitizer and a BHQ-3
quencher connected by the caspase-3-cleavable sequence (KGDEVDGSGK),
while folate served as a targeting moiety. The folate-carrying beacon preferentially
accumulated where folate receptors were overexpressed. Following uptake, the

Fig. 27.2 The concept of
mRNA photodynamic
molecular beacon (Recreated
with kind permission from
Royal Society of Chemistry;
Photochem. Photobiol. Sci.
2008; 7(7):775–81)
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next step involved light activation and singlet oxygen was generated. Apoptosis
led to the activation of caspase-3, which specifically cleaved the beacon. Thus,
dying cells were able to be identified by the restoration of photosensitizer emis-
sion. Although measurements of singlet oxygen luminescence and photobleaching
of photosensitizers have been taken to gauge tissue damage during the course of
PDT treatment, these methods only behave indirectly to give feedback. A sub-
sequent approach made use of 5-carboxy-X-rhodamine (Rox) as a donor, along
with the acceptor pyro and a caspase-3-specific peptide sequence. This beacon was
more effectively able to both induce and detect apoptosis [36]. This represents a
new strategy that enables light to be regulated to activate photosensitizer dosage
with direct molecular feedback. Another approach involved the combination of
photosensitizers with single-walled carbon nanotubes as quenchers [37]. Single-
walled carbon nanotubes have been regarded as efficient quenchers [38] and
intracellular carriers [39]. Chlorine 6 was attached to a single-stranded aptamer for
fluorescence and singlet oxygen generation. Upon binding to single-walled carbon
nanotubes, fluorescence and light-activated singlet oxygen were quenched. Targets
that bound to the aptamer modulated its interaction with single-walled carbon
nanotubes and released the Ce6 from quenched state. Irradiation then caused the
production of singlet oxygen.

The strategy of singlet oxygen control with photodynamic molecular beacons is
no longer limited to classic designs. An X-ray-activated system that used a lan-
thanum fluoride nanoparticle covalently linked to a photosensitizer was capable of
yielding singlet oxygen. This approach offers opportunity for the application of
photodynamic beacons deep in human tissue [40].

Fig. 27.3 Three phases of molecular beacon triggered by vertebral metastases. a Molecular
beacons are quenched when accumulated in tissue. b MMPs within vertebral metastases cleave
the loop portion of the beacon. c Beacons relieved from quenched status restore fluorescence and
trigger singlet oxygen (Recreated with kind permission from American Chemical Society;
Bioconjugate Chem. 2011; 22(6):1021–30)
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27.1.3 Thermodynamic Properties of Molecular Beacons

Most studies of molecular beacon thermodynamics have been related to nucleic
acid-based beacons. Figure 27.2 demonstrates the first nucleic acid-based photo-
dynamic molecular beacon [28], which follows the same principles as standard
molecular beacons. To investigate thermodynamic effects of molecular beacons,
an understanding of a three-state transition model of classic molecular beacons,
based on temperature, is useful to avoid false positives (activation in the absence
of targets) and false negatives (no activation with targets present) [8]. The thermal
denaturation profile of molecular beacons without targets is shown in Fig. 27.4.
Within the low-temperature phase, molecular beacons exist as loop–stem struc-
tures. Gradual increase in temperature results in the transition from a hairpin-loop
structure to a random-coil structure, as indicated as Phase 3. Note that in this case,
the increase in fluorescence with temperature increase is not due to hybridization.
High fluorescence can be achieved when all molecular beacons come to this

Fig. 27.4 Phase transition of molecular beacons in solutions. a Molecular beacons denaturation
curves: solo molecular beacons without target nucleotides (red curve), with perfectly
complementary targets (green curve) and with excess mismatched targets (blue curve) (Recreated
with kind permission from Elsevier; real-time assays with molecular beacons and other
fluorescent nucleic acid hybridization probes. Clin. Chim. Acta. 2006 Jan; 363(1–2):48–60. b
Schematic representation of three transition states. Phase 1: hybridization hybrid between
molecular beacons and targets. Phase 2: independent molecular beacons without targets. Phase 3:
molecular beacons melt into random-coiled state. Recreated with kind permission from Oxford
University Press; Nucl. Acids Res. 2003; 15,31(4):1319–30)
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completely unquenched state. Hybridization can take place between molecular
beacons and target oligonucleotides at temperatures below the DNA hybrid
melting temperature (Phase 1). The high fluorescence of the hybridized beacons
(compared to that of closed molecular beacons at corresponding temperatures)
drops noticeably with ascending temperature, due to breaking of hydrogen bonds
that form hybridized double helix. The dehybridization of the target oligonucle-
otides enables the remaining single-stranded molecular beacons to recover to
stable stem–loop structures with fluorophores becoming quenched again. This
fluorescence turning point indicates the transition of molecular beacons back into
hairpin structures (Phase 2). A portion of molecular beacons does not undergo
transition from Phase 1 to Phase 2 at all and become randomly coiled, that is,
going from Phase 1 directly to Phase 3. Eventually, all molecular beacons tend to
open to a random-coiled phase as the temperature is elevated. It is interesting that
fluorescence of random-coiled molecular beacons (Phase 3) is lower than that of
hybridization status (Phase 1) and can be attributed to incomplete quenching of
fluorophores in the random-coil form. Molecular beacons with a single-nucleotide
mismatch target experience similar transitions but with a lower transition tem-
perature at the turning point. This permits discrimination between matched and
mismatched targets and demonstrates the specificity and selectivity of molecular
beacons [8].

Melting temperature (Tm), the most important property in beacon transitions, is
defined as the temperature at which 50 % of the strands are hybridized in the
double-helix state [41]. Numerous factors are responsible for determining Tm:
base stacking [42], guanine–cytosine content (GC content), buffer composition,
stem length, and secondary structure [2, 8]. Since the thermodynamic stability of
the G-C bond is greater than the A-T bond, rich GC content sequences tend to have
a higher Tm [41, 43, 44]. A longer stem length is found to change the melting
profile by broadening the transition between free molecular beacons in loop–stem
structure to hybridized double helices [9]. Interactions between nucleotides within
the same strand may occur with secondary internal loops. These loops are regarded
as competitors against target oligonucleotide binding and decrease the Tm of the
hybrid. General thermodynamic analysis of ion effects has been studied in terms of
hairpin structure, indicating that reduced ion concentration may add to the loop
free energy and destabilize the structure [45], but once the stabilization effect is
saturated, a higher ion concentration does not further enhance stability [46]. As to
the effect of target probe length, Tm generally grows with longer probe lengths.
Stem length also exerts significant influence on the Tm. A 2.7 �C reduction in
hybrid Tm was observed by increasing the stem length by one base [9]. Ther-
modynamic analysis of molecular beacons is important due to the fact that it is
closely related to the selectivity of molecular beacons [11]; the difference between
phase transition temperature of a perfect beacon–target double helix and a mis-
matched duplex determines the selectivity of any given molecular beacon.
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27.2 Classic Molecular Beacon Design Considerations

Thanks to vast online bioinformatics tools and database resources such as basic
local alignment search tool (BLAST), we are able to target various wild-type gene
sequences from huge databases and use the corresponding complementary
sequences as beacon probes. However, several considerations should be taken to
carefully design a molecular beacon. In this section, some of these general design
considerations of classic molecular beacons will be discussed. Recent progress in
molecular beacons involves new ideas in beacon design either to enhance their
performance or to expand their applications.

The probe length, typically a 15–25-base oligonucleotide [47], should be of
suitable length in order to position the fluorophore as far as possible from the
quencher upon hybridization, or to be at least twice the length of each stem sequence
[1]. Longer probes are also beneficial for faster hybridization kinetics. However, the
different requirement of GC content between probe and stem portions is a barrier that
makes this challenging. Bounded by three hydrogen bonds, GC pairs are more stable
than AT pairs, which have only two hydrogen bonds. GC pairs should comprise at
least half of the stem pairs in order to form a secure, rigid hairpin structure, while too
much overall GC content should be avoided to avoid secondary internal loops for-
mation. These loops, however, may appear even though GC pairs are not dominating,
for example, consecutive AT pairs may also break the loop into secondary ones. To
minimize the sliding of the hybridized target along the probe, GC residues are
expected to occupy end positions of the loop [8]. Given that a wild-type sequence is a
natural genetic code, it is not always straightforward to select sequences meeting all
requirements, although the relative long length of genes compared to the molecular
beacon permits many options. The stem portion is less difficult to design, with respect
to length and GC content. Longer stems contribute to provide discrimination between
mutant mismatch targets and perfectly matched ones within a large temperature
range and increase the Tm gap between perfectly matched duplexes and mismatched
ones. However, longer stems require longer loop sequences to overcome the energy
barrier encountered in unzipping the stems and a decrease in hybridization rate may
be observed [8]. They may also lead to false-negative results, whereas short and
unstable stems give false-positive signals and higher background fluorescence [2, 9].

Fluorophores, analogous photosensitizers, and their quenchers should be selected
carefully. Overall, fluorophores and photosensitizers should be chosen to have
maximum emission spectral overlap with quencher absorption. Good quenching
efficiency is required so that accuracy and sensitivity in fluorescence detection can
be achieved with a low background signal. Fortunately, many quenchers like dabcyl
can be applied to a very wide range of fluorophores. These universal quenchers
usually exert both FRET and contact quenching [47]. Selection of fluorophores is
based on various criteria [48]: an easily tuned photophysical and spectral range,
stability against chemical, thermal, or light effects, and good bioconjugation prop-
erties. To avoid being quenched by nucleotides, it is best not to link fluorophores
next to guanosine bases, which themselves can act like quenchers [10, 49].
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Apart from design strategies, specific experimental conditions are important to
consider. For example, the reaction buffer can have profound effects on perfor-
mance. Since nucleic acid backbones are strongly negatively charged, cations such
as sodium and magnesium help balance the charge so that molecular beacons are
properly folded and florescence is quenched before the addition of target oligo-
nucleotides. Ion concentration and size are important factors [46, 50]. For in vitro
analysis, most molecular beacons are used in aqueous solutions. Organic solvents
also have been studied as a buffer for molecular beacons. Although hybridization
reactions in most common organic solvents do not take place to a full extent, faster
kinetics are observed. Tm is found to have a solvent concentration-dependent
decrease [51]. Fortunately, there are several online simulation tools that can assist
the design of DNA molecular beacons, for example, the UNAFold Web Server of
University at Albany [52]. These tools are able to give predicted thermodynamic
properties and schematic hybridization possibilities, which can greatly lower the
potential of unwanted secondary structure during the design process.

27.3 Next-Generation Molecular Beacon Designs

Numerous publications regarding optimization of molecular beacons have
described enhancements to the performance of molecular beacons and have largely
expanded the types of applications they are used in. In this section, we will
introduce some of the more recent developments in design, from adjusting the
beacon itself to incorporation with other technologies. These efforts not only
improve molecular beacon efficacy but also reveal innovative ideas that may serve
as future engineering options for photodynamic molecular beacons.

27.3.1 Optimization of Fluorophores and Quenchers

Since activatable photosensitizers share similar mechanisms with normal fluoro-
phores of molecular beacons, approaches for selecting photosensitizers can benefit
from examining recent trends in the selection of fluorophores and quenchers for
standard molecular beacons [22]. Compared to the challenge of designing an
optimal beacon stem and loop sequence, it is more straightforward to optimize
fluorophores and quenchers; for example, by using fluorophores with more
desirable spectral properties or by using quenchers that have higher quenching
efficiency. As mentioned above, the efficacy of certain quenchers can be predicted
by spectral properties alone. To further enhance sensitivity of molecular beacons, a
‘‘super-quencher’’ array of multiple quenchers was proposed [53]. 99.7 %
quenching efficiency was observed using super-quenchers, which may result from
higher absorption efficiency and the increased dipole–dipole coupling between the
quenchers and the fluorophores. The architecture of super-quenchers can be
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modified as multiple quenchers linked to a trebler phosphoramidite that branches
one end of the beacon stem or a series of quenchers linearly connected to a
photodynamic beacon [54]. Further development of this beacon led to programmed
lipoprotein and liposome nanoparticle aggregation due to the hydrophobic char-
acter of the super-quenchers, which is inserted into the nanoparticles to induce
irreversible aggregation upon target nucleic acid recognition [55].

Other than changes in type and number of quenchers, improvements can be
achieved with other design aspects. Synthesis of classic molecular beacons involves
two steps: conjugation of quenchers and conjugation offluorophores [1]. However, a
deprotection step is often required between these two steps, and therefore, more
cost-effective and simplified conjugation schemes are useful [56]. Quencher-free
molecular beacons simplify beacon design and synthesis [57]. The first example of
this approach came from attaching a fluorophore to the loop portion so the probe
provided a fluorescence differential to discriminate between perfectly matched
targets and single-base mismatches [58]. Other quencher-free molecular beacons
were subsequently reported. Analogous to contact quenching of conventional
molecular beacons, formation of H-type dimers by two identical dye molecules
tethered to both ends allowed silencing of fluorescence with restoration upon
hybridization [59]. Similarly, a spectral shift from excimer fluorescence to monomer
fluorescence with a different emission wavelength is feasible [60, 61]. These so-
called excimer–monomer switching (EMS) molecular beacons differ from non-
fluorescent dye dimerization beacons since the fluorescence intensity ratio between
excimer and monomer emissions becomes the key discriminating criteria instead of
total fluorescence intensity. Fluorescent groups themselves are able to act as
‘‘quenchers’’, with terminal fluorophores serving as quenchers for each other. The
determination of beacon opening is based on the ratio of fluorescence intensity
emitted by the two fluorophores at their respective wavelengths [62]. This type of
molecular beacon functions via wavelength shifting. Molecular beacons that do not
have typical quenchers exist. As previously mentioned, certain nucleotide bases,
especially guanosine, can quench fluorescence, so it is possible that nucleotide bases
can take the role of quenchers in well-designed schemes. This is because these
nucleotide bases tend to transfer electrons to fluorophores in terms of a photoelec-
tron transfer [63]. The geometry of the attached fluorophores is important to take full
advantage of nucleotide bases as quenchers. An interesting design used a fluoro-
phore tethered to the center of the loop, accompanied by two guanosines on either
side, to generate effective quenching [64]. Development of a quencher-free
molecular beacon that has a fluorophore within its stem portion was also reported
[56]. In this case, the microenvironment plays an important role in quenching.
Making use of the fact that some fluorophores have solvent polarity preferences and
there is a hydrophobic environment within the hybridization duplex between bea-
cons and targets, fluorescence can be switched on or off based on the position of
fluorophores. A linear probe with such strategy was synthesized [65]. As shown in
Fig. 27.5, this approach was carried out so that hybridization controlled the local
environment of the dye molecule, which was attached to the middle of one stem [56].
7-hydroxycoumarin, whose fluorescence is controlled by protonation or
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deprotonation, was used as the fluorophore. A similar approach made use of thiazole
orange (TO) and thiazole red (TR) adjacently embedded on two arms of the stem.
The incorporation of two fluorophores makes the beacon emit red when the beacon is
closed and the fluorophores are kept within the hydrophobic stem. When the com-
plementary target binds, the stem opens and shifts the red emission to a blue one.
This ‘‘DNA Traffic Light’’ approach successfully combined concepts of wavelength
shifting and in-stem labeling together to produce a smart probe that is suitable for
living cell applications. These combined strategies help to reduce false-positive and
false-negative signals given from autofluorescence or undesired quenching, which
usually occur in single-emission molecular beacons [66]. Photodynamic molecular
beacons could take advantage of the same approaches.

Considering that organic dye molecules may have short biological lifetimes,
there may be limitations for in vivo applications, and therefore, inorganic particles
have been considered as alternate reporters for molecular beacons [67]. Silver
nanoclusters (Ag NC) were proposed as a new class of fluorophore [68]. Upon the
addition of the complementary target, dark Ag NCs were transformed to bright
red-emitting ones. Rather than being quenched, Ag NCs did not show fluorescence
signal until they were brought close to guanine bases at the end of the target.
Although details of this new signal reporting are still emerging, this approach
provides advantages over classic organic dye molecules. For example, the syn-
thesis is straightforward and involves only a single step. Since Ag alone does not
produce any signal, excess reagents do not contribute to fluorescence, whereas free
organic dye molecules need to be carefully removed during purification. Quantum
dots (QDs) have also been used to label molecular beacons as fluorophores.
Compared to conventional organic fluorescent dyes, QDs are capable of serving as
fluorophores with decent quantum yields, excellent stability, tunable absorption
and emission, and a wide UV absorption spectrum [69]. Just as multicolor
molecular beacons have been used to detect multiple targets by simultaneously
using different molecular beacons with different fluorophores in the same solution
[13], different color QDs have also been synthesized and conjugated to molecular
beacons to make this possible [70]. Other efforts include replacing fluorophores
with CdSe–ZnS core–shell QDs for real-time visualization of virus replication in
living cells [71]. Water-soluble QDs may release toxic ions like Cd2+ and must be

Fig. 27.5 A quencher-free molecular beacon with a fluorophore (7-hydroxycoumarin) embedded
within the stem (Recreated with kind permission from Elsevier; Bioorg. Med. Chem. 2012; 15;
20(14):4310–5)
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carefully prepared to meet the demands of in vivo diagnostics [72]. The stabil-
ization of QDs in a wide range of environmental conditions is enhanced through
the use of silica and amphiphilic polymers. Further improvements in encapsulation
technology focus on controlling the size to lead to more efficient energy transfer
while maintaining the high quantum yield of QDs in harsh chemical environments
[73]. The size of QDs is important in that a certain distance between fluorophores
and quenchers is required for Förster energy transfer.

If these new design strategies are applied to photodynamic molecular beacons,
several advantages could be achieved. For example, enhanced singlet oxygen
quenching could lead to the more efficient beacons. Quencher-free options are
interesting to explore to generate more potent beacons. Ultimately, these designs
may lead to superior photodynamic molecular beacons that require less dosage
with enhanced efficacy.

27.3.2 New Designs of Loops and Stems

Besides the importance of quenching before activation, fast kinetics of fluores-
cence restoration and singlet oxygen generation are desirable for accurate and
effective treatment using photodynamic molecular beacons. The time needed for
either peptide cleavage or nucleic acid hybridization is an important parameter and
in some situation can be improved using new designs of loops and stems.

It may be challenging to optimize conventional molecular beacons only through
base-pair adjustment, but many new ideas have emerged that involve modification
of the loop and stem portions. Regarding the probe length of molecular beacons,
which is usually less than 30 nucleotides, it is known that very long probes may
negatively impact hybridization kinetics. However, in certain applications, such as
homogeneous PCR screening assays as an example, an unusual long or ‘‘sloppy’’
probe may be useful [74]. The aim is to use the probe in such a manner that it can
hybridize with amplicons from different species despite the presence of mis-
matched base pairs. By looking into the Tm of hybrids, each mycobacterium
sample featured a unique thermodynamic profile, regardless of the initial bacterial
concentration. Sloppy molecular beacons have been shown to be compatible with
various real-time PCR platforms in clinical microbiology detection. To determine
rifampin resistance in mycobacterium tuberculosis, the characteristic thermody-
namic profiles of sloppy beacons were used to differentiate wild-type resistance
sequences from mutant ones in approximately 2 h [75].

The development of molecular beacons with peptide stems has been explored.
While common photosensitizers suffer from killing healthy tissue from non-spe-
cific accumulation, photodynamic peptide beacons show better selectivity [34].
Singlet oxygen can be generated from photosensitizers activated by both enzymes
and target nucleic acids [21, 25]. The fact that proteases are usually overexpressed
by tumors affords opportunity for cancer diagnostics and treatment with photo-
dynamic molecular beacons. Protease-targeted molecular beacons operate on the
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basis of proteases breaking down proteins through hydrolysis of specific peptide
bonds [26, 76, 77]. Other enzymes such as nucleases have also been used as the
activating agent of molecular beacons [78]. Nucleic acid-based molecular beacons
are also capable of protein recognition. Aptamers that recognize a specific protein
can form the basis of split oligomers that report protein binding (Fig. 27.6). The
beacon responded only to Tat-1 or its peptides, while fluorescence emission was
not observed in the presence of other RNA-binding proteins [79]. Enhancement of
beacon fluorescence activation can also be achieved by protease cleavage since a
single protease can cleave multiple beacons [21]. Conventional fluorescence
beacons have been functionalized with enzyme-recognizing linkers in a similar
fashion [80]. Protease molecular beacons have fluorophores and quenchers just
like classic nucleic acid molecular beacons. They are connected by a peptide
sequence, which is cleaved in the presence of a target protease. In preclinical
studies, protease-based beacons have high delivery yield, low toxicity, and low
immunogenicity [81]. Adjacency of quenchers and fluorophores in peptide bea-
cons is realized through random or deliberate self-folding peptide sequences.
Polyarginine/polyglutamate electrostatic hairpins have also been reported to keep
quenchers and photosensitizers in close proximity [82]. Peptide nucleic acid
linkers, which recognize other nucleic acids, have been described that are based on
oligonucleotide mimics using an N-(2-aminoethyl)glycine backbone [83]. Com-
pared to analogous DNA:DNA or DNA:RNA duplexes, peptide nucleic acid
sequences tend to hybridize faster into stronger complexes due to their non-neg-
atively charged backbone [84].

Fig. 27.6 Molecular beacon aptamer for HIV-1 Tat protein detection (Recreated with kind
permission from John Wiley and Sons; Genes to Cells. 2000; 5(5):389–96)
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The expansion of the molecular beacon family is more than target-oriented.
Several pragmatic considerations have also given rise to modified beacons. Deg-
radation of oligonucleotide backbones by endogenous nucleases makes molecular
beacons vulnerable during cellular imaging applications [85, 86]. By including 20-
O-methyl-modified bases, molecular beacons become resistant to degradation.
This involves the replacement of a hydrogen atom by a methoxy group at the 20

base position and prevents enzymatic activity by RNase H [87]. An interesting
hybrid molecular beacon linker was designed using a donor and acceptor linked by
a poly(ethylene glycol) (PEG) polymer chain [88]. As shown in Fig. 27.7,
hybridization brought the two terminal ends together, without the use of any type
of loop component. This design used PEG to create spacing between the fluoro-
phore and quencher, while at the same time was flexible enough to permit effective
hybridization. This type of molecular beacons is suitable for applications in living
cells since this construct avoids nuclease degradation, protein binding, or ther-
modynamic fluctuations from which conventional molecular beacons may suffer
from [89]. On the other extreme, stem-less molecular beacons (Fig. 27.8) have
been developed with fast hybridization kinetics and good signal-to-noise (S/N)
ratios for biological applications [57, 90]. Another positive feature of stem-less
molecular beacons is that the sequence design is greatly simplified. Most molec-
ular beacons make use of a self-complementary stem sequence to silence fluo-
rescence by keeping fluorophores and quenchers in close proximity. Another stem-
hybridization strategy consists of a cleavable polyanionic peptide arm and a
polycationic peptide arm (Fig. 27.9) [82]. This photodynamic beacon was acti-
vated in the two steps of cleavage and stem dissociation. Furthermore, the poly-
cationic arm acted as a cell-penetrating peptide to facilitate cellular uptake.

Conventional molecular beacons are usually designed based on one desired
target sequence. However, this specificity is lost with undesired transitions from
hairpin structure to random coil. Within complex cellular systems, intermolecular
interactions between stems and their complementary sequences may hinder the
designed hybridization scheme and largely increase the background signal [89]. To
overcome this problem, unnatural enantiomeric L-DNA can be used to replace
natural DNA or RNA in the stem. The insertion of L-DNA does not affect physical
properties of the molecule and eliminates the possibility of ‘‘stem invasion’’ by
non-specific nucleic acids. Molecular beacons with a homo-DNA stem also protect

Fig. 27.7 A molecular beacon with stems connected by a PEG loop (Recreated with kind
permission from American Chemical Society; J. Am. Chem. Soc. 2006; 1; 128(31):9986–7)
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Fig. 27.8 Schematic working mechanism of a stem-less molecular beacon (Recreated with kind
permission from Elsevier; Anal. Biochem. 2005, 1; 347 [1]:77–88)

Fig. 27.9 A beacon composed of a pair of polycation and polyanion arms holding the dye
(D) and quencher (Q) in close proximity due to electrostatic attraction (Recreated with kind
permission from American Chemical Society; Bioconjug. Chem. 2009, 21; 20(10):1836–42)
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the stem part from unwanted interactions. Similar to L-DNA, homo-DNA stems
are orthogonal DNA analogs that do not hybridize with natural nucleic acids. The
preparation of homo-DNA can be carried out with the standard automated phos-
phoramidite chemistry used in DNA synthesis [91]. A similar concept has been
proposed with the incorporation of locked nucleic acid (LNA). Molecular beacons
with LNA backbones have superior resistance to degradation and non-specific
opening in complex biological environments. LNA molecular beacons exhibit
better thermostability and selectivity compared to standard DNA beacons [92].
The stronger stability is related to slow hybridization kinetics; thus, efforts have
been made to engineer hybrid LNA/DNA molecular beacons with faster hybrid-
ization kinetics while maintaining low background and resistance to degradation.
Insertion of LNA in the loop portion of the beacon maintains degradation resis-
tance while improving hybridization kinetics [93].

27.3.3 Other Considerations for Molecular Beacons

Several diverse improvements have been developed for various parts of molecular
beacons that deserve mention. FRET quenching and contact quenching form a
central tool for molecular beacons. However, these mechanisms have limitation in
certain applications due to interference induced by biological environments [94].
The desire for improved energy transfer mechanism comes from the fact that
acceptors may be coexcited along with the energy donors because of the overlap of
their excitation spectra [95]. Solutions to this problem could involve strategies
mentioned before, such as quencher-free designs or alternatively, to apply two-
photon excitation (TPE) to molecular beacons. TPE involves the simultaneous
absorption of two photons with lower energies to excite the fluorophores. The
coexcitation phenomenon can be avoided since TPE fluorophores are excited in
near-infrared region so that biological fluorescence and quencher TPE may be
reduced [96]. Although numerous optimized methods have been described to
maximize beacon fluorescence increase, in theory, there is only one action, i.e.,
stem disassociation, which is responsible for the signal amplification. Recently,
another step to further amplify the signal was developed by cleaving the loop after
the hybridization with the target. The beacon in this study was composed of a RNA
loop and DNA stem, while consequent addition of thermostable RNase H activated
the cleavage of RNA loop. The targets released from the cleaved loops could then
hybridize with other beacons, creating an amplification step. This enzymatic
amplification resulted in the detection of a small amount of enzyme [97].

The most developed field for molecular beacon use is real-time PCR monitoring.
As a detection tool, molecular beacons are helpful to recognize the presence of
small amounts of nucleic acids in biological samples. Since molecular beacons
remain dark before being activated, separation of probe–target hybrids is not
essential to determine the amplicon number [98]. Besides nucleic acid detection,
molecular beacons have been involved in other applications. As has been discussed,
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molecular beacons can be regarded as a therapeutic tool when transformed into
photodynamic molecular beacons to destroy target tissues [21, 25]. Furthermore,
molecular beacons are also capable of actuating drug release. Gold nanoparticles,
which have been used to quench fluorescence, can serve not only as a quencher, but
also as a substrate to carry drug delivery agents as well. In this approach, multiple
molecular beacons were immobilized onto gold nanoparticles. For each beacon,
Doxorubicin (Dox) was intercalated into the double-stranded 50-GC-30 or 50-CG-30

sequences of DNA or RNA stems. Sequestered within the stem, Dox cytotoxicity
was largely attenuated. However, Dox was released when targets opened the hairpin
structure. This strategy can be used for drug release against cancer targets by
selecting appropriate tumor-related mRNAs [99].

As a detection agent, molecular beacons have been used as to sense various
targets. Several new targets have been detected using molecular beacons recently,
including glutathione and cysteine [100], thrombin [101], human prostate cancer
cells [102]. A rapid molecular beacon-based assay has been developed to deter-
mine gene fragments along with PCR amplification products related to chronic
myelogenous leukemia (CML) [103]. Recently, a TO-labeled peptide nucleic acid
molecular beacon was applied in real time for in vivo imaging of endogenous
mRNA with single-nucleotide polymorphism (SNP) resolution [84]. A recent
demonstration of LNA molecular beacons involved the evaluation of UV induced
DNA damage. The discrimination between the damaged and undamaged DNA was
based on the finding that the UV-affected configuration has a lower Tm, which
resulted in lower fluorescence [104]. The result demonstrated that detection of
damaged DNA was possible in low target concentration, while high ionic strength
can improve the process [105]. Protein molecules can be detected using novel
approaches to molecular beacons. A gold-supported solid-state molecular beacon
without classic hairpin structure was designed (Fig. 27.10). The distance between
the gold, the quencher, and the labeled Cy3 controlled the fluorescence signal
intensity, eliminating the role for a hairpin structure. The left part of Fig. 27.10
shows the working mechanism of a single-stranded DNA probe detecting a single-
stranded DNA-binding protein (SSBP). Due to the flexibility of single-stranded
DNA, the Cy3 attached to the 30 end of the probe was quenched by the gold
substrate. The addition of SSBP moves the Cy3 away from the gold by forming a
rigid double helix. Conversely, the detection of a histone protein resulted in a
decrease in fluorescence. Taking advantage of the fact that histone is able to wind
and condense double-stranded DNA, the distance between Cy3 and the gold could
be shortened, thus lowering the fluorescence [106]. In this protein detection design,
the gold served as both the quenching and immobilization agent at the same time.
DNA damage caused by chemotherapeutic effects could be assessed via molecular
beacons. Cisplatin (cis-ziamminedichloroplatinum(II)), an anti-cancer drug, reacts
with cellular DNA and cross-links either AG or GG bases, leading to cell division
inhibition and cell death [107]. Damaged target DNA could be detected via the
decrease in fluorescence due to the mismatch base pairs. The advantage of
molecular beacons over conventional chromatographical methods to assess DNA
damage is that there is no need to isolate the damaged DNA [108].

750 K. Lou and J. F. Lovell



Ions can also be detected through molecular beacons. As shown in Fig. 27.11, a
beacon was designed consisting of two phosphorylated and pyrene-labeled oli-
gonucleotides (P1 and P2). Although they had five matching base pairs close to
labeled pyrene that served as the stem, the Tm of this hybrid was 6.5 �C less than
the experimental condition (25 �C). Thus, free P1 and P2 did not hybridize with
each other until the target Zr4+ ions were introduced to form a strong -PO3

2--Zr4+-
PO3

2--structure between the ends so that the two labeled pyrene molecules were
brought close to each other to give rise to strong excimer fluorescence. Further-
more, c-cyclodextrin was found to further amplify the signal [109]. The key to
triggering fluorescence emission in this work was the change in Tm reflected by
the structural change induced by the target ions, which is different from the tra-
ditional beacon opening scheme. A similar metal ion-activated linker, T-Hg-T, that
directly controlled the on/off state of the molecular beacon was embedded across
two sides within a beacon stem portion. The in-stem bridge acted to bring the
fluorophore and quencher together to silence the fluorescence. The beacon was
reopened with the addition of a biomarker of oxidative stress and cardiovascular
disease, homocysteine [110].

Graphene oxide has emerged as an exciting material that can be used as a
quencher [111]. A hairpin molecular beacon labeled with carboxyfluorescein was
linked to graphene oxide as a quencher. The fluorescence was sharply quenched by
graphene. The complementary target was able to restore part of the fluorescence and
lower the quenching efficiency due to the weaker adsorption of the hybrid to the
graphene oxide sheet. Damaged DNA targets failed to form intact duplex structures
with molecular beacon, which retained higher quenching [112]. Recent trends in
applying graphene oxide as quenchers include optimization of the distance range for
florescence signaling on graphene oxide, measuring beacon adsorption energy, and
optimizing the washing process required to remove adsorbed beacons [113, 114].
Other than quenching, graphene oxides use its rigidity for molecular beacons
applications. LNA-modified molecular beacons formed a delivery system together

Fig. 27.10 Molecular beacon sensor that is able to detect single-stranded DNA-binding protein
(SSBP) and histone protein (Recreated with kind permission from American Chemical Society;
Anal. Chem. 2011; 1; 83(9):3528–32)
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with polyethylenimine-grafted graphene nanoribbons (PEI-g-GNR). In this study,
graphene contributed to higher transfection efficiency due to its excellent affinity and
improvements to the resistance of the beacon [115].

27.4 Final Remarks

Researchers have been focusing on molecular beacons since the first classic
molecular beacons were reported in 1996 [1]. Their unique biorecognition ability
comes with their rationally designed structure which can target any desired nucleic
acid sequence and more recently several other target molecules. They form the
starting point to develop photodynamic molecular beacons as a new detection and
therapeutic tools. In this chapter, we introduced some fundamentals of molecular
beacons and design considerations. Recent improvements and designs of molecular
beacons can provide inspiration for future photodynamic molecular beacon design.

Instead of evolutionary improvements to the classic beacon design, many highly
novel ideas have been proposed to improve beacon performance. By modulating the
structure in numerous ways, beacons can exhibit improved performance in complex
biological environments. New biorecognition schemes using molecular beacons will
continue to be developed and inspire more novel ideas. These changes in structure
can be related back to classic molecular beacon design and serve as future design
considerations for photodynamic molecular beacons as well. There is enormous
opportunity in converting some of the molecular beacons described in the chapter
into new photodynamic molecular beacons. By replacing the fluorophores with
light-activatable photosensitizers, seamless conversion of an imaging probe to a
therapeutic probe is achieved. Thus, photodynamic molecular beacons have a bright
future ahead as they follow in the footsteps of classic molecular beacons.

Fig. 27.11 The schematics of molecular beacon detection of Zr4+ and use c-CD as a signal
amplifier (Recreated with kind permission from American Chemical Society; Anal. Chem. 2012;
6; 84(5):2124–8)
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Part IV
Biomedical Instrumentation



Chapter 28
Engineering the Next-Generation PET
Detectors

Arne Vandenbroucke and Craig S. Levin

28.1 Introduction

Positron emission tomography (PET) is a functional imaging modality whereby
contrast is generated by the biological activity of the tissue of interest. A patient is
injected with a radioactively labeled tracer that preferably accumulates in the
tissue of interest, for example a cancerous lesion, an amyloid-beta plaque in the
brain, or myocardial anomalies. The radioactive label is a positron emitting iso-
tope. Upon decay, the emitted positron deposits its energy in the surrounding tissue
before it annihilates with an electron [1]. This results in two 511 keV photons
emitted in opposite directions. There is a small acolinearity effect in the emission
of both photons when there is a finite momentum of the electron–positron system
in the laboratory reference frame at the time of annihilation. The observed aco-
linearity is dependent on the system diameter D and is measured to be 0:00243�
0:00014� D [2]. A PET camera detects many of these 511 keV photon pairs in
coincidence. These pairs are then assigned to lines of response (LOR) which are
used in the image reconstruction process to yield a tomographic 3D image of the
tracer distribution in the human body. The concept of PET photon creation and
collection is sketched in Fig. 28.1. Due to the finite width of the pixel elements,
the LORs are actually tubes-of-response. The width of these tubes is related to the
spatial resolution of the system.

In order to obtain high-quality images, contrast needs to be enhanced as much
as possible, e.g. by reducing background present in PET images. There are two
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main background mechanisms in PET: scatter and random coincidences, sche-
matically shown in Fig. 28.2.

Since a scattered photon will have lost some energy, object scatter can be
identified by measuring the energy of the detected photon accurately. Therefore, it
is desirable for a PET camera to have excellent energy resolution.

A random coincidence occurs when two photons, each originating from a
different location, are assumed to be part of the same pair. This will happen, for
instance, when only one of the two annihilation photons is detected, a situation that
may happen frequently given the limited coincidence photon detection sensitivity
of PET cameras. The number of random coincidences is reduced by utilizing a

Fig. 28.1 Left The mechanism for signal generation in PET: a positron is emitted by a proton
rich nucleus. After thermalization, the positron annihilates with an electron from the surrounding
medium, resulting in the emission of two 511 keV photons back-to-back. Right The solid red line
is an observed line of response (LOR) in a PET camera, obtained by combining the interaction
locations of the two 511 keV photons. If the center of mass momentum of the positron and
electron is nonzero in the lab reference frame when they annihilate, the photons have a slight
acolinearity. The dashed red line is the true LOR

Fig. 28.2 Object scatter (left) and random coincidences (right) cause positioning errors that
reduce image contrast and quantitative accuracy
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smaller coincidence time window, which is the time during which a PET system
considers two photons as being simultaneously emitted. PET cameras with a fine
time resolution allow for tighter coincidence windows and less random coinci-
dence background.

Newer systems with time resolution\1 ns are able to use timing information to
assign probabilities to where along the line of response the tracer was emitted,
yielding ‘‘time-of-flight’’ (TOF) PET, which we will come back to later in this
chapter (Sect. 28.6).

In order to precisely localize the tracer distribution, PET cameras should also
have a fine spatial resolution, preferably uniform across the field of view (FOV).

A fourth requirement for a PET camera is high sensitivity to detect emitted
radiation. This efficiency can be expressed as a product of a geometric form factor
egeo and an intrinsic detection efficiency e2

int. The former depends on the solid angle
coverage of the detection elements, which in term depend on the system form
factor and the packing fraction of the active detector elements. eint on the other
hand measures the efficiency to detect an incident 511-keV photon and depends on
the Zeff and the density and thickness of the detector material. Since PET requires
coincident photon detection, the intrinsic detection efficiency needs to be squared.

Since the contrast mechanism in PET images is mainly caused by biochemical
activity, it is often difficult to localize regions of high focal uptake relative to
anatomical landmarks that show little or no tracer uptake such as the organs and
skeleton in a patient’s body. The combination of a PET camera with an X-ray
computed tomography (CT) camera results in a hybrid PET/CT image and enables
precise localization of areas with high tracer uptake. In addition, the CT camera
can be used for calculating an attenuation correction, i.e. a compensation for the
nonuniform attenuation of 511-keV photons in the different tissues of the human
body. Attenuation correction results in higher-quality images. Another advantage
of this dual modality is the confirmation of suspicious lesions on both PET and CT
images, hence, reducing the number of false-positive lesions. The combination of
PET and CT camera is currently considered the best imaging modality in onco-
logic settings [3, 4].

The number of PET/CT procedures in the clinic has steadily been increasing
since the introduction of this modality around the start of the millennium. The
volume of studies increased by 7.1 % between 2008 and 2010 in the United States.
In 2011, 1:85 million patient studies were performed at 2,209 sites, up from 2,000
sites in 2008 [5]. The number of PET only sites decreased from 215 to 120 over the
same period. In 2012, 94 % of the PET/CT procedures were oncology related, 3 %
cardiology related, and 3 % in neurology. In oncology, 68 % of procedures are for
lung, breast, lymphoma, and colorectal cancer. Among these, 19 % is used for
diagnosis, 38 % for staging, 13 % for treatment planning, and 30 % therapy fol-
low-up. The increased availability of PET/CT cameras resulted in a reduced wait
time from 7 to 4 days [5].

The vast majority (96 %) of PET studies use fluoro-deoxyglucose (FDG) as a
tracer, which is a glucose analog, where the 20 OH group is replaced by 18F. Due to
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the enhanced anaerobic sugar metabolism of cancer cells (i.e., the Warburg effect,
see, e.g., [6]), FDG molecules preferably accumulate in these cells. Due to the lack
of the 20 OH group, FDG cannot be fully metabolized, and thus, remains in these
cells until 18F decays into 18O. In addition, the 110 min half-life of 18F makes the
isotope practical for use in the clinic. Other tracers are, for example, 82Rb for
myocardial studies [7] and 11C labeled PiB (Pittsburg compound B) for beta-amy-
loid imaging [8], in the quest to predict and diagnose early appearance of Alzhei-
mer’s disease. A large number of other tracers have been developed or are under
study [9].

The development of disease-specific tracers could potentially yield enhanced
contrast in PET images due to the higher specific uptake. This would result in
higher-quality images without significant improvement in instrumentation. It is
also likely that patient dose can be reduced by development of very specific
tracers. However, it is important as well to note that the fact that the Warburg
effect is present in most cancer cells has resulted in the success and usability of
FDG-PET in the clinic.

Over the last two decades, large progress has been made in the development of
PET cameras. Both clinical as well as preclinical (small animal) PET cameras
have improved spatial, energy, and time resolution, resulting in reliable visuali-
zation and quantification of smaller tumors. A general paradigm in medicine is that
earlier detection of smaller lesions results in better patient outcome. In addition,
improved spatial resolution enables improved monitoring of the effects of radio- or
chemotherapy, which often show up earlier on PET images than the corresponding
CT images. This chapter discusses the potential improvements in PET detectors
that can be implemented in the next-generation PET cameras and will result in
better image quality. In order to discuss these improvements, we start with a
description of the current generation. Throughout the chapter, we will only focus
on the improvement of the PET detectors. We refer the reader to the literature to
study improvements in CT images.

28.2 Current-Generation Commercially Available PET
Cameras

It is instructive to look at the performance of current commercially available state-
of-the-art PET/CT cameras by the leading manufacturers Philips, Siemens, and GE
Healthcare. All three manufacturers use a traditional ‘‘block-detector’’ scheme for
their cameras: a scintillation crystal is used to stop and convert the 511-keV
photons into many optical photons, which are then converted to electronic charge
using a photomultiplier-tube (PMT). The charge is further digitized and processed
by data acquisition (DAQ) boards and stored to disk. A ‘‘block detector’’ typically
consists of an array of PMTs coupled to a segmented scintillation crystal. In these,
the number of PMTs is smaller than the number of crystal elements. The seg-
mentation is optimized to maximize interaction location resolvability. Figure 28.3
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shows a photograph of a typical block detector along with a schematic of the
interaction process.

Table 28.1 gives an overview of hardware configuration and associated per-
formance of state-of-the-art cameras. We see that all manufacturers have a similar
axial field-of-view (FOV) of about 16–18 cm. The Siemens biograph comes with a
TrueV (sic) option, which allows an extended axial FOV. Array crystal element size
is typically 4� 4� 20 mm3, resulting in about 25,000 crystal elements per camera.
The GE design uses a slightly larger crystal resulting in about 14,000 crystals in the
entire camera. Acquisition time is about 15–40 min. The scintillation material used
by all manufacturers is Lutetium based, with an unspecified ‘‘lutetium-based
scintillator’’ for GE, and LYSO and LSO for Philips and Siemens, respectively.
These specifications are readily available on the manufacturer’s website.

The National Electrical Manufacturers Association (NEMA) defined proce-
dures for evaluating performance of PET systems in order to standardize these
[10]. The sensitivity, as measured by these NEMA standards, varies between 0.5
and 0.7 % (=5 – 7 counts per second (cps)/kBq), thus smaller than 1 % for all
systems. Transaxial spatial resolution is about 4.4–5.2 mm, with slightly inferior
axial resolution for the GE system due to the use of rectangular cross-sectional
crystal elements. In the most recent systems, all manufacturers have omitted the
use of septa to increase sensitivity. All systems acquire data in 3D.

28.3 Progress for Scintillation Crystals

This section covers the progress towards improving the active detector elements in
PET cameras, which are responsible for absorbing and converting the 511-keV
annihilation radiation. We first cover the more traditional method of using

Fig. 28.3 Left Optical photons are created in a scintillation crystal upon absorption of a 511-keV
photon. After a number of reflections, the optical photons reach the photodetector where they are
converted into electric charge. Right A block detector in a standard PET camera. An 8 9 8
scintillation crystal array (lower left corner) is coupled to 4 PMTs (middle) and placed in a
specially designed housing (upper right corner). Figure courtesy of Siemens Healthcare
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scintillation crystals. We will discuss various modern crystal types, the configu-
ration of these in so-called block detectors, and progress on light extraction
methods. A discussion on photodetectors coupled to these scintillators is given in
Sect. 28.4. We will discus semiconductor detectors, which directly convert the
incident photon into electric charge, in Sect. 28.5.

28.3.1 Scintillation Crystals

An optimal scintillation crystal for a PET camera should have a high stopping
power for 511 keV photons, a high light yield, fast rise and fall time, and a fine
energy resolution. In order to increase sensitivity, it is desirable to have crystals
with a high density and a high atomic number Z (or Zeff). A high light output is
desirable in order to increase the signal from the detector, which facilitates event
positioning methods and moderates the requirements on the readout electronics.

Table 28.1 Hardware and performance parameters of state-of-the-art commercially available
PET/CT cameras

Philips Siemens GE
TruFlight Biograph

TruePoint
Discovery 710

Hardware
Axial FOV cm 18 16.2 (21.6)a 15.7
Number of crystals 28,336 24,336 (32,448)a 13,824
Number of PMTs 420 576 (768)a 256b

Detector material LYSO LSO LBSc

Crystal size mm3 4 9 4 9 22 4 9 4 9 20 4.2 9 6.3 9 25
Acquisition time min 15 20 (10)a N.A.
NEMA performance
Sensitivity center cps/kBq 4.5 4.4(7.9)a 7
Transverse spatial resolution

@1 cm
mm 4.7 4.4 4.9d

Transverse spatial resolution
@10 cm

mm 5.2 4.9 6.3d

Axial spatial resolution @1 cm mm 4.7 4.5 5.6d

Axial spatial resolution
@10 cm

mm 5.2 5.9 6.3d

Peak NECR kcps@kBq/
ml

65@20 96@25(165@35)a 130@19.5

CT performance is omitted in this table. Data taken from respective manufacturer’s websites [11,
12] and Ref. [13]
a Value between brackets reflects performance with TrueV option, which extends the FOV
b Quad anode
c Lutetium-based scintillator
d 4;4.5;5 and 5 are mentioned, respectively, using advanced reconstruction techniques. See Sect.
28.3.2.6
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The energy resolution of typical scintillation crystals is only indirectly related to
the light output: given the roughly 10,000 photons created in LSO upon 511 keV
photoelectric absorption, one would expect a variation of about 1 % when using
Poisson counting statistics alone. Due to the nonproportionality of the scintillation
process [14], the energy resolution for LSO crystals is not better than 9 % FWHM
at 511 keV. Nonproportionalities in light output as a function of energy may
become more important if lower-energy detector scatter events are included in the
event-list. Currently, the detector response is often assumed linear and calibration
is done using the 511-keV photopeak position.

Another increasingly important parameter for scintillation crystals is their rise
and decay time. These are important because they impose fundamental limits on
the coincidence timing resolution of PET detectors. While the rise time is
experimentally difficult to assess, it is of great importance to the time resolution
[15]. Rise time optimization will likely yield to improved timing resolution as we
will discuss in Sect. 28.6.

The peak emission wavelength of scintillation crystals for PET detectors should
match the maximum quantum efficiency (QE) of the photon detector, in order to
increase signal output. Matching of the index of refraction of the scintillator to the
photodetector entrance window is important as well in order to reduce reflective
losses and hence to maximize the signal.

Table 28.2 gives an overview of a number of scintillation detectors and their
properties. BGO used to be a popular choice, because of its high Zeff and relatively
high density, yielding a large photon detection efficiency (PDE). However, due to its
poor decay time, moderate light output, and high index of refraction, it has been
replaced by LSO or LYSO in many recently constructed cameras. LYSO has similar
properties to LSO and is not included in the table. It is instructive to see that calcium
co-doping in LSO yields a better energy resolution and a faster decay time [16],
indicating that dopant concentration is very important for scintillator performance.

LaBr3 has excellent energy resolution and a very short decay time. However, its
drawbacks include its poor photofraction and its hygroscopic nature, which makes
it necessary to avoid contact with moisture when utilizing this crystal.

LuAP combines a fast decay time with a high density. The latter results in a short
attenuation (1/e) length. Using praseodymium (Pr) as the activating dopant instead of
cerium (Ce), as in the case of LuAg, results in an improved energy resolution, while
maintaining the fast decay. The drawbacks of LaBr3, LuAP, and LuAg are their short
emission wavelengths, resulting in tight requirements on the photodetector.

Among the newer crystals, LuI3 has some interesting properties: very high light
yield, excellent energy resolution, a short decay time, and a better attenuation
length than LaBr3. Its emission wavelength is redshifted which may be beneficial
when used with silicon-based photodetectors.

As seen from Table 28.1, the big three clinical PET system vendors all choose
Lutetium-based crystals, whereas BGO used to be the material of choice. Philips
and Siemens use LYSO and LSO respectively, GE uses a nonspecified lutetium-
based material. LuAG is currently used in an application-specific PET camera for
breast imaging [17].
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28.3.2 DOI Configurations

When comparing the newest generation of clinical PET cameras with older ones,
we see that there has been a drive to increase spatial resolution by utilizing smaller
crystals. Indeed, manufacturers use 4 9 4 mm2 crystals today, compared to
6 9 12 mm2 that was state-of-the-art in 1991 for the GE ‘‘4096+’’ system.

While the area of the crystals has been made smaller over the years, their length
has stayed more or less the same in order to maintain sensitivity. As a conse-
quence, spatial resolution of PET cameras only improved in two dimensions. The
lack of resolution in the radial dimension (i.e., along an LOR) results in a non-
uniform resolution across the FOV. This becomes apparent through increased
blurring of point sources when going from center to the edge of a camera. This
effect is also known as the parallax error, or LOR blurring and is indicated in
Fig. 28.4.

With r the radial coordinate varying between 0 and the ring radius R ¼ D=2ð Þ,
and Dd the interaction depth resolution, we obtain

r ¼ Rþ ðDd=2Þð Þ sin hi:

Looking at the figure, the precision in r, Dr, can now be expressed as

Dr � Dx=2 ¼ ðDd=2Þ sin hi ðFWHMÞ
¼ ðDd=2Þr= Rþ ðDd=2Þ½ �
¼ r= ðD=DdÞ þ 1½ �:

ð28:1Þ

This equation is plotted in the right panel of Fig. 28.4 for different Dd values.
We see that the blurring increases when going away from the center of the FOV,
and for larger interaction depth resolutions.

Fig. 28.4 Left shows the coordinates used in Eq. 28.1. Right is a numerical evaluation of the
same equation for different DOI resolutions Dd
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Improving the resolution in the radial dimension by so-called depth-of-inter-
action (DOI) measurements will increase spatial resolution uniformity across the
FOV and yield images with better resolution and contrast.1 Research groups at
universities across the globe have been investigating various detector configura-
tions to improve DOI detection. Over the next sections, we will discuss a number
of DOI configurations pursued by different research groups. An overview of these
is seen in Fig. 28.5. A more comprehensive overview can be found in [26].

28.3.2.1 Pulse Shape Discrimination

One of the first attempts to obtain DOI information was using pulse shape dis-
crimination (PSD): two or more scintillation crystals with different decay times are
coupled together. Based on the pulse shape observed, estimations are made
whether the interaction happened in the top or the bottom crystal. The design is
schematically represented in Fig. 28.5a. These configurations are also known as
‘‘phoswich’’ configurations, a combination of ‘‘phosphor’’ and ‘‘sandwich’’.
Phoswich designs originate from X- and gamma-ray astronomy experiments [27].

The PSD approach is still being investigated as a method to improve DOI in the
next-generation scanners. Mosset et al. [28] built an LSO/LuYAP combination
which is 98 % efficient in determining the correct interaction location. As shown
in simulations by Jung et al. [29], identification may be improved depending on the
optical coupling between different crystals. More recently, Vaquero et al. [30]

Fig. 28.5 Different DOI designs referred to in the text. a Phoswich; b crystal offset; c light
sharing; d dual-ended readout, e and f direct DOI measurement. The bottom row shows how the
detector output is used to obtain depth information: a uses different pulse shapes; d uses a ratio
between top and bottom detector signals; b, c, e, and f utilize crystal positions in the flood
histogram to localize interaction depth: the circles in b, c, e, and f represent the resulting crystal
element positions in a flood histogram

1 Better resolution only leads to better contrast if the size of structures are on the order of the
resolution.
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investigated a combination of LYSO and GSO coupled to a matrix of silicon
photomultipliers (Si-PMs, see Sect. 28.4.3) and evaluated a delayed charge inte-
gration method.

While several research groups have reported low misidentification and high
efficiency, the PSD approach has a number of drawbacks. One problem is that the
pulse shape needs to be determined, which increases requirements on the readout
electronics. Another disadvantage is that optical photons created in the first
scintillator need to propagate through the second scintillator in order to be
detected. This may cause a dispersion in pulse shape and degrade the timing
resolution achievable with this design. The different light output and associated
differences in energy resolution of the crystals used in a PSD design may also
introduce nonuniformities in scatter rejection capabilities.

It is worth noting that PSD has also been used in the LabPET scanner [31] in
order to reduce the number of electronic readout channels. In this design, two
crystals with different decay times are positioned next to each other and are
coupled to the same photosensor, thus multiplexing the readout by a factor of two.

In order to circumvent the discrete nature of the phoswich approach, Du et al.
[32] proposed a continuous phoswich crystal, whereby the far end and part of the
sides of a crystal are coated with a phosphor powder. The phosphor re-emits
absorbed scintillation light at a later time point and at a lower frequency. Using
different pulse shape discrimination and advanced analysis techniques [33], con-
tinuous DOI can be obtained. The authors obtained an 8 mm FWHM DOI reso-
lution for a 2-cm-thick array.

28.3.2.2 Crystal Offset Method

A solution to the different response from the different scintillators in a phoswich
design is to use a stack of the same scintillator material, albeit with an offset. The
offset causes the optical light created in the different layers to follow different
paths, resulting in different patterns on the photodetector surface, as shown in
Fig. 28.5b. The location of the focal light spot on the photodetector surface thus
gives DOI information. Liu et al. [34] stacked a 6 9 6 array of
1.8 9 1.8 9 10 mm3 LSO crystals on top of a 7 9 7 array of the same crystals.
The lower array was coupled to a position-sensitive PMT (PS-PMT). Using this
approach, the authors observed an improvement from 4.5 mm FWHM to 3.4 mm
FWHM at 30� photon incidence, with uniform energy and timing resolution.
Zhang et al. [35] stacked a 9 9 9 layer of 2.1 9 2.1 9 6.5 mm3 BGO crystals on
top of a 10 9 10 array of 2.1 9 2.1 9 11.5 mm3 BGO crystals, though with
moderate crystal identification performance. Ito et al. [36] used a similar approach
to stack 4 layers of 29 9 29, 29 9 28, 28 9 28, and 28 9 27 LSO crystals of
1.5 9 1.5 9 7 mm3 each. The second layer was offset by half a pitch in the X
direction, the third by half a pitch in the Y direction, and the fourth by an addi-
tional half pith in the X direction. Even and odd rows in the flood histogram would
thus correspond to even and odd layers. Each individual crystal was wrapped with
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a reflector. Crystal resolving power in individual layers was excellent, yet the
different DOI layers overlapped at the edges of the flood and thus were insepa-
rable, presumably due to loss of photon collection efficiency at the edge. In these
designs, the array closest to the photodetector is referred to as the ‘‘frontal’’ layer,
and the one further away from the photodetector is the ‘‘distal’’ layer.

While the crystal offset method bypasses some of the disadvantages of the
phoswich design, it has its own drawbacks. An offset method will result in non-
uniform sensitivity as inevitably the second ‘‘distal’’ layer has less solid angle
coverage than the first. A bigger problem is the light collection problem from the
distal layer, similar to that of the phoswich design, but worse since light collection
for the back crystal elements are split between two front element crystals. In addi-
tion, it is often hard to reliable distinguish both layers, in particular for incident
photon angles larger than 0�, the angles for which DOI improvement is relevant.

28.3.2.3 Light Sharing Method

In an attempt to improve the nonuniform sensitivity caused by the crystal offset
method, various researchers have experimented using different reflector arrange-
ments for different layers, instead of physically offsetting different crystal layers.
This method also results in a distinct pattern on the photodetector surface, as
shown in Fig. 28.5c. Different reflector configurations are schematically drawn
with full and dotted lines in the figure. The crystal location pattern observed on the
photodetector is not equidistant in each row, as opposed to the offset design.

Using the light sharing method, Tsuda et al. [37] made a stack of 4 layers of
16� 16 GSO crystals each measuring 1.42 9 1.42 9 4.5 mm3. Each stack con-
tained a different arrangement of light reflectors, so that a different pattern appears
on the surface of the photodetector for each individual layer. They were able to
achieve separation between the four layers, but with quite significant overlap,
leading to layer misidentification.

Inadama et al. [38] used a combination of the light sharing and the phoswich
approach to build an 8-layer DOI detector, organized as a 4-layer stack of a
phoswich of 10� 10 arrays of 2:9� 2:9� 3:75 mm3 GSO crystals with 0.5 mol%
Ce dopant and 2:9� 2:9� 3:60 mm3 GSO crystals with 1.5 mol% Ce. Each
phoswich layer had a different reflector orientation. The authors were able to
separate all layers, but also observed large overlap and hence misidentification.

28.3.2.4 Dual-Ended Readout

The previously discussed DOI approaches all feature the drawback that the dis-
persion in the optical photons from the most distal layer will be larger than the
dispersion from the proximal crystals, potentially compromising energy and timing
resolution of those distal layers. A solution to this problem could be to collect the
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scintillation light on both sides of the crystal using two photodetectors. Depth
information is obtained by the ratio of the signal collected in both photodetectors,
as shown in Fig. 28.5d. Dual-ended readout was already proposed in 1988 [39].
These authors placed PMTs in the transaxial direction on both ends of a 4� 8
array of 3� 5� 50 mm3 BGO crystals. The setup thus had a radial length of
20 mm. They were able to obtain a FWHM of 9.5 mm across the 50 mm transaxial
direction when irradiating at 0.5 mm intervals.

The development of small silicon-based avalanche photodiodes (APDs) as a
replacement for PMTs allowed dual readout in the radial direction. Such an
approach was used by the ClearPEM group [40] for use in a dedicated breast PET
camera. These researchers coupled two APDs to a 4� 8 array of 2� 2� 20 mm3

LSO crystals. The introduction of the APD and a thin circuit board between the
LSO crystals and the 511-keV source only introduces minimal scatter.

James et al. [41] used position-sensitive APDs (PSAPDs) to read out both sides
of an array comprising 0:5� 0:5� 20 mm3 LSO crystals. A DOI resolution of
1:9� 0:1 mm was obtained at a temperature of 0 �C in a design intended to be
used for small animal imaging.

The dual-ended readout seems a promising solution to estimate DOI. However,
it comes with a number of drawbacks: the number of photodetectors needs to be
doubled and positioning these inside the photon path will introduce additional
scatter. Moreover, the continuous approach currently only estimates where the
interaction happened, which yields an uncertainty in the DOI coordinate and hence
a potentially large misidentification.

28.3.2.5 Direct DOI Measurement

Instead of making an estimate of the interaction location using the ratio of the
charge collected at both ends of a scintillation crystal, the AXPET design [42]
placed a number of wavelength shifting strip (WLS) underneath an 1� 8 array of
3� 3� 100 mm3 LYSO crystals. The WLS measured 3� 40� 0:9 mm2. Both
scintillation crystal and WLS are read out by a Si-PM. The authors measured an
axial resolution of less than 1.7 mm. A similar approach for a small animal PET
camera was used in the COMPET design [43]. The drawback of this approach is
the need for photodetectors on four sides of the ‘‘block,’’ and the low light yield of
the WLS, potentially reducing the efficiency of the method.

In order to obtain direct interaction location measurements in three dimensions,
Yamaya et al. [44] built a 16� 16� 16 cube of 0:993� 0:993� 0:993 mm3

LGSO crystals (X’tal cube). Each of the six faces of the cube was coupled to a
4� 4 array of Si-PMs. Almost all of the 4,096 crystals were identified in the flood
map, albeit with 12:9 % cross talk at the edge and 6:0 % cross talk in the center.
The fabrication was improved using a laser to cut microcracks in an LYSO block,
resulting in a 3D grid [45]. A 9� 9� 9 grid with 2 mm pitch was produced using
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this method. An intrinsic resolution of 2.1 mm was obtained. The design of the
X’tal cube is shown in Fig. 28.5e. The obtained flood histogram is actually a 3D
histogram.

Another approach for 3D imaging was first proposed conceptually by Levin [46].
In this approach, an array of crystals is coupled to a thin APD. Every layer is directly
read out by a photodetector, as shown in Fig. 28.5f. A stack of these detectors forms
a 3D block detector. In this particular design, scintillation photons are collected
from the sides rather than ends of long scintillation crystal elements, increasing the
light yield and removing the dependence of light collection on DOI. Vandenbroucke
et al. [47] measured an intrinsic spatial resolution of 0:84� 0:05 mm, using an
8� 8 array of 0:9� 0:9� 1 mm3 LSO crystals coupled to a PSAPD. The PSAPDs
themselves are mounted on a thin Kapton readout circuit in order to decrease the
dead area [48]. Because of the small crystals used in this design, and their readout in
small cohorts of two 8� 8 arrays, each individual interaction location of a multiple
photon interaction events (MIPE) can be identified. These are events whereby the
511 keV photon Compton scatters once or more than once before it undergoes
photoelectric absorption. In order to include these MIPE, the readout electronics
need to be carefully designed, so that the trigger threshold can be set as low as
possible. A feasibility study of measuring these MIPE events in this stacked design
is shown in Ref. [49]. This design is currently incorporated in the construction of a
high-resolution breast PET camera [50].

28.3.2.6 Monolithic Crystals

As opposed to utilizing very small crystals for DOI estimation, a recently revived
trend in PET detector development is to use large monolithic crystals, read out by
a PS-PMT or an array of SiPMs to measure the distribution of scintillation photons
on the surface of the crystal (this design is not shown in Fig. 28.5). The position of
the 511 keV interaction can be estimated using a maximum likelihood (ML)
method. Ling et al. [51] used a 50� 50� 8 mm3 crystal coupled to a 64-channel
flat-panel PMT. The interaction reconstruction algorithm utilizes look-up tables to
estimate the interaction location. The authors used two DOI regions in their
experiment and determined a misclassification rate of 25 %, compared to a 3:5 %
misclassification in simulations. The difference is presumably due to MIPE s in the
crystal, where the 511 keV undergoes one or more Compton interactions followed
by a photoelectric absorption in the crystal. The large difference between simu-
lations and experiments indicates that it is often hard to exactly model light dis-
tributions in a crystal.

The use of thick monolithic crystals seems advantageous for increasing the
sensitivity of PET cameras, yet the spatial resolution is compromised when going
to larger crystals. Bruyndonckx et al. [52] used the Cramer-Rao inequality to
estimate the lower limit on the intrinsic resolution. Using a Monte Carlo simu-
lation, they determined this limit to be 1.7-mm-FWHM intrinsic resolution for 10-
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mm-thick LSO blocks and 2.0 mm FWHM for 20-mm-thick blocks. In a more
realistic simulation, and using a k-nearest neighbor algorithm, vanderLaan et al.
[53] determined a Cramer-Rao bound of 1.2 mm FWHM for both 20� 10� 20
and 20� 10� 10 mm3 LYSO crystals. These authors also experimentally mea-
sured the spatial resolution using a 4� 8 APD array to be 1.6 mm FWHM and
1.5 mm FWHM, respectively. The differences between experiment and simulation
are attributed to Compton scatter and X-ray fluorescence.

Both GE [54] and Siemens researchers [55] have studied the use of light
propagation models in their crystals to obtain DOI resolution. These models are
based on measured point spread functions. Reference [54] for instance determines
that using this PSF model the axial spatial resolution at 1 cm improves from 5.6 to
5.0 mm, and at 10 cm from 6.3 to 5.0 mm.

28.3.3 Scintillation Light Collection

When coupling scintillation crystals to a photodetector, much attention needs to be
given to the light propagation inside the crystal and onto the surface of the pho-
todetector, both in case of monolithic crystals and in case of discrete crystal arrays.
Researchers have investigated polished as well as as-cut surface treatments to
maximize light output or crystal identification. Various kinds of coupling materials
and reflectors have been studied, including specular reflectors, acting as perfect
mirrors, and diffuse reflectors that reflect incident light over a continuum of angles.
Many researchers use optical simulation packages to investigate the implications
of various design choices. DETECT [56] has long been the workhorse for many
scientists. However, it uses a simplified model of light propagation. In addition,
determining accurate parameters for the simulation is tricky and not always done
accurately. In an attempt to improve existing simulation packages, Janecek et al.
[57] built a tool to directly measure surface reflectance using common surface
treatments, reflectors and bonding types. They implemented their results in a look-
up table which can be interpolated in a simulation. The simulation code based on
the LUT mimics experimental data more accurately than the Geant4 [58] code. As
a consequence, attempts were made to incorporate these LUTs in Geant4. An
alternative package to simulate optical light propagation based on its electro-
magnetic properties is Litrani [59], originally written to model the crystals of the
electromagnetic calorimeter of the CMS experiment at CERN.

When the incident optical photon angle is larger than the critical angle, total
internal reflection occurs, and the light is trapped in the scintillator. In order to
avoid total internal reflection, Kronberger et al. [60] coupled a photonic crystal
(PhC) slab to the collecting phase of a standard scintillator. The PhC consists of a
lattice of holes, with the lattice constant a about 0.8 of the wavelength k. Doing so,
these researchers were able to recover all incident photon angles, including those
larger than the critical angle. This novel method of light extraction is very
promising, in particular for improving the time resolution (see Sect. 28.6).
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28.4 Photodetectors

In the last section, we focused on the design of scintillation crystals. The optical
photons created by these crystals are converted to photoelectrons in the entrance
window of the photodetector. These electrons usually are further amplified by the
photodetector in question. It is important to realize that in scintillation detection, we are
counting photoelectrons, not photons. In this section, we will discuss PMTs, APDs, and
SiPMs, since these are most commonly used in PET scintillation detection.

28.4.1 Photomultiplier Tubes

Currently, most commercial PET systems still use PMTs [61]. These typically
feature a set of dynodes in a vacuum tube, each at a different voltage. Multiple
electrons emerge upon incidence of an electron on a dynode, thus establishing
amplification. 6 dynodes, each having a multiplication gain of 10 yield a total gain
of 106. PMTs present a mature technology that has been around since about 1930
[62]. Thanks to massive use in astronomy, medical, nuclear, and particle physics,
ever since 1930, PMTs represent a robust technology [63]. There are a myriad of
different PMTs available, with various form factors ranging from about 1 cm to
over 50 cm in diameter, and a variety of different shapes. Their sensitivity ranges
from UV light at 115 nm to IR light at 1,200 nm, with the bulk of the available
devices having a peak sensitivity of about 420 nm [64].

The QE defined as the ratio of emitted photoelectrons to the number of incident
photons varies as a function of wavelength. For PET applications, the QE is about
30–35 % for blue light at around 400 nm. The gain of these PMTs typically is of
the order of 106. A supply voltage that varies between 100 and 2,000 V is needed.
PMTs are in general fast, with rise times ranging from 0.4 to 1.5 ns.

In order to reduce the number of readout channels, it is desirable to couple a
large number of crystal elements with as few PMTs as possible, as was shown in
the right panel of Fig. 28.3, which exploits the sharing of scintillation light into
multiple PMTs. For designs that use these arrays of PMTs, an approach to further
reduce the number of readout channels is to combine the signals of multiple PMTs,
which essentially shares charge rather than light to reduce the number of readout
channels. This concept is now generally known in the field as ‘‘Anger logic.’’
Using a resistive network, Anger [65] was able to readout a cluster of 7 PMTs with
3 analog signals X, Y, and Z, as shown in Fig. 28.6.

Z ¼
Xi¼7

i¼1

Pi

X ¼ Xþ � X�

Z
Xþ ¼ P1 þ P2 þ P6

X� ¼ P3 þ P4 þ P5

ð28:2Þ
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Y ¼ Yþ � Y�

Z
Xþ ¼ P2 þ P3

X� ¼ P5 þ P6

ð28:3Þ

Instead of using arrays of single PMTs, multianode PMTs have been developed.
These are also known as position sensitive PMTs (PS-PMTs) and typically feature
multiple PMTs in one housing, utilizing advanced charge multiplication systems
[66]. The multiple channels can be read out individually or combined using resistors
to form an Anger logic readout scheme. Alternative approaches to make more
compact schemes have been proposed as well [67, 68]. Manufacturers were able to
reduce the size of a 64-channel PMT to a volume of 25� 25� 20 mm3 with a
narrow peripheral zone. These PMTs are referred to as ‘‘flat-panel’’ PMTs [69].

Today, PS-PMTs remain very popular devices for the readout of scintillation
crystals. These are for example used in a commercially available breast PET
camera [70], a low-cost small animal imaging PET camera [71], and a dual-ended
DOI capable block detector intended to be used in a breast PET camera [72].

Fig. 28.6 Anger logic as described in [65]. Three readout lines are required to read out 7 PMTs,
as displayed on the right. Figure on the right reprinted with permission from [65]. Copyright
1958, American Institute of Physics
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Despite their reliability, PMTs suffer a number of drawbacks. First of all, they
are bulky, which is an inconvenience in the clinic. In particular when trying to
combine PET with another imaging modality such as CT. Even the most advanced
flat-panel PMTs remain quite large compared to the scintillation crystals used. A
second drawback is their relatively low QE. This low QE will ultimately influence
timing resolution of these devices. The rather high supply voltage required by
PMTs is detrimental as well. Finally, PMTs are sensitive to magnetic fields, since
the electrons generated in the dynodes are subject to the Lorenz force. This forms a
major difficulty when attempting to combine PET and MR into a single clinical
unit (see Sect. 28.7), where the PMTs would be located inside or close to the MR
magnetic field. Such a configuration requires extensive shielding with l-metals.
Finally, PMTs always require significant manual labor for assembly.

28.4.2 Avalanche Photodiodes

An alternative to PMTs are solid-state photodetectors. Due to the low number of
photons created in scintillation crystals upon absorption of an annihilation quantum,
the use of photodetectors without internal gain would enforce the use of extremely
sensitive electronics. Since the 1950s, however, electron multiplication in silicon
has been studied [73–76] resulting in the development of APDs. These devices
feature a reverse biased p–n junction, with a very high electric field across the
depletion region. The photoelectron created upon photoabsorption gains energy
from this field and becomes ionizing, thus creating more electron–hole pairs on its
path and establishing an avalanche, similar to a proportional counter. Gain factors
between 100 and 1,000 are achievable. Due to the statistical nature of the avalanche
process, signals created by an APD are subject to an ‘‘excess-noise’’ factor [77].

APDs typically have a higher QE than PMTs, about 80–90 % at 400 nm.
Another advantage compared to PMTs is their insensitivity to magnetic fields.
APDs are typically only 300 lm thick and thus offer a tremendous advantage
compared to PMTs in terms of size. Because their limited thickness, various
multiple layer DOI designs now become feasible. APDs have been studied in
combination with a scintillator detector for PET imaging since the 1980s [78, 79].

A multitude of different APDs have been designed, optimized for specific
applications. In scintillation detection, three types of APDs are commonly used:
‘‘reach-through’’ APDs, buried-junction ‘‘reverse’’ APDs, and diffused-junction
‘‘beveled-edge’’ APDs. Cross sections of these devices are shown in Fig. 28.7, and
a brief summary of their performance is given in Table 28.3.

Reach-through APDs, produced since the 1960s, are by far most commonly
used in scintillation applications. These devices feature a relatively thin multi-
plication region (1–10 lm) that has a large electric field across ðOð106ÞV=cmÞ.
The multiplication region is located opposite to the entrance window. Photo-
electrons thus need to transverse a large drift region (about 100–150 lm) before
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they are amplified. Buried-junction APDs [80, 81] resolve the problems related to
the large drift region by having the amplification region ‘‘buried’’ about 10 lm
below the surface.

Diffused-junction APDs have a relatively wide multiplication region (about
100 lm) in combination with a slightly smaller electric field (about 105 V=cm).
These were initially referred to as ‘‘beveled-edge’’ APDs [82–84], because of the
physical bevel present to prevent HV arching across the device. These types of
APDs have been characterized for radiation detection for example in Ref. [85]. A
new production process [86] allowed construction of these diffused-junction APDs
without the need for physical bevel formation, thus allowing for a smaller dead
area.

One of the most appealing features of APDs is its small form factor that allows
novel DOI design configurations to be designed and investigated: dual layer
designs [89], dual-ended readout [90], or 3D detectors [91]. Furthermore, these
devices are potentially produced at low cost compared to PMTs.

An APD-based small animal PET camera was first proposed in Ref. [92]. The
full system achieved a 2-mm-FWHM spatial resolution, and a sensitivity of
0.51 % [93]. The same group made two more APD-based small animal cameras
LabPET [94] and LabPET II [95].

Catana et al. [96] and Judenhofer et al. [97] have built APD-based systems that
are capable of operating inside a magnetic field. These were the first PET/MR
systems available. Another example of the practicality of using APDs in a compact

Fig. 28.7 Cross section and electric field profile of various APDs. Upper left shows a ‘‘reach-
through’’ APD; upper right, a ‘‘buried-junction’’; lower center, a ‘‘diffused-junction’’ APD. The
numbers on the left give the thicknesses of the various layers in lm

Table 28.3 Qualitative properties of different types of APDs

Type Drift region
(lm)

Multiplication
region (lm)

Gain Bias
voltage

keff 10-2

Reach through 100–150 1–10 100 100 1–5
Buried junction1 \10 1–10 \250 400 0.700
Diffused junction2 20 100 2,000 1,800 0.072

Values are approximate
1 Ref. [87], 2 Ref. [88]
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space inside a magnetic field is the CMS electromagnetic calorimeter, which exists
of tapered PbWO4 crystals coupled to APDs. The calorimeter uses over 120,000
APDs that have been running reliably during a 2 month cosmic run at 4 T [98].

Compared to PMTs, APDs have a lower gain, putting more stringent require-
ments on the noise parameters of the front-end electronics. Another disadvantage
of APDs is their lower rise time, resulting in a less performant coincidence time
resolution compared to PMTs. However, in small animal designs or dedicated
breast PET cameras, the requirements on coincidence time resolution are less
stringent, due to the smaller activity in the FOV compared to human whole-body
cameras.

APDs are very sensitive to bias voltage and temperature variations [99, 100].
This requires careful implementation of temperature regulation in systems using
these devices [101].

Shah et al. [102] designed position-sensitive APDs (PSAPDs), which have a
resistive sheet coupled to the n-side of the junction, that results in spatially
dependent charge sharing over the four corners of the sheet. Reading out these four
corners of the PSAPD and applying Anger logic allow one to readout an 8� 8 array
of small crystals with only four electronic channels [103]. The electronic channel
density can be further reduced by multiplexing multiple PSAPDs together [104].

28.4.3 Silicon Photomultipliers

When biased above the breakdown voltage, APDs operate in the so-called Geiger-
mode. Analogous to gas-based Geiger counters, the obtained signal is no longer
proportional to the incoming radiation. When a photoelectron is created in these
devices, the device breaks down inducing large charge on the readout pads. It is
essentially a binary device. However, in scintillation detection, we want to mea-
sure a signal proportional to the incoming photon energy. Proportionality is
obtained by combining many Geiger-mode APDs into a single device. These
devices are referred to as ‘‘multipixel proportional counters’’ (MPPCs) by one of
the manufacturers (Hamamatsu). A more common name for these devices is Si-
PM, because these devices feature a high gain and are able to detect single pho-
toelectrons, just like PMTs. Individual pixel sizes range from 25� 25 to
100� 100 lm2, with 100–1,600 pixels per 1� 1 cm2 device.

Much research and progress has been made in recent years in the design and
development of SiPMs for usage in radiation detection [105–107]. A model of
scintillation induced response in these devices can be found in Ref. [108]. Indeed,
these devices have desirable properties for PET applications: their large signal
amplitude loosens the requirement on subsequent readout electronics. Second,
SiPMs are fast thus enabling improved timing resolution. Moreover, SiPMs are
insensitive to magnetic fields, have a small form factor and only require a
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moderate bias voltage (\100 V). It is worth noting that these devices are also
under consideration for photon detection in particle physics and astronomy
experiments [109]. The combined demand of various research fields for SiPMs
will further encourage the improvement of these devices.

28.4.3.1 SiPM Photon Detection Efficiency

One of the most important performance parameters for SiPMs is the PDE, which is
defined as:

PDEðk;V; TÞ ¼ FF� PgðV; TÞ � QEðkÞ;

where k is the wavelength of the incident photon, V the bias voltage, and T the
temperature. FF is the fill factor, the fraction of the sensitive area occupied by
active pixels; PgðV; TÞ the probability of a Geiger discharge, and QEðkÞ the QE.
Some authors also include a factor related to the recovery time in the above
empirical formula [106].

The FF ranges from 20 to 80 %. Given that each pixel is surrounded by some
dead area, the fill factor will in general be larger for larger pixel sizes.

Since not all photons incident on the SiPM surface will create a Geiger dis-
charge, a finite probability PgðV; TÞ is assigned to each incident photon. The
probability is dependent on temperature and bias voltage and has been studied for
individual diodes since the 1970s [110, 111]. The probability increases with
increased bias voltage and, in general, varies somewhere between 0.5 and 1. Since
the breakdown voltage is temperature dependent [112], the breakdown probability
is temperature dependent as well. Absorption of optical photons in silicon is
strongly wavelength dependent: blue photons have an absorption length of about
0.1 lm, red photons an absorption length of about 10 lm. As a consequence, the
quantum efficiency QEðkÞ will be wavelength dependent. In general, a good
efficiency in the blue region is required, since most scintillators emit blue light. QE
optimization is exploited in so-called p-on-n devices [113]. It is also worth noting
that the efficiency for wavelengths shorter than blue light decreases because these
photons do not make it to the multiplication region in the device.

28.4.3.2 Other SiPM Properties

The Geiger discharge in SiPMs needs to be quenched in order to be ready to detect
the next event. Quenching is achieved by lowering the bias voltage below the
breakdown voltage, which effectively halts the Geiger discharge, followed by a
recharge of the device above the breakdown voltage. There are two modes of
quenching: ‘‘passive’’ and ‘‘active’’. In the former, the voltage drop is achieved by
a bias resistor: when the current through the resistor increases, the voltage drop
across this resistor becomes sufficiently large to lower the bias voltage below
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breakdown and thus decreases the current. This approach is also often imple-
mented for conventional APDs that will occasionally reach breakdown. The
advantage of the passive quenching method is its simplicity, disadvantageous is
the relatively long recovery time. Active quenching [114, 115] uses a comparator-
based sensing circuitry in combination with a quenching transistor to reduce the
bias voltage. For high-count-rate application, active quenching is preferred.

The gain of SiPMs increases with increasing bias voltage and decreasing
temperature. However, when plotting the gain as a function of overvoltage (i.e.,
the voltage applied above breakdown voltage), temperature dependence vanishes
[116]. Also linearity depends on the applied bias voltage: When the overvoltage is
too large, too many pixels will trigger with a loss of linearity as a consequence.
This will be apparent in unrealistically low-energy-resolution measurements [106].

Thermally generated electron–hole pairs that trigger avalanche breakdown are
responsible for the dark count rate that also increases with overvoltage and tem-
perature. At lower temperatures, the incidence of these random pairs is less; hence,
the dark count rate drops. At lower overvoltage, the probability for these thermally
generated electron–hole pairs to trigger a breakdown is lower.

One important source of background signal in SiPMs is optical cross talk [117]:
electrons or hole transitions between different energy bands may result in photon
emission [118]. When such a photon is absorbed in a neighboring cell, a break-
down may be triggered. Optical cross talk is higher at higher bias voltage. Several
methods have been investigated to reduce optical breakdown. Examples are
engineering intra-cell trenches to prevent photons from reaching neighboring cells,
or to design double p–n junctions [119].

Apart from optical cross talk, the so-called afterpulsing may influence SiPM
behavior, which is caused by carrier trapping and delayed release at impurities in
the silicon, and may influence the recovery time. The delayed release is longer at
lower temperatures.

28.4.3.3 Advanced Readout Techniques for SiPMs

In recent years, efforts were made to exploit the digital nature of the SiPM signal.
Frach et al. [120, 121] added dedicated cell electronics next to each single pixel to
sense the voltage at each pixel using a standard CMOS process. Photons are
detected and counted as digital signals, thus creating a ‘‘digital’’ SiPM. The
integration with CMOS logic reduces the requirements on subsequent readout
electronics.

Much progress is to be expected from SiPMs that integrate some circuitry in the
silicon bulk. References [122] and [123] placed the quenching resistor inside the
bulk to increase PDE for instance. Berube et al. [124] developed a single-photon
avalanche diode (SPAD) array with deep-submicron CMOS readout electronics to
realize a 3D single-photon-counting module. Through silicon vias are used to
realize the 3D heterogeneous bonding.
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Several attempts are being made to reduce the number of readout channels from
SiPM arrays. Similar to position-sensitive APDs, position-sensitive SiPMs (PS-
SiPM) are currently being studied [125, 126]. In these PS-SiPMs, all micropixels
are combined to a resistive network from which the four corners are read out.
Spatial coordinates are retrieved using Anger logic. The disadvantage of this
approach is that the noise of all cells is combined.

Fischer and Piemonte [127] propose an Interpolating SiPM (ISiPM), where
each cell is connected to one of 4 readout channels, such that the weighted sum of
a group of cells yields the center of gravity of the group. In a first prototype, all
pixels in a 3� 3 scintillator array with a pitch of 2 mm were clearly resolved.

References [128–130] investigate compressed sensing in order to further reduce
the readout channel count. The compressed sensing method employs nonadaptive
linear projections that preserve the underlying signal information at a lower
sampling rate than is required by Nyquist theory. From these projections, opti-
mization algorithms can be implemented to decode the original set of detector
signals. When combined with a good sensing matrix, this approach can produce
superior SNR compared to Anger or cross-strip multiplexing.

28.5 Semiconductor Detectors

Semiconductor detectors form an alternative to scintillation detectors. In these
detectors, electron–hole pairs created during interactions of the photo- or Compton
electron obtained by the primary gamma interaction are detected directly. Due to
this direct conversion, the energy resolution of these devices is very high, on the
order of a few % FWHM. Semiconductor detectors have the additional advantage
that their spatial resolution is determined by the pitch of the readout strip and thus
is not limited by the ability of manufacturing and organizing tiny crystals.

The most commonly used semiconductor in particle and nuclear physics
experiments is silicon. However, due to its low Z and low density, silicon is not a
very efficient absorber for annihilation radiation. Therefore, CdZnTe (CZT) and
CdTe have been considered as more appropriate alternative room temperature
semiconductors for PET imaging. Both materials have a density of about
5:85 g=cm3 and an effective Z of roughly 50. The main difference between the
materials is the bandgap and charge transport properties. We see that both Zeff and
density of CZT are slightly better than those of LaBr3.

Another advantage of using CZT is that the ratio of anode to cathode signals
can be used to estimate the depth of interaction [131]. Gu et al. [132] used this
approach in a prototype small animal CZT PET camera, achieving 1 mm reso-
lution in the direction orthogonal to the electrode planes.

Other researchers that have investigated CZT as active detector element for a
PET camera have done so in view of developing preclinical PET systems [133–
135]. The poor timing resolution achievable with semiconductor detectors makes
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them difficult to use in clinical PET system designs. Timing resolution is not that
much of an issue in small animal imaging systems due to the higher geometric
efficiency and low activity used, that reduces the number of random coincidences,
and the lack of need for TOF information.

Due to the relatively low Z, a large number of photons will undergo Compton
scatter in the CZT detector. In order to maintain sensitivity, it is desirable to
include these MIPE in the data set and ultimately in the reconstruction. This also
requires estimating the first point of interaction, which could be done by using
Bayesian estimators [136] for example. In addition, care needs to be taken to
design low-noise electronics, so the energy threshold can be set low.

28.6 Improvements in Timing Resolution

Traditionally, timing resolution was only used to reduce the random coincidences.
However, the ability to localize where along the line of response the annihilation
occurred is also enhanced by improved time resolution, see Fig. 28.8. Systems that
are able to do so are called ‘‘time-of-flight’’ systems. The advantage is that the
reconstruction converges faster or at lower counts and that more contrast is
observed in the resulting image. Better lesion contrast, and thus, detectability is
achieved using TOF imaging [137]. Typical state-of-the-art clinical systems have a
time resolution of about 500–900 ps (i.e., 7.5–13.5 cm). These resolutions help
lesion detectability in particular in larger patients [138]. Unfortunately, the current
commercially available timing resolution is insufficient to improve image quality
for smaller lesions. A lot of research currently is being performed to enhance
timing resolution. Improvements in scintillator material, light extraction, novel
photodetectors, and signal processing are likely to improve time resolution in
clinical systems in the next couple of years [139]. We present here a brief over-
view of recent accomplishments toward TOF-PET.

Traditionally, the contribution from the scintillator to time resolution is char-
acterized by three parameters: R the total number of photoelectrons generated, Q
the photoelectron number on which the discriminator is triggering, and s, the decay
time of the scintillator [140]:

Fig. 28.8 Difference between non-TOF and TOF imaging. In case of non-TOF imaging, the
annihilation event occurred anywhere along the LOR (left). In TOF imaging, we can estimate
where along the line of response the annihilation occurred, with precision Dx, which is dependent
on the time resolution: Dx ¼ c � Dt=2
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tQ ¼ s ln
1
2

Q� Rþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q� Rð Þ2þ4R

q� �� �
; ð28:4Þ

tQ being the most probable interval in which the Qth photon is detected or in other
words the time precision. The formula above yields superior timing for smaller Q,
larger R, and smaller s. The small Q requirement shows the need for the design of
low-noise electronics, so low-trigger thresholds can be set. Contributions of each
parameter individually were calculated in Ref. [141]. Taking R ¼ 2; 200, s ¼ 40 ns
(comparable to LSO) and Q ¼ 5, we achieve 73 ps. If we take Q ¼ 2, we obtain
18 ps. Using the above formula, we see that because of its higher light yield and its
faster decay time, LaBr3 is superior to LSO for timing resolution. Coincidence
resolving time of about 100 ps FWHM has been achieved with small ð3� 3�
5 mm3Þ LaBr3 crystals [142]. The crystal was used in a prototype TOF-PET
camera [143] that achieved 375 ps timing resolution.

In a more realistic approximation compared to the one of Eq. 28.2, both the
optical transit time and the scintillation rise time need to be taken into account.
The optical transit time is dependent on the crystal type, crystal dimensions and
surface treatment [144]. For a 1-cm-length LSO crystal, Powolny [141] calculated
a propagation time of 75 ps.

The rise time of the scintillation pulse has long been ignored, since it is
experimentally hard to assess, as it is typically quite short. Derenzo et al. [145]
measured a two-component rise time for a 3� 3� 30 mm LSO crystal of 30�
30 ps (88 %) and 350� 70 ps (12 %). A single-component rise time of 72� 12 ps
was measured by Seifert et al. [146] for the same crystal type. For LaBr3, the same
authors determined three exponential rise time contributions to the overall signal
rise time:
sr;1 ¼ 270� 70 psð72 %Þ; sr;2 ¼ 2:0� 0:9 nsð26 %Þ; sr;3 ¼ 130� 50 nsð2 %Þ. The
influence of a finite rise time was characterized using a bi-exponential timing
model in Ref. [147]:

f ðtÞ ¼ a

Z t

0

ðe�t=sd 1� e�t=sr

� �
dt; ð28:5Þ

with a a constant, sd the decay time, and sr the rise time. Note that if sr ¼ 0, the
traditional model without rise time is obtained. Lecoq et al. [148] calculated a
fivefold increase in the arrival time of the first photoelectron and a 2.5-fold
increase in arrival of the first five photoelectrons for a rise time of 0:2 ns with
Q ¼ 2; 200 and sd ¼ 40 ns.

When combining the effects of rise time ðrrise � 20 psÞ, propagation time
ðrprop � 75 psÞ and photoproduction time (rphot � 18 ps), the total time precision
intrinsic to the scintillator can be calculated:

rscint ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

rise þ r2
prop þ r2

phot

q
� 80 ps: ð28:6Þ
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The numeric values in the above equation show that the propagation time is an
important contribution. One way of reducing the uncertainty in propagation time is
to use DOI methods: light propagation is more constrained when the location of
the interaction of the 511 keV photon can be estimated [144, 149]. Seifert et al.
[150] measured 200 ps FWHM for a monolithic 18� 16:2� 10:0 mm3 LaBr3

crystal coupled to SiPMs using ML estimates of the interaction location. Other
methods to reduce rprop are to decrease the aspect ratio of the crystal for instance
by coupling the side of the crystal to the photodetector rather than the edge [151],
or to optimize light extraction using photonic crystals [60] as mentioned in Sect.
28.3.3.

Another reason for timing degradation are the electronics attached to the
photodetector. For standard time pickoff, the single detector time resolution is
given by [152]

DtFWHM ¼
rV

dV=dt
: ð28:7Þ

When using a constant fraction discriminator (CFD) for time pickoff, the exact
expression of time resolution is more complicated. A more elaborate expression
can be found in [153].

It is clear that in order to improve timing, we need fast rise and decay times
(i.e., fast light production), large light output, low noise, and low optimal transit
time spread. Also being able to trigger on a signal level as low as a few photo-
electrons would improve timing. Due to the high QE of SiPMs compared to PMTs,
the former may yield superior timing resolution, provided the noise is sufficiently
low.

Fishburn and Charbon [154] showed that the best timing is not always achieved
by triggering on the first photoelectron when using SiPMs: as the light detection
efficiency increases, the arrival time variances of the initial primary photoelectrons
are dominated by the Gaussian jitter rather than the exponential light emission, and
hence, the initial primary photoelectron with the minimum-variance arrival time is
not always the first primary photoelectron. According to Ref. [155], optimal timing
resolution can be further improved by 10–20 % when measuring the timestamp of
the first n photons, rather than only measuring the nth photon. For LYSO, best
results are obtained at n � 10.

The decay time of light production is dependent on the activator. For inorganic
scintillators with Ce3+ activators for example, the ultimate scintillation decay time
is around 15–17 ns [156]. The 5d–4f emission responsible for scintillation light is
roughly two times faster in Pr3+. The fundamental limit for Pr activators is around
7–9 ns [156]. Alternatively, direct bandgap semiconductors could be used: Derenzo
et al. [157] measured for example the decay of Ga-doped ZnO powder to have three
principal components with decay times of 0:11 ns ð37 %Þ, 0:29 ns ð23 %Þ and
0:78 ns ð28 %Þ. The material was further evaluated in Ref. [158].

Alternative to scintillation light, one could use the Cherenkov light produced by
the photoelectron to obtain faster timing, since these Cherenkov photons are
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produced quasi instantaneously. A few tens of Cherenkov photons are created
upon absorption of 511 keV photons [148]. Korpar et al. [159] measured coinci-
dence resolution of 71 ps FWHM by detecting Cherenkov radiation in PbF2

crystals. A drawback of this approach is the poor associated energy resolution.

28.7 MR Compatibility

In the last decade, much interest was generated in combining PET and MR imaging
modalities. MR has excellent soft tissue contrast combined with high spatial res-
olution. There has been a desire and need to combine PET and MR modalities in
order to take advantage of both modalities’ unique features [160–163].

In general, two approaches are used to combine PET and MR imaging: one is
the so-called sequential approach, where a subject first undergoes one of both
modalities, followed by the next. Advanced registration mechanisms have been
developed to co-register these images [164]. However, as patients are moved from
one bed to another, organs may move and it becomes quite challenging to fuse
images from both modalities. When using a highly specific tracer, this is even
more challenging due to the absence of anatomical landmarks. In order to mitigate
these problems, both PET and MR cameras can be located in the same room. The
bed is then translated to each scanner individually, without the need for the subject
to leave the bed. Some commercial vendors (GE and Philips) have chosen this
approach for combined PET and MR imaging. The advantage of the sequential
approach is a reduced technological challenge.

The alternative method is to place the PET camera inside the bore of the
magnet. This allows simultaneous acquisition of both modalities. However, the
space available is often limited due to the limited bore diameter, and there are
significant technological challenges to be solved. The first generation of PET/MR
systems typically used light guides to bring the scintillation photons outside of the
magnetic field, with PMTs operating in the fringe field. The advances in APD and
SiPM technology yielded second-generation PET/MR systems, which have both
the scintillator and photodetectors inside the bore, made possible by the insensi-
tivity of these solid-state photodetectors to magnetic fields. However, as pointed
out in Ref. [163], the PET part of these early second-generation small animal
imaging systems features an order of magnitude lower sensitivity, combined with a
worse spatial resolution compared to stand-alone PET systems. The challenge of
building high-sensitivity and high-resolution PET inserts is as of today still unmet.

The difficulty of designing PET cameras inside the MR bore is that the PET part
should be shielded from the intense RF field generated by the MR coils. The MR
signals, i.e., the RF waves emitted by the subject upon spin relaxation, are
extremely weak, and therefore, one needs to ensure that the PET component does
not interfere with the MR-receiving electronics. In addition, the uniformity of the
field in MR is extremely important. Care needs to be taken that the magnetic
susceptibility of the materials used in the PET component do not influence field
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homogeneity. MR gradients can for instance induce eddy currents in conductive
PET components, which generate opposing magnetic fields and hence influence
field uniformity [165]. It should also be noted that shielding is strongly field
dependent: shielding designed for a 3T magnet may not work for a 7T magnet, and
vice versa.

When using combined PET and MR scanners, it is desirable to use the MR
image to perform attenuation correction. However, as opposed to using CT for
attenuation correction, the MR protocol does not directly measure tissue attenu-
ation. MR rather measures tissue composition. Bone density varies for example
largely across patients, yet the MR only determines that a certain tissue is bone,
without directly measuring its attenuation coefficient [166, 167].

28.8 Improvements in Image Reconstruction Techniques

After collection of many LORs in a PET detector, an image reconstruction process
is applied to obtain a 3D image of the tracer concentration in a subject. The
reconstruction process is essentially an inverse Radon transform that attempts to
reconstruct the original density from projection data [168].

Statistical iterative methods to reconstruct images such a maximum likelihood
expectation maximization (MLEM) in general yield more desirable images than
the ones obtained with more conventional filtered back projection (FBP) methods
due to a better trade-off between noise and resolution. Iterative reconstruction
methods enable to incorporate information about the image formation process in
the reconstruction, such as the Poisson nature of the detection of 511-keV photons.
In addition, geometry, scatter, and attenuation corrections can be included in these
iterative algorithms.

Each iteration essentially contains a number of forward and backprojection
operations. The forward projection is represented as a matrix-vector multiplica-
tion. The vector is a discretization of the object being imaged, and the matrix
describes the linear response of the imaging system. Because the matrix is sparse,
the multiplication occurs implicitly. The backprojection involves matrix transpo-
sition. Both matrix transposition and matrix-vector multiplication form the bulk of
the computation.

Graphics processing units (GPU) have become of large interest to the PET
community to perform these computationally intensive iterative image recon-
struction algorithms [169]. GPUs feature several hundred of cores and allow over
1012 floating-point operations per second ([1 TFLOP). The speed at which GPUs
operate has been increasing faster than the increase in CPU speed. GPUs were used
for the first time in image reconstruction in 1994 [170].

Thanks to the development of readily accessible application programming
interfaces (APIs) such as NVIDIA’s CUDA, Microsoft DirectCompute or

788 A. Vandenbroucke and C. S. Levin



OpenCL, it has become relatively straightforward to use GPUs for image recon-
struction. CUDA for example provides a set of extensions to the C language that
allows the programmer to access computing resources on the GPU, without the
need to access the graphics pipeline directly as for instance was done by Pratx
et al. [171]. The many matrix transposition and matrix-vector multiplication
needed for iterative reconstruction can easily be executed in parallel on the GPU.
Also TOF reconstruction methods have been implemented on the GPU [172].

Fast image reconstruction, enabled by the use of GPUs, allows an operator for
instance to change some of the reconstruction parameters to optimize lesion
detectability as a function of patient size, lesion size, or tracer uptake. The prac-
tical advantage of a fast image reconstruction procedure is easily seen.

There also is an ongoing development to improve the quality of the recon-
structed images using scatter reduction techniques [173], random estimation and
correction [174], incorporating temporal data [175] and positron range correction
[176]. A discussion of these is beyond the scope of this chapter, a detailed over-
view can be found for example in [177].

28.9 Summary and Conclusions

We have given an overview of the current state-of-the-art commercially available
clinical whole-body PET-CT systems, followed by a discussion of various detector
design improvements under development in various academic centers and research
laboratories across the globe. It is likely that some of the techniques currently
being developed make their way to the clinic. As a consequence, in the next couple
of years significant improvements can be made toward improved clinical PET
cameras. In particular, progress is to be expected in TOF imaging in the very near
future. The use of SiPMs or novel 3D SPAD designs may improve timing reso-
lution significantly, in combination with low-noise electronics that would allow
triggering on small signals. Improved light extraction methods and scintillation
crystals may also help to further improve timing resolution. The benefits of TOF
imaging would be an enhanced image signal to noise ratio, yielding higher-con-
trast images, and potentially improving detectability of low-contrast lesions.

If the QE of various novel photodetectors can be enhanced in the shorter
wavelength region, Pr-doped scintillators like LuAg:Pr may show to have
improved characteristics compared to LSO, the current workhorse crystal in PET.

There is a clinical demand to increase the sensitivity of current clinical PET
cameras. Today’s best systems have a sensitivity\1 %. Increasing the sensitivity
may enable a higher patient throughput and/or a reduced injected dose. Avoiding
gaps between block detectors, including detector scattered MIPE in the recon-
struction, or the use of thick monolithic crystals may help to increase sensitivity.
The demand here is for low-noise electronics with low-trigger threshold in com-
bination with an excellent energy resolution.

28 Engineering the Next-Generation PET Detectors 789



In terms of spatial resolution improvement, progress is to be expected when
some of the DOI methods developed by various researchers in the field are
implemented in clinical systems. Enhancing the spatial resolution, and its uni-
formity across the FOV will lead to detectability of smaller lesions, which is
important when using PET for staging.

The large interest in combined PET and MR imaging modalities will likely lead
toward MR compatible PET systems with higher sensitivity than the current
available PET-MR systems. Also here, the development and increased reliability
of SiPMs will trigger progress.
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Characterization of the first prototypes of silicon photomultipliers with bulk-integrated
quench resistor fabricated at MPI semiconductor laboratory. Nucl Instr Meth A
718:262–265

124. Berube B-L, Rheaume V-P, Corbeil-Therrien A, Boisvert A, Carini G, Charlebois S,
Fontaine R, Pratte J-F (2012) Development of a single photon avalanche diode (SPAD)
array in high voltage CMOS 0.8 um dedicated to a 3D integrated circuit (3DIC). IEEE NSS-
MIC Conf Rec, pp 1835–1839

28 Engineering the Next-Generation PET Detectors 795



125. McClish M, Dokhale P, Christian J, Johnson E, Stapels C, Robertson R, Shah KS (2010)
Characterization of CMOS position sensitive solid-state photomultipliers. Nucl Instr Meth
A 624:492–497

126. McClish M, Dokhale P, Christian J (2011) Performance measurements from LYSO
scintillators coupled to a CMOS position sensitive SSPM detector. Nucl Instr Meth A
652:264–267

127. Fischer P, Piemonte C (2013) Interpolating silicon photomultipliers. Nucl Instr Meth A
718:320–322

128. Olcott P, Chinn G, Levin CS (2011) Compressed sensing for the multiplexing of PET
detectors. IEEE NSS-MIC Conf Rec, pp 3224–3226

129. Chinn G, Olcott PD, Levin CS (2010) Improving SNR with a maximum likelihood
compressed sensing decoder for multiplexed PET detectors. IEEE NSS-MIC Conf Rec,
pp 3353–3356

130. Chinn G, Olcott PD, Levin CS (2012) Improved compressed sensing multiplexing PET
readout. IEEE NSS-MIC Conf Rec, pp 2472–2474

131. Hong J, Bellm EC, Grindlay JE, Narita T (2003) Cathode depth sensing in CZT detectors.
arXiv preprint astro-ph/0310475

132. Gu Y, Matteson J, Skelton R, Deal A, Stephan E, Duttweiler F, Gasaway T, Levin C (2011)
Study of a high-resolution, 3D positioning cadmium zinc telluride detector for PET. Phys
Med Biol 56:1563

133. Morimoto Y, Ueno Y, Kojima S, Takeuchi W, Ishitsu T, Matsuzaki K, Umegaki K, Kubo N
et al (2010) Development of a prototype 3D PET scanner using semiconductor detectors and
depth of interaction information. Mol Imaging Integr Med Ther Drug Dev, pp 30–41,
Springer

134. Mitchell G, Sinha S, Stickel JR, Bowen S, Cirignano L, Dokhale P, Kim H, Shah KS et al
(2008) CdTe strip detector characterization for high resolution small animal PET. IEEE
Trans Nucl Sci 55:870–876

135. Vaska P, Bolotnikov A, Carini G, Camarda G, Pratte J-F, Dilmanian FA, Park SJ, James RB
(2005) Studies of CZT for PET Applications. IEEE NSS-MIC Conf Rec 5:2799–2802

136. Pratx G, Levin CS (2009) Bayesian reconstruction of photon interaction sequences for high-
resolution PET detectors. Phys Med Biol 54:5073

137. Surti S, Karp JS (2008) Experimental evaluation of a simple lesion detection task with time-
of-flight PET. Phys Med Biol 54:373–384

138. Karp JS, Surti S, Daube-Witherspoon ME, Muehllehner G (2008) Benefit of time-of-flight
in PET: experimental and clinical results. J Nucl Med 49:462–470

139. Lecoq P (2012) New approaches to improve timing resolution in scintillators. IEEE Trans
Nucl Sci 59:2313–2318

140. Lynch FJ (1966) Improved timing with NaI(Tl). IEEE Trans Nucl Sci 13:140–147
141. Powolny F (2009) Characterization of time resolved photodetector systems for positron

emission tomography. Ph.D. thesis, Université de Neuchâtel
142. Schaart DR, Seifert S, Vinke R (2010) LaBr3:Ce and SiPMs for time-of-flight PET:

achieving 100 ps coincidence resolving time. Phys Med Biol 55:N179–N189
143. Daube-Witherspoon ME, Surti S, Perkins A, Kyba CCM, Wiener R, Werner ME, Kulp R,

Karp JS (2009) The imaging performance of a LaBr 3-based PET scanner. Phys Med Biol
55:45–64

144. Spanoudaki VC, Levin CS (2010) Investigating the temporal resolution limits of
scintillation detection from pixellated elements: comparison between experiment and
simulation. Phys Med Biol 56:735–756

145. Derenzo SE, Weber MJ, Moses WW, Dujardin C (2000) Measurements of the intrinsic rise
times of common inorganic scintillators. IEEE Trans Nucl Sci 47:860–864

146. Seifert S, Steenbergen J, van Dam H, Schaart DR (2012) Accurate measurement of the rise
and decay times of fast scintillators with solid state photon counters. JINST 7:P09004

147. Shao Y (2007) A new timing model for calculating the intrinsic timing resolution of a
scintillator detector. Phys Med Biol 52:1103

796 A. Vandenbroucke and C. S. Levin



148. Lecoq P, Auffray E, Brunner S, Hillemanns H, Jarron P, Knapitsch A, Meyer T, Powolny F
(2010) Factors influencing time resolution of scintillators and ways to improve them. IEEE
Trans Nucl Sci 57:2411–2416

149. Moses WW, Derenzo SE (1999) Prospects for time-of-flight PET using LSO scintillator.
IEEE Trans Nucl Sci 46:474–478

150. Seifert S, van Dam H, Huizenga J, Vinke R, Dendooven P, Löhner H, Schaart DR (2012)
Monolithic LaBr3: Ce crystals on silicon photomultiplier arrays for time-of-flight positron
emission tomography. Phys Med Biol 57:2219

151. Levin C (2008) New imaging technologies to enhance the molecular sensitivity of positron
emission tomography. Proc IEEE 96:439–467

152. Spieler H (1982) Fast timing methods for semiconductor detectors. IEEE Trans Nucl Sci
29:1142–1158

153. Lecomte R, Pepin C, Rouleau D, Dautet H, McIntyre R, McSween D, Webb P (1999)
Radiation detection measurements with a new ‘‘Buried Juncion’’ silicon avalanche
photodiode. Nucl Instr Meth A 423:92–102

154. Fishburn MW, Charbon E (2010) System tradeoffs in gamma-ray detection utilizing SPAD
arrays and scintillators. IEEE Trans Nucl Sci 57:2549–2557

155. Seifert S, van Dam HT, Schaart DR (2012) The lower bound on the timing resolution of
scintillation detectors. Phys Med Biol 57:1797–1814

156. Dorenbos P (2010) Fundamental limitations in the performance of Ce3+, Pr3+, and Eu2+
activated scintillators. IEEE Trans Nucl Sci 57:1162–1167

157. Derenzo SE, Weber MJ, Klintenberg MK (2002) Temperature dependence of the fast, near-
band-edge scintillation from CuI, HgI2, PbI2, ZnO:Ga and CdS:In. Nucl Instr Meth A
486:214–219

158. Bourret-Courchesne ED, Derenzo SE, Weber MJ (2009) Development of ZnO:Ga as an
ultra-fast scintillator. Nucl Instr Meth A 601:358–363
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Chapter 29
Photoacoustic Imaging: Development
of Imaging Systems and Molecular Agents

Adam de la Zerda

29.1 Photoacoustic Effect

Photoacoustic imaging is based on the conversion of light into sound waves, an
effect that was first observed by Alexander Graham Bell in 1880 [1]. In photoa-
coustic imaging, the light excitation is typically a nanosecond-pulsed laser and the
sound waves that are emitted and detected are in the frequency of ultrasound
waves. A light absorbing material that is illuminated with a short laser pulse will
lead to a local temperature increase DT in time and space. This produces an initial
pressure p0 due to the thermoelastic expansion p0 = b�DT/j, where b is the
thermal expansion coefficient and j is the isothermal compressibility. If the
duration of the laser pulse that causes DT is short enough, the initial pressure p0

can be represented in terms of the energy density that was absorbed by the
material, A, as follows: p0 = C�A, where C is the Grüneisen coefficient, a
dimensionless quantity that provides a measure of the conversion efficiency of
absorbed energy density to pressure. C is given by C = bc2/Cp, where c is the
speed of sound in the medium and Cp is the specific heat capacity. This rapid
increase in pressure can be modeled as an impulse response that propagates out-
ward according to the wave equation. A bulk change in temperature of 10-3 �C
will result in a pressure rise of 800 Pa, which is well within the detectable levels of
modern ultrasound detectors. In cases where a long laser pulse is used, some of the
absorbed energy can be lost through conduction and convection processes, in
which case the temperature increase will not be linearly related to the absorbed
energy density, A, and therefore, p0 will not be linearly related to A.

The energy density that is absorbed by a tissue A (measured in J/cm3) satisfies
A = la�F, where la is the absorption coefficient of the material (measured in
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cm-1) and F is the excitation light fluence (measured in J/cm2). In a living tissue,
A is a function of time and space. The Grüneisen coefficient C, on the other hand,
does not vary significantly across a tissue, and hence, C would often be treated as a
constant. Situations where C is not constant gave rise to new measurement out-
comes of photoacoustic imaging, such as the ability to measure temperature in
deep tissue through the weak dependency of C on local temperature [2].

29.2 Conditions for Creating Photoacoustic Signals

An important aspect of building a tomographic imaging system is the ability to
localize the origin of a signal in space. In photoacoustic imaging, this requirement
is translated to a number of conditions imposed primarily, but not entirely, on the
laser excitation system. Consider a laser pulse of long duration that is illuminating
a small optically absorbing particle. During the course of illumination, the heat
generated by the particle will begin to diffuse to its surroundings, leading to
photoacoustic waves originating from around the particle as well. Similarly,
photoacoustic waves will be created throughout the course of illumination and
until the laser pulse is over, which reduces the effective spatial resolution of the
system. These two situations are summarized below as the thermal confinement
condition and the stress confinement condition, respectively.

29.2.1 Thermal Confinement Condition

Let Lp be the size of an object that is intended to be visualized by a photoacoustic
system. Hence, over the course of the pulse illumination, the heat produced by the
object should not diffuse more than the size of an object itself (Fig. 29.1). The heat
diffusion distance is given by the thermal diffusion length: dT ¼ 2

ffiffiffiffiffiffiffiffiffiffi
DT tp

p
, here DT

is the thermal diffusivity of the tissue (a constant with a typical value for most
tissues of *1.4 9 10-3 cm2/s) and tp is the laser pulse duration. Hence, the
thermal confinement condition can be written as follows: dT \ Lp. For example, a
laser pulse duration of tp = 0.5 ls (a relatively long laser pulse) will result in
dT = 0.5 lm. This can easily be achieved, as the spatial resolution of most
photoacoustic tomography (PAT) systems is typically much larger than 0.5 lm.

29.2.2 Stress Confinement Condition

Similarly to the thermal confinement condition, the stress confinement condition
requires that over the course of the light excitation pulse, photoacoustic waves
produced by the object should not travel longer than the size of the object
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(Fig. 29.2). Over the course of one pulse duration, photoacoustic waves travel a
distance of tpc (c = 1.54 mm/ls in soft tissues). Hence, the stress confinement
condition requires that tpc \ Lp. For example, for a laser pulse duration of
tp = 0.5 ls, the photoacoustic waves travel tpc = 770 lm, which greatly smears
the spatial resolution of most photoacoustic systems. To allow a spatial resolution
of 150 lm (i.e., Lp = 150 lm), the laser pulse duration tp must be no more than
97 ns. As can be seen, it is much harder to satisfy the stress confinement than the
thermal confinement.

29.3 Photoacoustic Tomography

PAT has rapidly developed over the past two decades into a powerful imaging
modality that provides high tissue depth of penetration while maintaining high
spatial and temporal resolutions. It has found a diverse range of applications in
oncology [3], ophthalmology [4], endoscopy [5], dermatology [6], cardiology [7],
and neurology [8]. Based on the photoacoustic effect, the principle of PAT is the
conversion of pulsed light into ultrasound waves by absorbing molecules in a
tissue and the detection of these ultrasound waves using an ultrasound trans-
ducer(s) to form an image. In photoacoustic tomography, a tissue will be illumi-
nated by a broad diffuse laser pulse. The pulse energy will propagate through the
tissue as it is scattered and absorbed by chromophores in the tissue. The absorbed
photons are converted into heat, leading to a local transient temperature rise. This
increase in temperature generates a local pressure rise, according to the thermo-
elastic expansion. The pressure propagates as an ultrasound wave until it gets to
the surface of the tissue. An ultrasound transducer or an array of transducers is
measuring a time trace of the ultrasound waves as they reach the surface of the
tissue. The traces are then reconstructed into a full three-dimensional photoa-
coustic image that represents the origin of the photoacoustic waves. Various

Fig. 29.1 Thermal
confinement

Fig. 29.2 Stress confinement
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reconstruction algorithms were devised for various photoacoustic system geome-
tries and are the topic of other reviews [9]. The photoacoustic signal is propor-
tional to the product of the object absorption coefficient and the fluence of light
reaching this object, which represents the absorbed energy density by the object.
Because the absorption and scattering of ultrasound waves by a tissue are rela-
tively minimal, PAT provides high tissue depth of penetration as well as a high
spatial resolution. Finally, unlike in ultrasound imaging, PAT exhibits minimal
speckle artifacts. This is because the ultrasound waves forming the image prop-
agate in one direction (from the tissue to the transducer) and therefore do not have
an opportunity to coherently interfere with each other.

29.3.1 Intrinsic Contrasts

A number of chromophores are endogenously expressed by different tissues. Of
particular relevance are the chromophores which are highly abundant and exhibit
an absorption profile in the visible or near-infrared range. Such molecules include
hemoglobin, melanin, water, fats, and certain proteins (Fig. 29.3). Since in most
tissues hemoglobin absorption dominates most other endogenous chromophores, a
photoacoustic image of a tissue would primarily show the distribution of blood
within the tissue. Hemoglobin at different oxygen saturation levels will display
different absorption spectra. This difference in optical absorption between oxy-
genated and deoxygenated hemoglobin can be exploited to map the blood oxy-
genation levels within a tissue, by acquiring multiple photoacoustic imaging at
different wavelengths and quantifying the spectra of each pixel in the image using
a spectral component analysis algorithm [10]. Melanin is also a major absorber in
tissues such as skin and the retinal pigment epithelium (RPE) in the eye. In those
tissues, melanin will be the main contributor for the photoacoustic signal at the
visible and near-infrared wavelengths. Applications of photoacoustic imaging of
melanin include visualizing melanoma tumors in the skin [11] and imaging the
retina [4, 12]. Finally, morphological changes in a tissue, such as those occurred
during a thermal burn, can cause changes in the optical absorption of the skin that
outlines the physical extent of the burn and may help in classifying burns based on
their depth [13].

29.3.2 PAT Imaging Configurations

There are largely two categories for PAT setups, a first using diffuse light and an
unfocused transducer array and a second using diffuse light and a focused trans-
ducer. The second implementation is also referred to as acoustic-resolution
photoacoustic microscopy (AR-PAM) and should not be confused with optical-
resolution photoacoustic microscopy (OR-PAM), where light is also tightly
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focused with a lens, thereby providing optical resolution in the lateral plane of the
image. Previous reviews have covered in detail the various PAT setups [14, 15].
Here, we briefly review some of the common PAT setups at the context of the
applications to which they are best suited for.

29.3.2.1 Spherical Scanners

Since the photoacoustic waves that are formed by an optically absorbing object
travel in all directions, the ultimate tomography system would provide a good
coverage of the tissue surface where ultrasound waves can be measured. Ultra-
sound detectors arranged in a half sphere would therefore provide a near ideal
arrangement for imaging the breast [16], as depicted in Fig. 29.4. The excitation
light in this system is delivered through a fiber that is attached to an Nd:YAG laser
source that is further converted using an optical parametric oscillator (OPO) to any
wavelength of choice in the near infrared at a pulse repetition rate of 10 Hz. The
ultrasound array is composed of 128 individual unfocused transducers with a
center frequency of 5 MHz arranged in a sparse spiral patterns on a bowl. To
further improve the spatial coverage of the tissue surface, the ultrasound array is
incrementally rotating so by the end of the acquisition, most of the tissue surface
has been sampled. This provides an isotropic spatial resolution of *250 lm across
a 5-cm-diameter field of view. Since all 128 ultrasound transducers are sampled
simultaneously, a photoacoustic image made from 240 rotational positions can be
acquired in 24 s. In addition to imaging the breast, this system has been used for
whole-body small animal imaging [17] (Fig. 29.4c). Another implementation of a

Fig. 29.3 Optical absorption spectra of the common endogenous absorbers in tissues.
Deoxygenated and oxygenated hemoglobin (Hb and HbO2, blue and red, respectively; http://
omlc.ogi.edu/spectra/hemoglobin/summary.html), melanin (Eumelanin, gray; http://
omlc.ogi.edu/spectra/melanin/), and water [84] (black; http://omlc.ogi.edu/spectra/water/data/
kou93b.dat) in arbitrary units. The final absorption coefficient of a tissue will constitute some
linear combination of these components, where the relative weights will vary across tissues
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spherical scanner is through a linear ultrasound array arranged as an arc that is
rotating about an object [18, 19]. Whatever the arrangement of transducers is, the
common reconstruction method for spherical scanners is the spherical back pro-
jection algorithm [9]. However, it is possible to incorporate some prior knowledge
on the structures and elements that make up the tissue to form an even higher-
quality photoacoustic image using wavelet filtering [19]. This allowed the system
to generate detailed images of a mouse abdomen (Fig. 29.5). The arc array is made
of 64 transducer elements at a center frequency of 3.1 MHz. Over a 360� rotation,
this covers nearly a perfect sphere for an accurate reconstruction, resulting in an

Fig. 29.4 Hemispherical photoacoustic tomography breast scanner. a Schematic of system.
b Maximum intensity projection of the left breast of a healthy individual taken at an excitation
wavelength of 800 nm. Arrows at the top represent the direction of the excitation light
illumination, and the hollow arrow shows the position of a blood vessel at a depth of 40 mm.
Hollow box is 1 9 1 cm in size. c Maximum intensity projection photoacoustic image of the
abdominal section of a mouse. Note the clear vasculature detail evident in the kidney. Recreated
with kind permission from American Association of Physicists in Medicine and SPIE [16, 17]
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isotropic 0.5 mm spatial resolution. To achieve high signal-to-noise ratio, each
ultrasound measurement is taken by averaging the response from 32 laser pulses.
This greatly compromises the temporal resolution of the system, which was 8 min
per three-dimensional image of a whole mouse.

29.3.2.2 Cylindrical Scanners

Similarly to spherical PAT scanners, in cylindrical scanners, photoacoustic waves
are measured across the surface of a cylinder that surrounds the object. This has
been implemented either using a single-element transducer that rotates around the
object [20], or using an ultrasound transducer array arranged in a circle [21]. The
single-element transducer implementation is particularly popular among the
cylindrical scanners, primarily for its simplicity and low cost. Figure 29.6 shows
the implementation of such cylindrical system, comprising a 3.5 MHz transducer
focused on the elevation (z) axis. The illumination and the object are not moving
during the scan, while the transducer is rotating around the object in circles. The
object is illuminated from the top using an Nd:YAG laser of 532 nm at a safe laser
energy density of less than 10 mJ/cm2. This resulted in a system with 200 lm
spatial resolution. Such cylindrical scanners have found applications in monitoring
tumor growth [22], early detection of arthritis [23], and monitoring brain hemo-
dynamics [24].

Fig. 29.5 Whole-body small animal photoacoustic tomography spherical scanner. a An arc-
shaped ultrasound array made with 64 elements that rotate 360� around the animal. b Three-
dimensional rendering of a photoacoustic image of a nude mouse. Several anatomical structures can
be clearly seen including the kidneys and spleen. Recreated with kind permission from SPIE [19]
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29.3.2.3 Planar Scanners

In tissues such as skin or tissues containing bone structures, acquiring the large
angular aperture needed for spherical and cylindrical scanners is not feasible. In
such cases, acquiring photoacoustic signals over a flat surface with a planar
scanner is preferable. Planar scanners can be implemented either as a single
transducer that is raster scanning the surface in two-dimensions, a one-dimensional
ultrasound array that scans the surface in the other direction [25], or a two-
dimensional ultrasound arrays [26, 27]. The main trade-off between these options
is speed, cost, and ease of use. Most planar scanners have been implemented as
one-dimensional array systems that are assembled into a handheld device. Such
systems also have the capability to acquire ultrasound images in addition to
photoacoustic images (some photoacoustic scanners were even adapted from an
ultrasound scanner) so to allow the coregistered acquisition of an ultrasound and a
photoacoustic image [28, 29]. While the ultrasound image provides anatomical
information, the photoacoustic image provides physiological and possibly
molecular information (if molecular agents are used). Planar scanners typically
suffer from image artifacts and lower lateral resolution due to their limited aperture
compared to the spherical and cylindrical counterparts.

Recently, a planar photoacoustic scanner capable of producing real-time
photoacoustic images at 50 frames per second has been devised [30, 31]. The
scanner is made of 48 elements with a central frequency of 30 MHz to allow for
high spatial resolution across the first 3 mm of the tissue (Fig. 29.7). By rapidly
scanning the array, a full volumetric frame rate of 1 frames per second can be
achieved for 166 B-scans volume. Other similar scanners with larger number of
elements have been devised as well [32], including a 64-element 7.5 MHz linear

Fig. 29.6 Cylindrical photoacoustic tomography scanner. a A semi-focused transducer rotated
around the animal head and a jack moved the animal up and down to allow for a full cylindrical
coverage of the animal brain. b Non-invasive photoacoustic image of the superficial layer of a rat
brain acquired with the skin and skull intact. Optical absorption shown in gray scale (darker areas
indicate greater absorption). C cerebellum; H cerebral hemispheres; O olfactory bulbs; MCA
middle cerebral artery; CS cruciate sulcus; FT fissura transversa; V blood vessels. Total image
size is 4 9 4 cm in lateral dimension. The blood vessels distributed in the superficial layer of the
cerebrum and the cerebellum are clearly visible with high optical contrast and accurate
localization. c Open skull photograph of the rat brain surface acquired after the photoacoustic
experiment. Recreated with kind permission from Nature Publishing Group [8]
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array that provides a frame rate of 7.5 frames per second [29] and used to visualize
blood vessels at a depth of 10 mm in the leg. Another planar scanner system has
employed a commercial ultrasound system with 128 elements operating at 5 MHz
was used to image the vascular bed in the human arm [33].

Another implementation of a planar scanner is based on an all-optical ultra-
sound sensor (Fig. 29.8a). The sensor is essentially a transparent Fabry–Perot film
etalon, where a thin polymer spacer is sandwiched in between two reflectors [34,
35]. When an acoustic wave hits the etalon, it slightly modifies the spacer thick-
ness, which locally and temporally affects the optical reflection conditions of the
etalon. By scanning the etalon surface with a coherent laser beam, an effective
two-dimensional ultrasound array results. This approach has numerous advantages
over conventional ultrasound arrays, including low cost, simplicity, ability to
transmit the exciting laser pulse through the etalon, and an ultrawide frequency
bandwidth from 100 kHz to 22 MHz. Moreover, this approach allows for a fine

Fig. 29.7 Planar photoacoustic scanner. a Photograph of a Sprague–Dawley rat with hair
removed before photoacoustic imaging, where x represents the beam forming (B-scan) direction,
y represents the mechanical scanning direction, and z represents the depth direction. The dashed
rectangle indicates the imaged area. b Photoacoustic maximum amplitude projection (MAP)
image of the rat. The gray scale represents relative optical absorption. c Photoacoustic B-scan
image corresponding to the dashed horizontal line in (b), showing the depths of the blood vessels:
SK skin surface. Numbers 1–5 indicate corresponding blood vessels in (b) and (c). d Photograph
of a human hand. The dashed rectangle indicates the imaged area. e Photoacoustic MAP image of
the hand. f Photoacoustic B-scan image corresponding to the dashed horizontal line in (e).
Numbers 1–4 indicate corresponding blood vessels in (e) and (f). Recreated with kind permission
from SPIE [30]
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spatial sampling of the etalon, where the only limit to the ultrasound element size
is the diffraction limit of the sampling laser beam on the etalon surface. This
allows for element sizes as small as tens of micrometers without loss of sensitivity.
The challenge with such systems is the sequential reading of the etalon, which
limits their speed, although this limitation can be overcome by either using higher
repetition rate lasers or employing multiple optical beams to sample the etalon
simultaneously [36]. This system was used to image a variety of tissues, including
a human hand (Fig. 29.8b) and subcutaneous tumors that were implanted in mice
[37] and in the mouse brain [38].

29.3.2.4 Acoustic-Resolution Photoacoustic Microscopy

AR-PAM systems typically employ a single-element-focused transducer that is
raster scanning the tissue. Similarly to conventional ultrasound systems, the
scanner acquires individual vertical line scans (A-scans) and combining consec-
utive A-scans into a two-dimensional B-scan image or a three-dimensional volu-
metric image. These systems are typically slower than array systems due to the
sequential scanning nature. However, they are less vulnerable to motion artifacts
or acoustically scattering objects such as bones, as every A-scan is reconstructed
independently of its neighboring A-scans. In most AR-PAM scanners, light is
weakly focused as a spot or a hollow ring on the tissue below the transducer. This
can be done either with a conical lens [39] or with a fiber-optic ring [40, 41].

Fig. 29.8 All-optical photoacoustic planar scanner. a The Fabry–Perot (FP) sensor head is
placed in acoustic contact with the surface of the skin. Nanosecond excitation laser pulses emitted
by a tuneable OPO laser system are directed onto the sensor head and transmitted through it into
the underlying tissue, thereby exciting acoustic waves. A second laser operating at 1,550 nm
provides a focused sensor interrogation laser beam that is raster scanned over the surface of the
sensor to map the distribution of the photoacoustic waves arriving at the sensor head. From the
2D distribution of the photoacoustic waves, a 3D image is then reconstructed. b In vivo
photoacoustic image of the vasculature in the palm using an excitation wavelength of 670 nm.
Left photograph of the imaged region, middle volume-rendered image, right lateral slices at
different depths. The arrow ‘A’ indicates the deepest visible vessel, which is located 4 mm
beneath the surface of the skin. Recreated with kind permission from IOP Publishing [37]
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Figure 29.9 shows a common implementation of an acoustic-resolution photoa-
coustic microscope scanner and its application in imaging the blood vessels in a
human hand [39]. In addition to visualizing blood vessels in a tissue, such
photoacoustic systems were used to assess the oxygen saturation level of the blood
vessels (Fig. 29.10). This is done by acquiring photoacoustic images of a tissue at
multiple excitation wavelengths and fitting the known spectra of oxygenated
hemoglobin and deoxygenated hemoglobin to the acquired photoacoustic
response. Once the relative amplitudes of the oxygenated and deoxygenated
hemoglobin signals have been isolated, oxygen saturation levels can be easily
calculated as HbO2/(HbO2 ? Hb). Another application of acoustic-resolution
photoacoustic microscopy has been ocular imaging (Fig. 29.11). While the spatial
resolution may be lower than other retina imaging methods such as optical
coherence tomography, the depth of penetration provided by photoacoustic
imaging allows visualizing the entire ocular globe. The image was acquired at
740 nm wavelength with a 25 MHz transducer and consisted of 48 by 32 A-scans
combined into one volumetric image spanning 12 9 8 mm lateral scan area
(250 lm lateral step size). With the 25 MHz focused transducer, the system
provides a spatial resolution of 50 lm (axial) and 240 lm (lateral), which allowed
visualizing the major blood vessels of the retina and the choroid as well as other
pigmented structures in the eyes of non-albino animals [4].

29.4 Optical-Resolution Photoacoustic Microscopy

If the target tissue is superficial or optically clear, it is possible to generate
photoacoustic images at a spatial resolution superior to what acoustic transducers
may allow. This is done by focusing the excitation light beam onto the tissue of
interest, such that the spatial lateral localization is provided by the optical beam,
while the axial localization is provided by the ultrasound transducer. This leads to
anisotropic spatial resolution, high lateral resolution, and lower axial resolution.
Nonetheless, this approach has found many important niche applications, includ-
ing ocular imaging [12, 42, 43], microvessels imaging [44, 45], and oximetry [46].

29.4.1 System Configurations

A variety of optical-resolution photoacoustic scanners have been constructed.
Because the spatial localization of this technique is dependent on optical con-
finement, the depth of penetration is limited to not more than 1 mm in optically
scattering tissues. An important distinguishing feature between AR-PAM and OR-
PAM is that in AR-PAM, the acoustic transducer needs to physically move to
allow the raster scan to take place, whereas in OR-PAM, only the optical beam
needs to move. This has major ramifications on the scan speed as optical beams
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Fig. 29.9 Acoustic-resolution photoacoustic microscopy scanner. a Schematic of the photoa-
coustic microscope used in the described experiments. b Photograph of the palm of the volunteer.
The red box indicates the imaged area 8 9 8 mm. c B-scan PA image taken along the dashed line
in (d). Notable features including the stratum corneum, epidermal–dermal junction, and
subpapillary blood vessels, are all labeled. Selected vessels have been labeled with color arrows
for reference with the image in (d). d Maximum amplitude projection PA image taken from the
palm using a 584-nm laser excitation wavelength. The green dashed line indicates the cross
section shown in (c). Recreated with kind permission from SPIE [39]
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Fig. 29.10 Photoacoustic imaging of blood oxygen saturation levels. Four wavelengths (578,
584, 590, and 596 nm) were employed to acquire four photoacoustic images. a Structural image
acquired at 584 nm. b Vessel-by-vessel sO2 mapping based on a least squares fitting of the four
images. The calculated sO2 values are shown in the color bar. Recreated with kind permission
from Nature Publishing Group [3]

Fig. 29.11 Photoacoustic ocular imaging. a Photograph of the rabbit eye. b Horizontal
photoacoustic, c vertical ultrasound, and d vertical photoacoustic images of the eye of the live
rabbit. The area of the eye imaged in (b) is outlined by the red boundary (dotted box) in (a), and
the depth is noted by the dashed red line in (c). Recreated with kind permission from the Optical
Society [4]
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can be steered ultrafast using galvo mirrors (Fig. 29.12a). Moreover, because the
laser excitation spot size in OR-PAM is significantly smaller than that in AR-
PAM, the total energy per pulse should be significantly reduced to stay below the
20 mJ/cm2 pulse energy density limit set by American National Standards Institute
(ANSI) [47]. This allows the use of pulsed laser diodes, which are significantly
cheaper than the traditional Nd:YAG lasers that are typically used in photoacoustic
imaging. However, using lower pulse energies reduces the total signal and
therefore limits the sensitivity of the system.

Another common implementation of OR-PAM is shown in Fig. 29.12b. A high
numerical aperture lens is focusing the excitation light to the surface of a tissue.
Acoustic waves that return from the tissue propagate through an acoustic lens that
collimate the wave, reflected off an optically transparent acoustical mirror, and
detected by an unfocused transducer. The entire scanning head is raster scanning a
two-dimensional surface by being moved mechanically and acquiring an A-scan at
each position, resulting in a three-dimensional photoacoustic image.

29.4.2 Applications of OR-PAM

The high spatial resolution offered by OR-PAM can produce en-face images of the
target tissue. En-face images of blood vessel capillaries [45] as well as individual
red blood cells [44] have been demonstrated (Fig. 29.13a, b). Moreover, by

Fig. 29.12 Optical-resolution photoacoustic microscopy (OR-PAM) scanners. a An OR-PAM
system implemented with a 2D galvo mirrors for ultrafast raster scanning of a tissue. A static
unfocused ultrasound transducer is positioned at an angle to the excitation beam path. b A
scanning head OR-PAM scanner is implemented with the head being physically moved across an
object to form a three-dimensional photoacoustic image. BS beam splitter; PD photodiode; CorL
correction lens; RAP right-angled prism; SO silicone oil; RhP rhomboid prism; US ultrasonic
transducer (50 MHz). The CCD is used to view the imaging region. The components that lie
within the dotted rectangle form the scan head, which is mechanically translated in order to
acquire an image. Recreated with kind permission from The Royal Society and the Optical
Society [15, 44, 85]
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acquiring several OR-PAM images at multiple wavelengths, OR-PAM can be used
to create an oxygen saturation map of the ear (Fig. 29.13b). Note that while the
lateral spatial resolution is approximately 2.5 lm, the axial resolution is approx-
imately 10 lm. The ability to calculate oxygen saturation levels has recently been
applied for the dynamic imaging of individual red blood cells in vivo.
Figure 29.13d shows the dynamic transition of an individual red blood cell in a
capillary of a living mouse brain [46]. The dynamic images monitor the oxygen
capacity of the individual red blood cell as it is traveling through the capillary
vessel. In addition to visualizing blood vessels in skin applications, OR-PAM has
shown great promise for ocular imaging, primarily because of the optical clarity of
the eye. Imaging of both the retina [12, 48] and the iris [42] has been demonstrated

Fig. 29.13 OR-PAM images of capillaries. a OR-PAM of total hemoglobin (HbT) in a living
mouse ear, revealing the vascular anatomy. b Inset shows a densely packed capillary bed and
individual red blood cells traveling along a capillary. c Dual-wavelength (561 and 570 nm) OR-
PAM calculation of blood oxygen saturation levels (sO2) in a living mouse ear. d Sequential
snapshots of single RBCs releasing oxygen in a mouse brain. Scale bars: x = 10 lm, z = 30 lm.
Blood flows from left to right. The dashed arrow follows the trajectory of a single flowing RBC.
Recreated with kind permission from the Optical Society and the National Academy of Sciences
[44, 46]
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by different groups using OR-PAM. Importantly, despite the retina being *8 mm
or 25 mm under the cornea in mice and human, respectively, the clarity of the
cornea, lens, and vitreous gel of the eye allows OR-PAM to focus the light onto the
retina and achieve high lateral resolution photoacoustic images. In fact, OR-PAM
of the retina is using the focusing capability of the animal lens to focus the light
onto the retina, so in theory, no additional optical lens is required. The contrasts
provided by the eye are primarily hemoglobin and melanin. The RPE is a highly
pigmented layer located between the retina and the choroid and exhibits a high
scattering and absorption coefficient. Hence, OR-PAM can clearly visualize the
RPE but not the choroid structures under it.

29.5 Photoacoustic Molecular Imaging

Photoacoustic imaging scanners has been optimized over the past two decades to
provide superb imaging performance of the endogenous pigments in tissues, pri-
marily hemoglobin and melanin. However, most biomolecules are transparent in
the visible and near-infrared range and hence will not provide a photoacoustic
contrast. Therefore, to allow photoacoustic imaging to reach its full potential,
exogenous imaging agents should be used. Such imaging agents can be either
molecularly targeted to a given biomolecule or non-targeted. A wide variety of
photoacoustic contrast-producing agents (aka, contrast agents) have been dem-
onstrated, including small-molecule optical dyes, organic and metallic nanopar-
ticles [49]. By conjugating these contrast agents to targeting moieties such as
antibodies [50] or peptides [41], they can be targeted to a specific biomolecule of
interest, providing it with an observable photoacoustic signal. Another common
targeting mechanism is leveraging biological activities that can that leads to the
accumulation of the agents in the target tissue, such as the enhanced retention and
permeation effect (EPR) of tumors [51]. The following sections discuss the design
requirements of photoacoustic contrast agents, the process needed to validate them
in vivo, and the diverse range of applications they are applied to.

29.5.1 Design of Photoacoustic Imaging Agents

Simply put, a good photoacoustic imaging agent should produce as high signal as
possible, accumulate in high levels in the target tissue and as minimally as possible
in non-target tissues, and be non-toxic. To maximize the photoacoustic signal of a
particle, it is not enough to have a high absorption cross section. Indeed, the
absorbed energy should be converted into heat, and not, for example, to fluorescent
light. In addition, it is preferred that the imaging agent will circulate in the blood
stream just long enough to accumulate in the target tissue, but not too long that it
produces a non-specific signal when the tissue is being imaged. If the imaging
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agent is molecularly targeted to a specific biomolecule of interest, the affinity
between the agent and the target should be strong enough so the agent is rapidly
accumulating in the target region and does not fall off, but yet specific enough so it
does not bind to similar biomolecules in the tissue. Finally, the imaging agent
should be well tolerable by a living subject with no adverse toxic effects. Often the
toxicity of an agent is a function of dose. Since the photoacoustic signal of an
agent will determine the dose needed to visualize the target tissue, the photoa-
coustic signal of an agent is closely related to the potential toxicity of the agent.
Below we outline several additional conditions that affect the photoacoustic signal
of an agent and discuss the experiments needed to validate a photoacoustic agent.

29.5.1.1 Conditions

Beyond the thermal and stress confinement conditions outlined in Sect. 29.2,
photoacoustic imaging agents should satisfy several additional conditions [52].
First, most of the absorbed energy should be converted into heat. Second, most of
the heat should remain within the imaging agent particle. Finally, the absorbed
heat should not produce damage to the surrounding tissue over a single or a
sequence of laser excitation pulses.

Optical Absorption Condition

To provide maximal photoacoustic effect, most absorbed energy should be
transformed into heat, which occurs when sNR \ sR, where sNR and sR are the
characteristic times of non-radiative and radiative relaxation, respectively. In most
nanoparticles, this confinement is fulfilled (sNR * 10-12–10-11 s, sR * 10-9–
10-10 s), while in some fluorescent dyes, it is not [53]. This inefficiency of heat
conversion, along with their relatively low absorption cross section, renders small-
molecule fluorescent dyes less effective as photoacoustic contrast agents compared
to nanoparticles. Nevertheless, photoacoustic signals from larger fluorescent
nanoparticles, such as quantum dots, have been measured [54]. Noteworthy, the
fluorescence of dye molecules can be quenched and therefore contribute to the
photoacoustic signal by conjugating the dyes to metal nanoparticles [54].

Thermal Diffusivity Condition

In addition to the previously discussed thermal confinement, when contrast agents
are being used, one needs to consider the thermal diffusion within the contrast
agent itself. To provide efficient heating of nanoparticles without heat loss, the
pulse duration, tp, should be less than the characteristic thermal relaxation time, sT,
of the nanoparticle tP B sT. Fulfillment of this condition means achieving the
maximal nanoparticle temperature possible without heat exchange with the near
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environment of the nanoparticle. For example, for a solid nanosphere with radius
R, sT = R2/6.75 k, where k is thermal diffusivity [53]. For targets with R = 50,
500 nm, 5, and 50 lm (e.g., nanoparticles, cellular organelles, cells, or bulk media
illuminated with a 100 lm laser spot), sT is *3 ns, 0.3, 30 ls, and 3 ms,
respectively. In strongly absorbing nanoparticles such as gold particles or carbon
nanotubes, the absorbed energy in the nanoparticle surface is almost instanta-
neously transformed into thermal energy (characteristic time *10-12 s) and very
quickly averaged in the absorbing layers. The heat is then transferred to the core of
the particle as well as to surrounding water. For example, in a particle made of
silica core and a gold shell, heat will be conducted six times faster into the silica as
compared to the surrounding water. Therefore, the particle itself will reach thermal
equilibrium before much heat will be lost to surrounding water. As a first
approximation, sT can be estimated by considering the nanoparticle as an equiv-
alent heated quasi-solid nanoparticle with an average heat capacity CNP and a
density qNP. The characteristic thermal relaxation (i.e., cooling) time for heat
transfer between the nanoparticle surrounding water with the coefficient of thermal
conductivity KW can be estimated as sT = R2 qNPCNP/nKW, where coefficient
n depends on the nanoparticle shape [53]. Hence, in cases of very small particles or
very long laser pulses, significant heat will be exchanged with surrounding water
and the thermal diffusivity condition will not be met and the photoacoustic signal
will therefore be reduced. A more rigorous analysis of thermal effects in multilayer
nanoparticles can be found elsewhere [55, 56]. Importantly, while diffusion of heat
from an absorbing nanoparticle to its surroundings will not affect the spatial res-
olution of the image, it may, however, limit the intensity of the photoacoustic wave
that is generated as the Grüneisen coefficients of metals are higher than those of
water.

Overheating Condition

Overheating of the target tissue could be the result of either an individual laser
pulse or a net accumulation of heat due to a sequence of laser pulses. Since the
laser pulse duration tp in most photoacoustic systems is in the order of nanosec-
onds, significant heat could be built in the tissue during this short time frame.
Since both heat conduction and convection out of the target tissue occur at much
longer timescales, the maximum permissible energy per pulse is measured in J/
cm2, or energy of an individual laser pulse per irradiated tissue surface area. The
laser irradiation safety limits were determined by the ANSI, which suggests a limit
of *20 mJ/cm2 for visible wavelength nanosecond laser pulse and a slightly
higher limit for near-infrared light [47].

The previous confinement does not take into account possible temporal over-
lapping of thermal effects at high laser pulse rate, fREP. Such condition could result
in accumulating heat and hence a need to use less powerful lasers, which will
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result in a decreased photoacoustic signal. To avoid this effect, the thermal con-
finement for successive laser pulses is defined as fREP B 1/sT, when there is
enough time for target cooling before the next pulse comes. For targets with
R = 50, 500 nm, 5, and 50 lm, fREP

MAX was estimated as *330, 3.3 MHz, 33 kHz,
and 330 Hz, respectively.

29.5.1.2 Validation of a Photoacoustic Imaging Agent

Once a new photoacoustic contrast agent is synthesized and conjugated to a tar-
geting moiety of some kind, a number of validation steps need to be performed to
confirm the utility of the imaging agent against its specific molecular target. Some
of these steps are quite similar to those taken for imaging agents of other molecular
imaging modalities, and some are specific to the photoacoustic character of the
particle. Table 29.1 summarizes the different validation experiments needed,
sectioned into in vitro studies (i.e., not in animals), in vivo studies (i.e., in living
animals), and ex vivo (i.e., in dead tissues).

29.5.2 Applications and Examples

A wide variety of photoacoustic contrast agents have been devised, spanning a
wide spectrum of materials, sizes, and shapes [49]. Since the expression levels of
the disease-relevant molecular markers are typically in low concentration, a
photoacoustic contrast agent should be detectable at a level of 100 nM or less,
preferably 1 nM or less. This is the primary reason for the high prevalence of
nanoparticle-based photoacoustic imaging agents versus their smaller counterparts,
the small-molecule dyes [57, 58]. Beyond greater sensitivity, some additional
advantages of using nanoparticles as photoacoustic contrast agents include mini-
mal photobleaching effect, higher affinity to molecular targets through a multi-
valency effect, and relatively short blood half-life time. However, the primary
limitation of nanoparticles as contrast agents includes their non-specific uptake by
the reticuloendothelial system (RES, namely liver, spleen, and bone marrow), and
the difficulty of targeting them to biomolecules beyond the vasculature [59]. In
cases where the photoacoustic agent is not molecularly targeted to a given bio-
molecule, the poor sensitivity of small molecules can be compensated by using
high concentration of dye. This is particularly useful for visualizing blood per-
fusion [21], or the uptake of a small-molecule dye by the lymphatic system [60]. In
the sections below, we review some of the main types of nanoparticles-based
photoacoustic imaging agents, including single-walled carbon nanotubes
(SWNTs), small dye-SWNT conjugates, gold-coated nanotubes, as well as gold-
based nanoparticles.
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29.5.2.1 Single-Walled Carbon Nanotubes

Recently, SWNTs conjugated with RGD peptide (SWNT-RGD) through PL-
PEG5400 were demonstrated to target avb3 in tumors, an important vascular inte-
grin associated with tumor angiogenesis [61]. By radiolabeling the SWNTs with
64Cu, the tumor accumulation has been quantified to be *14 %ID/g (percent
injected dose per gram of tissue) [61], while control-untargeted SWNTs without
the RGD peptide showed significantly lower accumulation of *3 %ID/g. This
first demonstration of molecular targeting of SWNTs in living subjects led to
multiple imaging studies utilizing various physical properties of SWNTs including
Raman scattering [62, 63] as well as photoacoustic imaging [41]. While photoa-
coustic imaging takes advantage of the high optical absorption character of
SWNTs, Raman imaging utilizes the characteristic Raman scattering spectrum of
sp2 carbon materials (G-band at 1,582 cm-1).

Perhaps of most importance among the characterization experiments listed in
Table 29.1 were the in vivo sensitivity and in vivo targeting tests of SWNT-RGD
[41]. The lowest detectable concentration of SWNTs in living mice was found to
be 50 nM (i.e., 50 nM of SWNT-RGD gave the equivalent photoacoustic signal as
the background tissue signal) (Fig. 29.14). Furthermore, mice-bearing U87 glio-
blastoma xenograft tumors injected with SWNT-RGD intravenously showed sig-
nificantly higher photoacoustic signal in the tumor as compared with mice injected

Fig. 29.14 Photoacoustic detection of SWNTs in living mice. Mice were injected subcutane-
ously with SWNTs at increasing concentrations from 50 to 600 nM. An ultrasound image slice
(gray) showing the skin level was overlaid on the photoacoustic image (green), which showed the
SWNT photoacoustic contrast. The dotted lines on the images illustrate the edges of each
inclusion. The photoacoustic signal produced by 50 nM of SWNT is equal to the average
photoacoustic background signal produced by tissues. Recreated with kind permission from
Nature Publishing Group [41]
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with untargeted SWNTs (Fig. 29.15). Importantly, the fact that SWNTs produce a
strong Raman signal allowed for ex vivo validation of the SWNT presence in the
target tissue. Such independent way of visualizing SWNTs is critical for complete
validation of a new photoacoustic imaging agent.

29.5.2.2 Optical Dye-SWNT Hybrids

While the optical absorption spectrum of SWNTs is very broad covering the
visible and NIR wavelengths, their spectrum can be altered by adding dye mole-
cules such as indocyanine green (ICG) or QSY21 on the surface of the nanotubes
[64, 65]. Taking advantage over the very high surface area to volume ratio of
SWNTs, potentially many such small optical dyes can be attached to the surface of
a single SWNT. As SWNTs have hydrophobic benzene ring structures on their

Fig. 29.15 SWNT-RGD tumor targeting in living mice. Ultrasound (gray) and photoacoustic
(green) images of a vertical slice (white dotted line) through the tumors of mice injected with
SWNT-RGD (right column) and control plain SWNTs (left column). Subtraction images were
calculated as 4 h post-injection minus preinjection to remove tissue background signal from the
photoacoustic image. The high photoacoustic signal in the mouse injected with plain SWNTs
(indicated with white arrow) is not seen in the subtraction image, suggesting that it is due to a
large blood vessel and not SWNTs. Recreated with kind permission from Nature Publishing
Group [41]
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surface, it is possible to stably load molecules onto the SWNTs through non-
covalent pi–pi stacking bonds. Upon incubation of SWNTs with ICG or QSY21, a
strong and stable binding of the ICG or QSY21 molecules to the surface of the
SWNT has occurred, leading to *20-fold increase in the optical absorption of the
SWNT (Fig. 29.16a). Interestingly, small optical dyes are far more efficient in
absorbing light than nanoparticles. For example, ICG has 30-fold and 5 9 103-fold
lower optical absorbance than SWNT and gold nanorods (GNRs) 10 nm 9 40 nm
in size, respectively. However, ICG is also 220-fold and 45 9 106-fold lighter than
SWNT and GNRs, respectively. Hence, on an absorbance-per-weight basis, ICG is
*sevenfold more efficient than SWNT and *9,000-fold more efficient than
GNRs in absorbing light. Also, unlike ICG and SWNT for which absorbance
represents only light absorption, GNRs absorbance represents both optical
absorption and scattering, where the latter do not contribute to the photoacoustic
signal of the particle. If volume is considered instead of molecular weight for
measure of efficiency, GNR would be considered more efficient in light absorption
than SWNTs. Finally, unlike most nanoparticles, ICG can be photobleached,
which will affect photoacoustic signal accordingly. This concept of carrying small
optical dyes on an SWNT can likely be extended to other nanoparticle systems and
other optical dyes.

The shape of ICG-enhanced SWNTs is very similar to that of plain SWNTs, as
the ICG molecules are bound to the SWNT surface, leaving the protective layer of
PEG on the exterior of the particle intact. However, despite their similarity, one
cannot assume that the ICG-modified SWNT-RGD (SWNT-ICG-RGD) will
behave similarly to SWNT-RGD in vivo. The two particles may have different
molecular weights, charge, or zeta potential and therefore potentially different
biodistribution in the body. Hence, in order to validate that SWNT-ICG-RGD can
also be used as a photoacoustic imaging agent, one has to study the particle against

Fig. 29.16 Optical dye-SWNT hybrids. a Optical spectra of plain SWNTs (black), SWNT-ICG
(green), and SWNT-QSY (red). b Photoacoustic detection of SWNT-ICG in living mice. Vertical
slices ultrasound images (gray) and photoacoustic images (green) of mice injected subcutane-
ously with SWNT-ICG-RGD at concentrations of 0.82–200 nM (dotted black line). The white
dotted lines on the images illustrate the approximate edges of each inclusion. Quantitative
analysis of the images estimated that 170 pM of SWNT-ICG-RGD gives the equivalent
photoacoustic signal as the tissue. Recreated with kind permission from American Chemical
Society [64, 65]
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all the tests in Table 29.1. In vitro testing of the SWNT-ICG-RGD contrast agents
discovered that they are highly stable in serum; however, unlike plain SWNT-
RGD, some degree of photobleaching was observed to the extent of *30 % over
1 h of strong nanosecond-pulsed laser illumination. Despite the fact that SWNTs
are highly resistive to photobleaching, small-molecule optical dyes, such as ICG,
are more susceptible to photobleaching, and hence, this observed photobleaching
is likely due to photobleaching of the ICG molecules. The sensitivity of ICG-
modified SWNT-RGD in living mice has been estimated to be 170 pM
(Fig. 29.16b). This is a significant improvement in sensitivity of over 300-fold as
compared with plain SWNT-RGD. This improvement in sensitivity is primarily
due to the higher optical absorption of the new nanoparticle as well as the ability to
shift the laser excitation wavelength from 690 to 780 nm (the absorption spectrum
maximum of SWNT-ICG-RGD) in which the background tissue absorption is
significantly reduced. Finally, in a similar experiment as was previously described
for SWNT-RGD, SWNT-ICG-RGD as well as QSY21-modified SWNT-RGD have
been shown to specifically target the avb3 integrin in living tumor-bearing mice
[64, 65]. Importantly, SWNT is only one possible platform for carrying optical
dyes. Other options include ICG-loaded into silicate structures [66], vesicle
structures such as perfluorocarbon double emulsion [67] or bubble-shaped particles
[68].

Finally, the different spectra of SWNT-ICG and SWNT-QSY were used to
multiplex the photoacoustic signals of the two imaging agents in vivo [65]. By
acquiring 5 photoacoustic images at 700, 730, 760, 780, and 800 nm, the signals of
the two agents were unmixed from each other using a similar least squares tech-
nique as was used for measuring oxygen saturation levels of blood vessels using
photoacoustic imaging (Fig. 29.17).

29.5.2.3 Golden SWNTs

Despite the excellent biological and physical properties of SWNTs as non-toxic
[69] photoacoustic imaging agents, their optical absorption cross section is still
lower than that of gold nanoparticles (GNPs). While this is partially due to the
smaller size of SWNT versus some of the GNPs, the GNPs also exhibit a reso-
nance effect that greatly enhances their optical absorbance. To improve the
photoacoustic effect of SWNTs, new types of hybrid GNPs consisting of a SWNT
core surrounded by a gold layer were recently introduced (Fig. 29.18) [70]. The
new SWNT-mediated hybrid nanoparticle combines the optical NIR absorbance of
SWNTs and the biocompatibility and bioconjugation potential of gold to realize
the advantages of both SWNTs and GNPs. The synthesis process involves SWNTs
and gold salts in water and does not require additional chemical reductant or
catalyst agents. Hybrid rod-shaped gold-plated SWNTs (termed golden carbon
nanotubes—GNTs), with a thin layer of gold around the SWNT core, were syn-
thesized using short (*100 nm) and well-dispersed SWNTs in water. When even
shorter SWNTs (*30 nm) were used, monodisperse plasmonic hexagonal
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Fig. 29.17 Multiplexing of SWNT-ICG and SWNT-QSY in vivo. a A mouse was injected with
30 lL of 50 nM SWNT-QSY (upper injection), 30 lL of 50 nM SWNT-ICG (middle injection),
and 30 lL of an equal mixture of 50 nM SWNT-QSY and SWNT-ICG (lower injection).
b Unmixed photoacoustic vertical slice through the upper injection area, showing only SWNT-
QSY signal (red). c Unmixed photoacoustic slice through the middle injection area, showing
mostly SWNT-ICG signal (green). d Unmixed photoacoustic slice through the lower injection
area, showing both SWNT-QSY and SWNT-ICG signals spread throughout the injection area.
Image reconstruction artifacts as well as inhomogeneous light penetration into the tissue are
likely the cause for the separation of the green and red signals in the image. Recreated with kind
permission from American Chemical Society [65]

Fig. 29.18 Spectra of SWNTs and golden nanotubes (GNTs). Lines represent normalized optical
absorbance spectra (left vertical axis) of GNTs in water (red curve), SWNTs in water (black
curve), and water only (green curve). The dots represent the normalized photoacoustic signal
amplitude (blue dots, right axis) of GNTs in water. The concentration of the SWNTs is *35
times higher than that of GNTs; hence, 85- to 100-fold enhanced contrast is achieved by the
hybrid GNTs. Recreated with kind permission from Nature Publishing Group [70]
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bipyramidal gold nanocrystals with well-defined size and shape resulted [71]. The
GNTs exhibited two plasmon absorption maxima (Fig. 29.18) in the visible region
of 520–530 nm (similar to transverse absorption of gold nanospheres) and in the
NIR region of 800–900 nm, similar to the longitudinal response of GNRs. Their
plasmon responses in the NIR were significantly higher (85 to 100-fold for GNTs;
25 to 30-fold for bipyramidal nanocrystals) than those of the SWNTs without the
gold layer. This implies that potentially lower concentrations would be required
for effective photoacoustic molecular imaging. Moreover, it is possible to control
the absorbance peak of GNTs, which allowed for multiplexing the photoacoustic
signals of these particles [72]. The GNTs can be easily conjugated with targeting
moieties for molecular imaging applications. An antibody specific to the lymphatic
endothelial hyaluronan receptor-1 (LYVE-1) was conjugated to the GNTs and
used for photoacoustic mapping of lymphatic endothelial cells in mouse mesentery
[70]. The LYVE-1 receptor is one of the most widely used lymphatic markers of
endothelial cells, and their expression and functional activity are closely correlated
with the regulation of cell migration, metastasis, inflammation, and other impor-
tant processes. Other applications of GNTs have been the photoacoustic detection
followed by photothermal ablation of GNT-labeled tumor cells in sentinel lymph
nodes (SLNs). As SLN is typically the first occurrence of metastasis from primary
tumors, visualizing tumor cells in the SLN would be desirable. In addition, the
ability to destroy the tumor cells through overheating the SLN selectively through
GNTs optical absorption is highly complementary to the diagnostic capability of
photoacoustic imaging [72].

29.5.2.4 Gold Nanoparticles

GNPs represent a significant portion of the photoacoustic imaging agents devel-
oped to date. They exhibit unique properties rendering them attractive photoa-
coustic imaging agents including high optical absorption cross section, easy
functionalization chemistry to targeting moieties, and minimal to no cytotoxicity.
The use of GNPs for photoacoustic imaging has been reviewed elsewhere and
broadly covers the subcategories of gold nanospheres [51, 73–75], GNRs [76],
gold nanocages [77], and other gold nanostructures [78, 79].

Gold nanospheres are perhaps the most common gold nanoparticle in bio-
medical research [80]. They exhibit a strong plasmon resonance peak at *520 nm
that allows them to produce strong photoacoustic contrast at that wavelength.
Because at that wavelength the tissue optical absorption is quite high, gold nan-
ospheres suffer from poor sensitivity compared to other gold nanoparticles, which
in turn limits their imaging applications to non-targeted applications. For example,
gold nanospheres were used to amplify the bulk photoacoustic signal of blood
vessel in rat’s brain [74] or for imaging the trafficking of macrophages to ath-
erosclerotic plaques through the uptake of the gold particles by macrophages that
later trafficked to the atherosclerotic plaque [81].

824 A. de la Zerda



Fig. 29.19 Triple-modality gold nanospheres imaging agents for photoacoustic, magnetic
resonance, and Raman imaging. a A 60-nm gold core is surrounded by a thin Raman active layer
that is protected by a 30-nm silica coating. The silica coating was further functionalized with
Malemide-DOTA-Gd which was conjugated to the sulfide group on the silica. b Triple-modality
detection of brain tumors in living mice with the gold nanospheres. Three weeks after orthotopic
inoculation, tumor-bearing mice were injected intravenously with the nanoparticles. Photoacoustic,
Raman, and MRI images of the brain (skin and skull intact) were acquired before and 2, 3, and 4 h
post-injection, respectively. 2D coronal MRI, photoacoustic, and Raman images are shown. The
post-injection images of all three modalities demonstrated clear tumor visualization. The
photoacoustic and Raman images were coregistered with the MRI image, demonstrating good
colocalization between the three modalities. c 3D rendering of MRI image with the tumor segmented
in red (top), overlay of MRI and 3D photoacoustic images (middle) and overlay of MRI, segmented
tumor and photoacoustic image (bottom) showing good colocalization of the photoacoustic signal
with the tumor. Recreated with kind permission from Nature Publishing Group [51]
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A more recent application of gold nanospheres was imaging brain cancer
tumors by leveraging the leaky vasculature of the tumor in a multimodal approach
[51]. The nanoparticle was made of a 60-nm gold core covered with a Raman
molecular tag that was itself covered with a 30-nm silica coating, which was then
modified with DOTA-Gd. This resulted in a triple-modality particle producing an
imaging contrast for photoacoustic imaging, due to the gold optical absorption,
Raman imaging, due of the surface-enhanced Raman scattering (SERS) effect
between the Raman tag and the gold nanoparticle, and T1-weighted magnetic
resonance imaging (MRI), due to the gadolinium conjugate (Fig. 29.19a). Upon
intravenous administration of the particle to mice-bearing brain cancer tumors, the
nanoparticles leaked out of the tumor vasculature and produced a clear imaging
signal in all three imaging modalities within 30 min post-injection (Fig. 29.19b).
Such triple-modality approach is highly beneficial in clinical settings: Detect-
ability by MRI allows preoperative detection and surgical planning; photoacoustic
imaging with its relatively high-resolution and deep tissue penetration is then able
to guide bulk tumor resection intraoperatively; Raman imaging with its ultrahigh
sensitivity and spatial resolution [62, 63, 82] can then be used to remove residual
microscopic tumor burden. Resected specimen can subsequently be examined with
a Raman probe ex vivo to verify clear margins. Such MRI photoacoustic modality
approach has also been proposed using gold–cobalt nanoparticles [79].

Fig. 29.20 Photoacoustic imaging versus fluorescence imaging. Left Schematic of a tissue
mimicking phantom, with a well containing both fluorescent and optically absorbing materials
that is placed 4.5 mm under the phantom surface. Right Fluorescence and photoacoustic images
of the phantom. Due to the scattering nature of the phantom, the fluorescence image depicts the
4.2-mm well as a 11.5-mm object (full width half max), whereas the photoacoustic image clearly
depicts the real width of the well. Note the reduced signal at the center of the photoacoustic image
is due to the lack of full light penetration into the center of the well. Recreated with kind
permission from Nature Publishing Group [41]
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29.5.3 Comparison of Photoacoustic Molecular Imaging
to Other Molecular Imaging Modalities

The uniqueness aspect of photoacoustic imaging, the conversion of light into
sound, is also the source of its main advantages over conventional molecular
imaging modalities: high spatial resolution, high tissue penetration depth, and high
sensitivity. The frequency bandwidth of the sounds that results in a photoacoustic
system is very broad covering the range of DC to *1/tp, where tp is the time
duration of the light pulse. Therefore, for light pulse durations shorter than 1 ls,
pressure waves in frequencies up to several MHz (ultrasound) will emerge. A
tissue mimicking phantom with a well containing both fluorescent and absorbing
nanoparticles (quantum dots emitting at 800 nm and SWNTs), 4.5 mm under the
surface of the phantom was prepared. While the photoacoustic image of the
phantom clearly shows the width of the well with high accuracy and signal-to-
noise ratio (SNR), the fluorescent image is blurred, due to the scattering nature of
the phantom (Fig. 29.20). Table 29.2 provides a high-level comparison between
several of the leading molecular imaging modalities. As is evident from the table,
neither fluorescence imaging, nor MRI or PET can provide molecular images at
reasonable sensitivities (i.e., less than 100 nM) and submillimeter resolution level
of an entire tumor (i.e., depth of penetration [3–4 mm). Ultrasound imaging of
targeted microbubbles can provide similar imaging parameters as photoacoustic
molecular imaging, with the caveat that the image quality is much worse due to the
formation of speckles in the ultrasound image [83].
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Chapter 30
Engineering Miniature Imaging
Instruments

Zhen Qiu and Thomas D. Wang

30.1 Introduction

Rapid advances in technology have allowed for miniature imaging instruments to
be engineered with unprecedented performance with reduced size to visualize
biological phenomena in vivo. The increased variety of light sources, improved
sensitivity of detectors, and availability of optical fibers are accelerating these
engineering breakthroughs. A number of prototype instruments have been dem-
onstrated using sophisticated engineering techniques to scale down instrument
packaging to millimeter dimensions. The primary dimension criteria are compat-
ibility with medical endoscopes to allow for broad application in imaging of
hollow organs, including bladder, colon, esophagus, stomach, and lung. Also,
these tiny microscopes can be implanted within freely moving animals for
repetitive imaging studies to better understand biology on a molecular level over
time. This small size allows for visualizing cellular behavior in vivo that has never
been seen previously to generate new knowledge that may challenge current
paradigms in biology. Novel optical designs, miniature scanning mechanisms, and
innovative packaging strategies are needed to further advance this field. In the
future, these instruments will provide images with multiple colors, more tissue
depth, and in numerous dimensions. Here, we focus our discussion on miniature
technologies that perform imaging. Methods based primarily on spectroscopy are
beyond the scope of this chapter. Here, we will provide only a few representative
examples rather than an exhaustive discussion of the vast number of efforts in this
field.
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30.2 Unmet Needs for Endomicroscopy

Miniature imaging instruments have great potential to make an important contri-
bution to clinical medicine as an adjunct to conventional endoscopy. Currently,
management of almost all diseases that occur in hollow organs, including early
detection, image-guided therapy, and drug monitoring, is performed with conven-
tional white-light endoscopy and physical biopsy [1]. This technique is based on the
collection of reflected light from the mucosal surface to detect gross structural
changes, such as masses, polyps, and ulcers, and abnormalities in color. While this
technique is adequate for localizing large, elevated lesions on the tissue surface,
visualization of disease that is flat in appearance, focal in size, and patchy in dis-
tribution is much more difficult. Also, evaluation of disease as it extends below the
mucosal surface is needed for staging purposes. Light is well suited for imaging with
high resolution in real time. Endomicroscopy can help the physician to guide tissue
biopsies, in particular, in regions where the surface texture alone is not adequate to
identify the diseased regions. A number of medical conditions are characterized by
flat lesions that reside in a premalignant state and are not visible endoscopically,
including dysplasia in Barrett’s esophagus, gastric atrophy, and ulcerative colitis.
Precancers lie dormant for a period of *10–15 years before progressing on to frank
carcinoma and provide a window of opportunity for prevention if adequate imaging
tools are available to increase the yield for detection. Endomicroscopes that perform
optical sectioning can be used to non-destructively sample tissue to guide biopsy to
prevent blood from obscuring the endoscopic image. Moreover, in vivo endomi-
croscopy can be used to assist the physician in performing therapeutic procedures,
such as endoscopic mucosal resection, ablation, cryotherapy, and electrocautery, by
accurately identifying the disease margins, thus minimizing destruction of healthy
tissue. Finally, endomicroscopes can provide great clinical utility by differentiating
between precancerous or malignant lesions and inflammation in individuals who are
at increased risk for developing cancer.

30.3 Scanning Mechanisms

The scanning mechanism plays the key role in image formation and performance
in miniature instruments. The technical challenges in designing this component
include generation of a distortion-free scan pattern with sufficient speed to mitigate
in vivo motion artifacts with millimeter package dimensions. For effective in vivo
imaging to be performed, frame rates of at least 4 Hz or faster are needed to
accommodate movement created by respiratory displacement, heart beating, and
organ peristalsis. The size of the scanner determines its location at either the
proximal end or distal end of the instrument. A much greater control of the focal
volume, including axial scanning for imaging into the tissue, can be achieved with
the scanner positioned distally. For endoscope compatibility, the distal end of the
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instrument should be *5 mm or less. A description and summary of performance
for several different scanner designs that are currently being developed for in vivo
endomicroscopy are summarized in Table 30.1 [2].

A spiral scanner consists of a tubular piezoelectric actuator that drives the distal
tip of a single optical fiber using sinusoidal waveforms near resonance. This
method is used in the scanning fiber endoscope (SFE) and in some multi-photon
endomicroscopes. The spiral scan pattern can achieve much faster frame rates than
that for raster scanning. The rotational scanner mechanically ‘‘rotates’’ the laser
beam circumferentially around the longitudinal axis of the instrument after a 45�
deflection off a mirror or prism and is used in OCT and photoacoustic endomi-
croscopes. The galvo-scanner is an electromechanical mechanism that performs
beam scanning by deflecting a mounted mirror. The relatively large size limits its
use to steering a focused beam into the proximal end of a coherent bundle of
optical fibers. This technique is used in confocal endomicroscopy (Cellvizio�,
Mauna Kea Technologies). This scanner provides deflections in the slow axis and
is used with an oscillating mirror that performs scanning in the fast axis. Micro-
mirrors have been developed with micro-electro-mechanical systems (MEMS)
technologies that use either electrothermal or electrostatic actuators to achieve
large deflection angles and high dynamic bandwidths with excellent linearity.
These scanners can be batch fabricated on silicon wafers to achieve devices with
large yield. MEMS scanners require complicated fabrication processes but have
great flexibility in scanning speed and device dimensions.

Since the emergence of MEMS, various scanners and actuators have been
widely used in imaging prototypes. Based on different working principles, there
are several types of miniature micromirrors for endomicroscope (Table 30.2),

Table 30.1 Scanning mechanisms for in vivo endomicroscopy. A description and summary of
performance for various scanners

Spiral Rotational Galvo MEMS

Scanner

Location Distal Distal Proximal Distal
Fast axis [1 kHz [1 kHz 1–5 kHz [3 kHz
Slow axis NA NA \10 Hz \30 Hz
Footprint \3 mm \3 mm \1 cm \1 mm
Fiber (mode) Single Single Multi-mode

bundle
Single

Batch fabrication No No No Yes

Note Devices must generate high speeds in a small package on the millimeter scale. Recreated
with kind permission from McGraw-Hill Professional [2]

30 Engineering Miniature Imaging Instruments 837



including bulky piezoelectric [3], electrostatic [4, 5], electrothermal [6–8], elec-
tromagnetic scanner [9–11], and thin-film piezoelectric [12]. Electrostatic devices
are most commonly used because of the fast scan speeds that can be achieved with
low power consumption, but the driving voltage may be too high for clinical use
([100 V). By comparison, thin-film piezoelectric devices have very good per-
formance with low driving voltage and ultralow power consumption and may be
the future for scanners and actuators in endomicroscopy. The low fill-in factor
(\50 %) of existing micromirrors is a common problem that may be solved by
microassembly or advanced manufacturing processes [8].

30.4 Scanning Fiber Endoscopy

In the SFE, a tubular piezoelectric actuator scans a single-mode optical fiber in a
spiral pattern to create an image with a large field of view, Fig. 30.1a. Laser light
at three excitation wavelengths (kex = 440, 532, and 635 nm) is delivered through
the scanning fiber, and a multi-lens objective located in the distal tip of the
endoscope focuses the beams onto the tissue surface. Reflectance and fluorescence
is collected by a ring of multi-mode optical collection fibers arranged around the
perimeter of the instrument, Fig. 30.1b. Images are collected at video rate
(30 frames/s) to overcome motion artifacts in vivo. The SFE imaging technology
was first developed for the early detection of cancer in the esophagus, pancreatic
duct, and peripheral airways of the lung using reflected white light [13]. Recently,
it has been adapted for collection of fluorescence to visualize over expressed
molecular targets [14].

Table 30.2 MEMS scanners for in vivo endomicroscopy

Parameter Electrostatic Electrothermal Electromagnetic Bulky piezo Thin-film
piezo

Footprint Compact Compact Bulk Large Compact
Integration

complexity
Simple Simple Complex Medium Simple

Maximum z-
axis

*1 mm in
vacuum

[1 mm at
ambient

[1 mm at
ambient

*0.3 mm in-
plane
motion

[0.5 mm at
ambient

Mechanical
tilting angle

±10 ±20 ±20 N/A [±10

Driving voltage
(V)

Medium
(20–150)

Low (\10) Low (\20) High ([100) Low (\20)

Driving current
(mA)

*0 *15 *50–100 *0 *0

Power
consumption

Low *100 mW *200 mW Low Ultralow

A description and summary of performance for various MEMS scanners
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The detection system make use of a set of additive and subtractive filters
(longpass kLP = 450 nm and notch kN1 = 532 nm and kN2 = 632.8 nm) to reject
reflectance from the laser excitation sources. The distal tip is 1.6 mm in outer
diameter and has a 10 mm rigid end. Three peptides with unique amino acid
sequences were identified using phage display technology and were used as
molecular probes that bind specifically to premalignant colonic mucosa (ade-
noma). These peptides were fluorescently labelled with fluorophores that emitted
light in different parts of the spectrum (non-overlapping). Diethylaminocoumarin-
3-carboxylic acid (DEAC) with absorption and emission peaks at 432 and 472 nm,
5-carboxytetramethylrhodamine (TAMRA) with absorption and emission peaks at
541 and 568 nm, and CF633 with absorption and emission peaks at 630 and
650 nm were used. The excitation wavelengths nearly matched the three lasers
used.

Application of this technology was demonstrated in vivo in CPC: Apc mice that
are genetically engineered to develop adenomas spontaneously [15]. These mice
are developed with a mutation in the APC genes that also frequently found in
human colorectal cancer; thus, this mouse model is highly representative of the
clinical condition. First, white-light images were collected with a conventional
endoscope, Fig. 30.2a–d. Fluorescence images were collected in vivo after topical
application of the fluorescently labelled peptides KCCFPAQ-DEAC (blue), AK-
PGYLS-TAMRA (green), and LTTHYKL-CF633 (red). Specific binding of each
peptide to the adenoma but not to the surrounding normal colonic mucosa can be
seen in Fig. 30.2e–g. The peptides could also be combined as a ‘‘cocktail’’,
Fig. 30.2h. This capability has potential to detect multiple molecular targets in a
broad patient population where the genetic changes are heterogeneous.

Fig. 30.1 Scanning fiber endoscope. a System design of multi-spectral scanning fiber endoscope
(SFE). b En-face view of distal tip shows scanning fiber (red) in center surrounded by a ring of
multi-mode collection fibers for light collection (blue). Recreated with kind permission from
SPIE [14]
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30.5 Optical Coherence Tomography Endomicroscopy

Optical coherence tomography (OCT) is an interferometric technique that uses
near-infrared (NIR) light to penetrate deeply into tissue to perform minimally
invasive imaging. Backscattered light is collected coherently to provide cross-
sectional images with micron-scale resolution. Optical frequency-domain imaging
(OFDI) is an enhancement of OCT that detects the individual spectral components
of low coherence light separately with a fast detector to improve the signal-to-
noise ratio and allow for faster frame rates [16]. This method visualizes tissue
morphology and has been shown previously to be sensitive to the presence of
Barrett’s esophagus and high-grade dysplasia (HGD) [17]. OCT endomicroscopy
has been further developed into a tethered pill that can be swallowed to collect
reflectance images. This engineering advance allows for imaging in an unsedated
patient to potentially improve compliance with screening for early detection of
cancer.

The capsule is transparent and cylindrical in shape with a diameter of 12.8 mm
and a length of 24.8 mm, Fig. 30.3 [18]. The focusing optics consists of an optical
fiber and gradient-index (GRIN) lens, and 45� prism that are contained within the
shell. The spot size of the focused beam is 30 lm (full width at half maximum).
The capsule is tethered to flexible sheath (0.96 mm diameter) that encloses a
driveshaft and the optical fiber that transmits light to and from the tissue. The
driveshaft rotates the optics inside the shell to collect circumferential, cross-sec-
tional reflectance images continuously. The OFDI system uses NIR light with

Fig. 30.2 In vivo multi-spectral images. a–d Conventional white-light images collected from
distal colon of CPC Apc mice genetically engineered to develop adenomas (arrow) spontane-
ously. Fluorescence images collected with SFE after topical administration of fluorescently
labelled peptides, e KCCFPAQ-DEAC, f AKPGYLS-TAMRA, and g LTTHYKL-CF633
demonstrate specific binding to premalignant lesion in comparison with adjacent normal mucosa,
h image from ‘‘cocktail’’ of peptides. Recreated with kind permission from Elsevier [15]
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frequency ranging from 1,250 to 1,380 nm. Images are collected at 20 frames/s
using 2,048 axial (depth) scans per image. The axial resolution is 7 lm in tissue,
and the system sensitivity is *110 dB. The images are reconstructed at full res-
olution (2,900 9 2,900 pixels) and displayed them using an inverse grayscale
lookup table.

Clinical use of this endomicroscope has been demonstrated in unsedated
patients who swallowed the capsule using a sip of water. The capsule was held by
the tether and allowed to gently descend through the esophagus into the stomach,
while images were collected. In vivo cross-sectional images of normal esophagus,
stomach, and Barrett’s esophagus are shown in Fig. 30.4a–c. Features of normal
esophagus can be appreciated on the expanded image (3X), including squamous
epithelium (E), muscularis mucosa (MM), lamina propria (L), submucosa (S)
containing blood vessels (arrowheads), inner muscularis (IM), outer muscularis
(OM), and myenteric plexus (MP), scale bar 0.5 mm, Fig. 30.4d. An expanded
image of normal stomach shows characteristic glandular ‘‘pits’’ (arrowheads),
Fig. 30.4e. The expanded image of Barrett’s esophagus shows an irregular luminal
surface, heterogeneous backscattering, and glands within the mucosa (arrow-
heads), Fig. 30.4f.

30.6 Photoacoustic Endomicroscopy

Photoacoustic imaging is an emerging technology based on optical absorption and
ultrasound detection that can achieve high spatial resolution, bright image contrast,
and deep tissue penetration [19]. This novel imaging modality can be combined

Fig. 30.3 Tethered capsule OCT. A driveshaft encloses the optical fiber and is connected to a
steel tube that contains the miniature optics. A ferrule, spacer, gradient-index (GRIN) lens, and
45� reflecting prism are rotated to scan the focused beam around the circumference of the hollow
organ. Recreated with kind permission from Nature America [18]
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with endoscopic ultrasound to achieve a multi-modal imaging strategy. The
photoacoustic images are formed through the detection of acoustic waves gener-
ated by rapid thermoelastic expansion caused by optical absorption of short laser
pulses to provide biological function. The ultrasonic images are produced with
conventional pulse-echo imaging that detects reflected acoustic waves to provide
tissue microstructure.

The microendoscope scan head is *35 mm in length and is enclosed within a
2.5 mm-diameter stainless steel and polyethyleneterephthalate plastic tube [20],
Fig. 30.5a. A multi-mode optical fiber (OF, 0.22 NA, 365 lm core diameter)
delivers laser pulses that reflect off the 45� deflection dielectric-coated fused silica
scanning mirror (SM) that is mechanically rotated at a B-scan frame rate of
*4 Hz, driven by a geared micromotor (GM). The mirror reflects both the laser
light and acoustic waves, and the imaging window is formed from an optically and
acoustically transparent plastic membrane (JPM) with *70 lm thickness. The
optical fiber and ring-shaped focused ultrasound transducer (UST) are coaxially
aligned to maximize the detection sensitivity of both the photoacoustic and
ultrasound pulse-echo signals. The sealed inner cavity is filled with deionized
water (WM) to provide acoustic coupling between the imaging window and the
transducer. A set of magnets (MN) provides the torque to rotate the scan mirror
through a glass partition (GP). A rigid stainless steel housing is sheathed with a
polyethyleneterephthalate tube (*25 lm thick) to fix the micromotor’s 4 electric

Fig. 30.4 OCT images in vivo. Cross-sectional OCT images in vivo of normal a esophagus and
b stomach and of c Barrett’s esophagus, tick marks 1 mm. d Expanded image (3X) of normal
esophagus shows the squamous epithelium (E), muscularis mucosa (MM), lamina propria (L),
submucosa (S) containing blood vessels (arrowheads), inner muscularis (IM), outer muscularis
(OM), and myenteric plexus (MP), scale bar 0.5 mm. The asterisk indicates a multiple reflection
artifact; e expanded image (3X) of normal stomach shows characteristic glandular ‘‘pits’’
(arrowheads); f expanded image (3X) of Barrett’s esophagus shows an irregular luminal surface,
heterogeneous backscattering, and glands within the mucosa (arrowheads). Recreated with kind
permission from Nature America [18]
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wires (*200 lm thickness for each wire). The angular field of view is partially
blocked by the electric wires and thus covers only *310�. Another polyethyl-
eneterephthalate tube encloses the wires and optical fiber over the 2 m long
flexible section. A photograph of integrated instrument (2.5 mm diameter and
*35 mm length) is shown, Fig. 30.5b.

The focused ultrasonic transducer detects one-dimensional depth-resolved sig-
nals (or A-lines), and cross-sectional images (or B-scans) are produced by rotating
the scanning mirror that directs both the optical and acoustic waves [21]. The
endoscope system records and displays a set of dual-wavelength photoacoustic and
ultrasonic B-scan images in real time during the constant rotation (*4 Hz) of the
mirror. By interleaving two optical pulses of different wavelengths and one acoustic
pulse at each angular step of the mirror, spatially coincident images are recorded
from the generated photoacoustic and ultrasonic A-line signals, even during periods
of substantial motion of the target. Volumetric data sets are acquired by recording
sequential A-line data during the constant rotational motion of the mirror and
mechanical pullback of the probe at a speed of *200 lm s-1. This instrument has
been used to collect three-dimensional photoacoustic and ultrasound images of rat
colon in vivo. The photoacoustic image was acquired using kex = 584 nm where
light is absorbed primarily by hemoglobin. These volumetric data sets cover a 4 cm
long cylindrical volume with a 10 mm diameter (i.e., *3.7 mm radial imaging
depth), which required a scan time of *4 min at the 4 frames/s. The radial-maxi-
mum amplitude projection photoacoustic and ultrasound images from the volu-
metric image are shown in Fig. 30.6a, b. The volume-rendered PA image shows the
vasculature in and near the colon wall, while the US image reveals the density
distribution of the tissues. In a representative B-scan section, the US image shows
clear contrast at the boundary of the colon wall and the photoacoustic image shows
contrast originating from the vasculature in the wall shown in Fig. 30.6c. In the
future, this integrated imaging strategy can be combined with molecular probes for
staging disease and detection of subsurface pathology.

Fig. 30.5 Multi-modal photoacoustic and ultrasound endomicroscope. a Schematic instrument.
GM geared micromotor, GP glass partition, JB jewel bearings, MN magnets, OF optical fiber, PM
plastic membrane (imaging window), SM scanning mirror, SW signal wire, UST ultrasonic
transducer, WM water medium. b Photograph of integrated instrument (2.5 mm diameter and
*35 mm length). Recreated with kind permission from OSA [20]
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30.7 Confocal Endomicroscopy

A confocal endomicroscope uses the individual optical fibers to deliver the illu-
mination, and each core of the fiber acts as the collection pinhole to reject scattered
light from regions outside of the focal plane. The Cellvizio� (Mauna Kea Tech-
nologies) is an FDA-approved confocal instrument that uses a coherent optical
bundle consisting of *30,000 individual, multi-mode fibers coupled to a miniature
objective [22]. The advantage of this simple design is that it can be easily
assembled in a package on the millimeter scale to pass through the instrument
channel of a medical endoscope. A semiconductor laser (kex = 488 nm) provides
the illumination, and beam scanning is performed at the proximal end of the fiber
bundle by a 4 kHz oscillator for horizontal scanning (lines) and a 12 Hz galvo-
mirror for vertical scanning (frames). A dichroic mirror reflects fluorescence to a
photodetector, and a longpass filter blocks the residual excitation. A flexible fiber-
based confocal endomicroscope (arrow) that has a diameter of 2.6 mm and delivers
\2 mW of excitation at kex = 488 nm has been used in the clinic. This level of
power has been determined to be non-significant risk by the FDA. Images are
collected at 8 frames/s over a 240 9 240 lm2 field of view. The working distance
of this instrument was 50 lm, and the resolution in the lateral and axial dimen-
sions was 1.4 and 7 lm, respectively. Separate miniprobes are available that have
different working distances for imaging at different tissue depths.

This instrument has been demonstrated clinically to target premalignant mucosa
in Barrett’s esophagus using a fluorescently labeled peptide to collect horizontal
cross-sectional images [23]. ASYNYDA-FITC at a concentration of 100 lM in
5 ml of saline was delivered topically to the esophageal mucosa. After 5 min for
incubation, the unbound peptides are rinsed off, and the confocal endomicroscope
(arrow) was placed in contact with the esophageal mucosa, Fig. 30.7a. The image
of squamous epithelium shows minimal peptide binding with a faint outline of

Fig. 30.6 In vivo images of rat colon. a Photoacoustic endoscopy. b Endoscopic ultrasound
maximum amplitude projection images from the distal colon and anus are shown over a 4 cm
range with a 10 mm image diameter (3.7 mm radial imaging depth), scale bar 5 mm.
c Coregistered images are shown over 310� radial image. Recreated with kind permission from
OSA [20]
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squamous cells, scale bar 20 lm, Fig. 30.7b. The image of Barrett’s esophagus
showed a vague outline of a benign crypt with a circular shape, Fig. 30.7c. The
image from a region of HGD in Barrett’s esophagus showed strong fluorescence
intensity from the surface of distorted crypts, Fig. 30.7d. The corresponding his-
tology (H&E) shows crypts with an elongated appearance, Fig. 30.7e. The lumen
(l) is tubular in shape, nuclei (n) appear stratified, and the lamina propria (lp) is
crowded. These images provide a high magnification of 1,000X and are useful to
validate specific binding of molecular probes being clinically validated for over-
expressed molecular targets [24].

30.8 Dual Axes Confocal Endomicroscopy

The dual axes design is a novel confocal configuration that separates the illumi-
nation and collection beams along different optical axes, using the region of
overlap between the two beams (focal volume) to define the resolution [25]. Low
numerical aperture objectives are used to create a long working distance so that the
scan mirror can be placed in the post-objective position. In this geometry, the two
beams are always incident to the objective on axis so that the scan mirror can
sweep a diffraction-limited focal volume over an arbitrarily large field of view that
is limited only by the maximum deflection angle of the mirror. This feature allows
for the size of the instrument to be scaled down to millimeter dimensions without
losing performance. In addition, very little of the light that is scattered by tissue
along the illumination path is collected to result in a much higher dynamic range.

Fig. 30.7 Confocal endomicroscopy. a Flexible fiber instrument (arrow) is passed through the
biopsy channel of a medical endoscope and placed into contact with esophageal mucosa.
Molecular images collected with an FITC-labeled peptide show minimal intensity for b squamous
(normal) and c Barrett’s esophagus, but significant signal for d high-grade dysplasia (HGD).
e Findings are confirmed on histology (H&E)
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This improvement enables optical sections to be collected in the vertical cross-
section to achieve deep tissue imaging using NIR light [26]. This view shows the
relationship among tissue microstructures as they vary with depth and provides
important diagnostic information about variations in the differentiation pattern of
the tissue.

We first determined the scan parameters needed to achieve vertical cross-sec-
tional images with the miniature dual axes design by performing ray-trace simu-
lations in ZEMAX, Fig. 30.8a. We found that we can achieve vertical cross-
sectional images with 800 lm in the transverse dimension (x-axis) using a MEMS
mirror that has a mechanical scan angle of ±6�. The three pairs of spots represent
the focus points of the illumination and collection beams at either extent of the
scanning range and on axis. The z-axis actuator moves the focal volume over a
range of *400 lm below the tissue surface, which is sufficient for imaging the
epithelium in hollow organs, as shown in Fig. 30.8b.

A 1D MEMS resonant scanner was developed for x-axis scanning using a
working principle based on electrostatic, parametric resonant tilting to achieve a
scan angle greater than the desired ±6� with a low drive voltage (\40 V) in a small
3 9 2 mm2 footprint, Fig. 30.9a. The tilting mirror steers the two overlapping
beams (illumination and collection) together over the field of view with a geometry
that has a high fill-in factor of 90.3 % (2.71 mm/3 mm) in the lateral dimension of
the device. Each device is dry-released from the module by breaking off the link-arm
struts with laser cutting (or tweezers). With the simple robust fabrication and fully
dry post-process, the new application-driven MEMS scanner design and its fabri-
cation process guarantee a high device yield ([90 %). With parametric resonance,
the mirror is driven by a square waveform (50 % duty cycle) with drive frequency

Fig. 30.8 Dual axes confocal endomicroscope. a Schematic of dual axes architecture shows ray-
trace simulation for achieving large field of view (800 9 400 lm2) in vertical cross-section using
post-objective scanning. b Packaging strategy for fiber-coupled instrument. Components are as
follows: (1) aluminum-coated parabolic mirror with solid immersion lens (SIL) in center;
(2) MEMS mirror with PCB holder; (3) prism with holder; (4) achromatic doublet-lens-based
collimator; (5) single-mode fiber; (6) achromatic lens; (7) illumination (red) and collection beam
(gray). Recreated with kind permission from OSA [27]
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fd = 2 9 fr/N (N = 1, 2, 3, …, in ambient air, we use N = 1). The mirror surface is
first coated with a 10 nm layer of chrome followed by a 120 nm layer of gold (Au),
for enhanced reflectivity ([85 %, 640–785 nm) in the NIR. A cross-sectional view
of the MEMS shows patterning of gold to on the mirror surface, Fig. 30.9b.

Vertical cross-sectional images were collected of NIR fluorescence to illustrate
the high dynamic range of the dual axes geometry [27]. The 10 mm-diameter scan
head integrates the MEMS mirror for lateral scanning and a bulk PZT actuator for
axial scanning. The microscope images in a raster-scanning pattern with a ±6�
(mechanical) scan angle at *3 kHz in the x-axis (fast) and up to 10 Hz
(0–400 lm) in the z-axis (slow). Vertical cross-sectional fluorescence images are
collected with a transverse and axial resolution of 4 and 5 lm, respectively.
A Cy5.5-labeled peptide specific for colonic dysplasia was intravenously admin-
istered at a concentration of 400 lM, Fig. 30.10a. The mice were then euthanized,
and the colon was excised and imaged immediately with 2 mW of excitation at
kex = 671 nm. NIR fluorescence images show dysplastic crypts in the vertical
orientation (Fig. 30.10b), demonstrating the histology-like performance. The
contrast from specific binding of the peptide can be appreciated by the image of
the border between normal colonic mucosa and dysplasia, Fig. 30.10c. Vertically
oriented crypts can be appreciated in the corresponding histology (H&E), scale bar
200 lm, Fig. 30.10d.

Fig. 30.9 MEMS scanner. a Stereomicroscope image of device. Components are as follows:
(1) hinge; (2) electric isolation trench; (3) link-arm struts; (4) sensor pad; (5) four weight-reducing
holes; (6) electrostatic comb-drive actuators; (7) electric Au/Cr pad; (8) Au/Cr-coated reflective
mirror surface. b Schematic of cross-sectional view of the MEMS 1D scanner design for a
3 9 2 mm2 SOI device with pattern gold coating using DRIE on the top and bottom layers.
Recreated with kind permission from OSA [27]
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30.9 Multi-Photon Endomicroscope

Multi-photon microscopy uses nonlinear light–tissue interactions to generate
image contrast. Fluorescence is generated when two lower-energy (longer wave-
length) photons in the NIR regime arrive at tissue biomolecules simultaneously
[28]. These photons combine their energies to promote electrons into higher
energy levels to produce fluorescence emission. Excitation is provided by ultra-
short, 70–200 fs, high peak-intensity pulses of light that localize the energy in
space and time to maximize the fluorescence signal.

The scan head of the multi-photon endomicroscope consists of a small tubular
piezoelectric actuator that spirally scans a double-clad fiber [29], Fig. 30.11. This
fiber is effective for delivery of femtosecond laser pulses for excitation and col-
lection of fluorescence [30]. Excitation is delivered through the core (3.5 lm
diameter and 0.19 NA), and fluorescence is collected by the core and by the inner
cladding (103 lm diameter and 0.24 NA). The beam is focused by a GRIN lens
with 0.22 pitch and a 1.8 mm diameter. The distal end of the instrument is housed
in a thin-wall hypodermic tube with an overall diameter of 2.4 mm. The en-face
image is produced by a resonant scan of the double-clad fiber in a spiral pattern.
The optical fiber extends out of the tubular piezoelectric actuator as a free-standing
cantilever. The outer surface of the piezoelectric tube is divided symmetrically
into four quadrants that form two orthogonal pairs of drive electrodes. Each pair of

Fig. 30.10 Vertical cross-sectional imaging. a Chemical structure of Cy5.5-labeled peptide.
b NIR fluorescence image from colonic adenoma in ex vivo shows vertically oriented dysplastic
crypts (800 9 400 lm2). c Border between normal and premalignant colonic mucosa shows
increased contrast from specific binding of molecular probe. d Corresponding histology (H&E),
scale bar 200 lm. Recreated with kind permission from OSA [27]
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opposing quadrants is driven independently out of phase at the mechanical reso-
nance of the fiber cantilever at *1,690 Hz. At this frequency, images consisting of
512 circular scans are generated at 3.3 frames/s. The diameter of the field of view
is *160 lm using the GRIN lens with a magnification of 0.5.

The potential of multi-photon endomicroscopy to perform optical sectioning
was demonstrated with rat oral mucosa stained with acridine orange. The density
of the epithelial cell nuclei was observed to increase from the superficial to the
basal layers at tissue depths of 10 and 50 lm, respectively, Fig. 30.12a, b. This
finding is consistent with that seen on histology. A three-dimensional volumetric
image was generated by collecting horizontal (en face) cross-sections at 5 lm
increments from the mucosal surface to 120 lm below, Fig. 30.12c.

Fig. 30.11 Multi-photon endomicroscope. Double-clad fiber (DCF) extends out of a piezoelec-
tric transducer tube (PZT) as a cantilever and is spiral scanned at mechanical resonance. The
beam is focused by a GRIN lens, and fluorescence is focused by this objective into the core and
inner cladding of the fiber. The distal end of the instrument is encased with hypodermic tubing,
resulting in an overall outer diameter of 2.4 mm. Recreated with kind permission from OSA [29]

Fig. 30.12 Multi-photon images. Rat oral mucosa was stained with acridine orange, and
fluorescence images reveal nucleus density from the a superficial layer at 10 lm depth and
b basal layer at 50 lm depth; c images are Z-stacked for 3D volumetric representation. Used with
permission. Recreated with kind permission from OSA [29]
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30.10 Conclusion and Future Direction

Miniature imaging system is becoming very important tool for visualizing the
mucosa of hollow organs in vivo, such as oropharynx, esophagus, lung, stomach,
colon, and rectum. Advanced endomicroscopes have been realized by modern
technologies, including light sources, microoptics, fiber optics, miniature scanner.
Endomicroscopy, such as OCT, confocal, multi-photon, and photoacoustic, can
perform optical sectioning for looking below the tissue surface with subcellular
resolution. These methods are relying on novel optics, ultrathin scanning mech-
anisms based on micromachining and piezoelectric technologies. In addition,
innovative target-specific molecular probes significantly improve the specificity of
early disease detection before morphology changes occur. In the future, with the
development of new technologies, the miniature imaging system will allow phy-
sicians to see beyond gross anatomical structures to appreciate biological function.
Rapid progress in the biomedical optics field will further expand the capabilities of
the imaging system through multi-spectral image collection, higher sensitivity,
better resolution, deeper tissue penetration, and 3D volumetric imaging for
diagnosis.
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Chapter 31
Engineering Small Animal Conformal
Radiotherapy Systems
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BLI Bioluminescence imaging
CBCT Cone-beam computed tomography
CT Computed tomography
DERT Dose-enhanced radiotherapy
IGRT Image-guided radiotherapy
kV Kilovoltage
LPS Lipopolysaccharides
MC Monte Carlo
MLC Multileaf collimator
MV Megavoltage
NPC Neural progenitor cells
NTCP Normal tissue complication probability
PDT Photodynamic therapy
SARRP Small animal radiation research platform
TCP Tumor control probability
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31.1 The Need for Small Animal Conformal Radiotherapy
Systems

State-of-the-art image-guided radiotherapy (IGRT) is clinically delivered with
megavoltage (MV) photon beams generated by medical linear accelerators (linacs).
High geometrical accuracy with a millimeter precision to ensure lethal radiation dose
to the tumor and minimal dose to critical organs and normal tissue is a requisite for
clinical radiotherapy. The prescription doses to the tumors and maximum tolerable
doses to critical structures are determined based on patient outcomes, such as tumor
control probability (TCP) and normal tissue complication probability (NTCP). TCP
and NTCP are derived from patient follow-up studies that typically take 5–20 years.
Radiation therapy outcome studies can be performed much faster with small animals
due to their short life span and the ability to rigorously control experiments. In order
to be able to compare small animal studies to clinical date, a close match between
clinical dose delivery and preclinical dose delivery must be achieved.

Historically, small animal radiotherapy studies were commonly nonconformal
and performed using a single X-ray beam and a lead shield with an opening cut in
the shape of the tumor. Whereas this setup ensures irradiation of the tumor, other
organs, and normal tissue in the path of the beam also receive a radiation dose. The
results of the radiation study might then be affected by the dose to normal tissues.

For radiotherapy conformal small animal studies with clinical implications,
clinical radiotherapy systems must be significantly downscaled. The need to treat
submillimeter targets in small animals requires submillimeter dose delivery
accuracy. High-resolution anatomical imaging is therefore an integral part of small
animal conformal radiotherapy systems. Small animal radiotherapy requires a
higher spatial accuracy compared to clinical radiotherapy (Fig. 31.1).

31.2 Components of a Small Animal Conformal
Radiotherapy System

A typical small animal conformal radiotherapy system consists of a source of
radiation, a collimation system mounted on a gantry, a movable specimen table, and
an imaging system. Prior to treatment, the subject is typically imaged with X-ray
cone-beam computed tomography (CBCT), reconstructed 3D CBCT volumes are
used for specimen positioning and treatment planning. Animals are irradiated with a
number of beams calculated by a treatment-planning program, an integral part of
every system. Treatment beams have to be collimated to a large degree, so that the
beam penumbra (unsharpness) does not degrade the quality of dose distributions
and small target volumes can be irradiated while surrounding healthy tissue is
spared. The individual components of a small animal conformal radiotherapy
system depicted in Fig. 31.2 are described in detail in the following sections.
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Fig. 31.1 State-of-the-art medical linear accelerator (a) and a patient dose distribution generated
by a treatment technique called RapidArc (b). Small animal conformal radiotherapy system at
Stanford University based on a modified microCT scanner (c) and a mouse dose distribution
delivered by the system (d)

Fig. 31.2 The main
components of a small animal
conformal radiotherapy
system: source of radiation,
collimator, X-ray detector,
animal bed, and a gantry
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31.2.1 Sources of Radiation

Due to the typical size of small animals, clinically used high-energy MV photon
beams with maximum dose deposition at depths of 1.5–3.5 cm are not suitable for
preclinical irradiations. Kilovoltage (kV) photon beams are preferred for small
animal radiotherapy systems for three primary reasons:

1. More suitable depth–dose deposition for irradiation of small animals compared
to MV beams.

2. Less collimation material needed to generate conformal beams.
3. Lower radiation-shielding requirements compared to clinical radiotherapy

shielded by thick concrete walls.
4. Generated by more cost-effective and compact X-ray tubes compared to clinical

linear accelerators.

As mentioned above, radiotherapy in most current small animal conformal
systems is delivered by kV X-ray beams generated with X-ray tubes, but radio-
nuclide sources have also been considered. Dose deposition of a clinical 15-MV
linac photon beam, X-ray tube generated 70, 120, and 225 kV beams, and an 192Ir
radionuclide source are plotted in Fig. 31.3. Small animals with sizes from 1 to
5 cm can be conveniently treated with kV photon beams and an 192Ir source.

31.2.1.1 X-Ray Tubes

X-ray tubes are used for radiotherapy of small animals because of their com-
pactness and the dose deposition properties of kV X-ray beams. In an X-ray tube,
electrons emitted from a cathode are accelerated over a high voltage (50–300 kV)
toward an angled anode usually made of tungsten. Electrons interact with the

Fig. 31.3 Dose deposition
by a 1 9 1 cm beam as a
function of depth for a
15 MV, 70, 120, 225 kV
X-ray beams and an 192Ir
c-ray source calculated by
Monte Carlo simulation
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anode material over an area defined by the electron beam size (the focal spot) and
generate X-rays in the form of Bremsstrahlung and characteristic radiation. The
tube voltage determines the energy and penetration power of the X-ray beam, the
higher the energy the deeper the beam penetration.

The output of an X-ray tube (i.e., the dose rate) linearly scales with tube current
and with square of tube voltage. For highest dose rate, the X-ray tube current and
tube voltage are maximized and limited by the generator power. Small animal
conformal radiotherapy is typically done with 120–225 kV and 10–50 mA.

X-ray beam attenuation (beam quality) can be modified by inserting filters in
the path of the X-ray beam, generally directly in front of the X-ray tube window.
While filtration increased the mean beam energy resulting in less steep attenuation,
it decreases the dose rate. A compromise between beam attenuation and output
must be found. Mean energies of X-ray beams used for small animal radiotherapy
are between 80 and 150 keV corresponding to tube voltages of 120–225 keV.

For larger subjects irradiated with large X-ray beams, the X-ray beam heel
effect caused by the angled anode must be accounted for, because it results in
uneven beam intensity across the direction of the anode angle. For example, for a
12� anode and a 120 kV beam, the difference between the central axis dose and
dose 2 cm off axis at 1 cm depth in tissue and 30 cm source-to-skin distance is
10 %. To accurately account for the heel effect during irradiation, Monte Carlo
(MC) dose calculations are performed (Sect. 31.3). The focal spot size is one of
the factors determining the geometric beam penumbra (Fig. 31.4a, c). The larger
the focal spot size, the larger the beam penumbra. With a larger beam penumbra, it
becomes more difficult to irradiate the tumor in a conformal fashion. Typical X-ray
tubes offer focal spot sizes with diameters from 0.3 to 5 mm. While use a smaller
focal spot is preferred for penumbra reasons, small focal spots exacerbate tube
heating, and ultimately limit output.

31.2.1.2 Radioisotopes

As an alternative to X-ray tube sources, radioisotopes can be used as treatment
sources in small animal conformal radiotherapy systems. The source should have
c-ray energy between 40 and 500 keV for reasonable dose deposition without
significant shielding requirements. Moreover, the activity of the source must be
high to ensure a high-dose rate, and the half-life of the radionuclide should be
reasonable long so that it does not need to be replaced frequently. Moreover, the
size of the source affects the geometric beam penumbra (Fig. 31.4), so source sizes
in the order of a few millimeters are desirable.

Similar to clinical 60Co source with 1.25 MeV mean beam energy, an 192Ir
source with 380 keV c-ray mean energy can be used for small animal radiother-
apy. The deposition of a 192Ir source with a half-life of 74 days is shown in
Fig. 31.3. The dose rates of a 192Ir high-dose-rate brachytherapy source are typi-
cally on the order of 12 Gy/min at 1 cm distance. Unlike electrically controlled X-
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ray tubes, radioisotopes cannot be switched off and special care must be taken
concerning shielding and personnel exposure.

31.2.2 Collimation Systems

Delivery of conformal radiotherapy is dependent upon shaping the treatment beam
to the shape of the target (the tumor). This is clinically achieved by blocking the
radiation beam using thick collimators made of high-density materials (typically
tungsten). Clinical collimators are designed with various degrees of complexity.
Even though small animal radiotherapy beams are of lower energies than clinical
beams and therefore require smaller collimator thicknesses, these beams must be
smaller, sharper and delivered with a higher spatial accuracy. This presents a
challenge in designing collimators for small animal radiotherapy.

Collimator material and thickness are chosen to attenuate the X-ray beam in a
small thickness of material. As such, high-density materials are preferred; how-
ever, the clinically used costly tungsten is typically replaced by lead or brass.
Collimators must attenuate the X-ray beam to 0.1 % of the initial X-ray fluence.
The thicknesses of lead and brass can be calculated using the linear attenuation
coefficients obtained from the XCOM database [1] based on Beer’s law:

Fig. 31.4 Demonstration of small (a), medium (b), and large (c) geometric beam penumbra
(unsharpness) due to treatment source size and collimator-to-target distance. In (a), a small X-ray
source and short collimator-to-target distance results in small geometric penumbra. The
collimator-to-target distance is enlarged in (b), generating a larger penumbra. In (c), enlarging the
X-ray source further increases the beam penumbra. The ideal geometry consists of a small
radiation source and a short collimator-to-target geometry
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I ¼ I0e �ldð Þ;

where I and I0 are the intensity of the attenuated and initial X-ray beam, respec-
tively, l is the linear attenuation coefficient of the collimator material and d is
collimator thickness. Table 31.1 summarizes collimator thicknesses required to
attenuate initial X-ray beam with a number of mean energies to 0.1 % of the
original X-ray fluence. Lead attenuates X-rays more efficiently and is preferred
over brass.

In order to generate a sharp beam with a small geometric penumbra, collimators
should be placed as close to the target as possible (Fig. 31.4a, b). The distance
from the collimator to the isocenter of the machine (the radiation target) is limited
by the size of the irradiated animal. Typical distances between the source and the
target are 5–15 cm.

Beam-targeting accuracy is driven by the positioning accuracy of the colli-
mators. Careful beam alignment is performed by irradiating a film from a number
of beam angles and observing the intersection of the beams.

The four main collimator designs considered for conformal small animal
radiotherapy are discussed in the following sections.

31.2.2.1 Removable Collimators

A simple way of collimating the beam is to attach a static removable collimator to
the X-ray tube (Fig. 31.5a). Removable collimators typically employ circular
openings to create circular fields, or rectangular openings to create rectangular
fields. Removable collimators offer the advantage of being in general closer to the
target and thus suffer less from geometric penumbra. However, such collimators
have to be manually mounted before each beam if the beam size varies for a
multibeam treatment. A state-of-the art modulated arc therapy is therefore not
possible with removable collimators that have to be inserted manually. Moreover,
removable collimators typically offer only a limited number of beam sizes and
they are symmetric.

Table 31.1 Linear attenuation coefficient l and collimator thickness d required to attenuate
initial X-ray beam to 0.1 % of its original fluence as a function of beam energy and collimator
material

Mean energy (keV) Lead Brassa

l (cm-1) d (mm) l (cm-1) d (cm)

80 25.8 2.7 6.7 10.3
120 37.4 1.8 2.8 24.7
150 21.5 3.2 1.9 35.8

a Brass is considered to consist of 60 % copper and 40 % zinc with mass density of 8.5 g/cm3
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31.2.2.2 Movable Jaws

Movable jaws, also used in clinical radiotherapy machines, consist of two pairs of
motorized jaws shaping the beam in two perpendicular directions (Fig. 31.5b). The
geometric beam penumbra is larger in the direction of the jaw closer to the X-ray
tube. Movable jaws can generate rectangular shapes of any sizes in any location.
Moreover, X-ray beams shaped by movable jaws can be asymmetric. In principle,
the jaws can move during irradiation, which can result in a sophisticated angled
dose distribution resembling the clinical enhanced wedge.

31.2.2.3 Iris Collimators

An iris collimator (Fig. 31.5c) consists of a number (n) of motorized blocks
organized in a circular geometry so that they form a symmetric polygon opening.
The iris collimator has been recently been added to the CyberKnife, a 6 MV
clinical linear accelerator mounted on a robotic arm [2]. The iris collimator in
Fig. 31.5c generates hexagonal shapes that for small target can approximate cir-
cular beams. In order to create more circular-like beam, two n-sided iris colli-
mators rotated by 180/n can be placed in two stages in a similar setup to the
movable jaws described above. The size of an iris collimator can be adjusted to
any desirable opening. The shape, however, is defined the number of collimator
blocks (n) and cannot be modified, and moreover the aperture is always isocentric.
This design has been implemented for small animal radiotherapy [3].

Fig. 31.5 Collimation systems for small animal radiotherapy: removable collimators with
circular and rectangular openings (a), movable collimator jaws (b), an iris collimator with six
collimator blocks forming a hexagonal opening (c), and a multileaf collimator (d). Arrows
indicate the direction of motion of movable parts
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31.2.2.4 Multileaf Collimators

The treatment beam in state-of-the art clinical irradiators is shaped by the so-called
multileaf collimator (MLC, Fig. 31.5d). A large number of 2.5–5 mm tungsten
leaf-pairs (approximately 120) move independently forming the field in practically
any beam shape. MLCs have not been yet implemented in small animal conformal
radiotherapy, but the field is moving toward their application. Based on
Table 31.1, it is most likely that the collimator leafs will be made of lead.
Assuming a 1 mm resolution at the target, a small focal spot size, and location of
the MLC halfway between the focal spot and target, the MLC leaves must be
0.5 mm wide. To cover a 3 cm field in the isocentric plane, 30 leaf-pairs are
needed. Packing a large amount of electronics to operate each of the 60 leafs
independently presents an engineering challenge.

31.2.3 Gantry and Animal Bed

Conformal radiotherapy also depends upon delivering treatment beams from
multiple angles, which results in lowering the skin and normal tissue dose. For this
purpose, the treatment X-ray source is mounted on a gantry enabling its rotation.
The rotational gantry also supports beam collimation. Ideally, a full arc 360�
rotation is available; however, attempts have been made to deliver small animal
and clinical conformal radiotherapy over a smaller angle.

The rotational gantry must support the weight of the equipment (the X-ray tube
or radioisotope source, and in some cases the imaging panel) while performing
accurate rotation with high positioning accuracy and minimal sagging. Gantry
rotation speed requirements are similar to clinical radiotherapy machines that can
only rotate at 1 rpm according to IEC rotation limits. If the gantry also contains
imaging equipment, a faster rotation of 6 rpm is desirable for faster imaging.

In order to irradiate a target anywhere in a small animal body, it is necessary to
either allow off-isocenter beams or to place the target into the isocenter of the gantry,
where all beams intersect. As most collimation systems do not allow the former at
present, a motorized three-dimensional translation animal bed is therefore an
important part of a small animal conformal system. Bed positioning accuracy must be
within 0.2 mm in all directions. It should have a high reproducibility with travel
ranges at least 10 cm to cover the entire small animal body. Lasers along two or three
perpendicular directions can be used for a more accurate animal positioning.

Small animals are irradiated under anesthesia that is either delivered by intra-
peritoneal injection prior to the experiment, or via inhalation during the procedure.
In the latter, more common case, a mixture of oxygen and isoflurane gas is sup-
plied to the animal from outside of the shielded system by tubes. Moreover, due to
possible long irradiation times, animals are kept on an electric heating pad to
maintain body temperature. Tubing and cables are run through a special entry port
in order to minimize radiation leakage from the irradiator.
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31.2.4 Integrated Imaging

Imaging is a crucial component of conformal radiotherapy machines, as it is
important to accurately locate and define the radiation target. Historically, X-ray
computed tomography (CT) imaging has been used for localization of the target, as
well as for dose calculations. Similar to clinical radiotherapy, CT images must also
be acquired for accurate calculation of radiation dose to the small animal. More
recently, molecular bioluminescence imaging (BLI) has been considered for the
use in targeting small animal conformal radiotherapy. Both of these techniques are
discussed in the following sections.

31.2.4.1 X-Ray Computed Tomography Imaging

X-ray CT imaging provides information about the anatomy of the animal. CT
images show the X-ray attenuation properties of tissues and can be used to
delineate regions of pathology. During CT imaging, X-rays pass through the
subject and an X-ray detector consisting of a large number of pixels detects the
attenuated beam. The X-ray tube is rotated about the animal, and attenuation
through the animal is detected with the detector at a large number of beam angles.
CT images are reconstructed from the attenuation data acquired at multiple X-ray
tube angles. Due to the high spatial resolution needed in small animal imaging
(50–200 lm), CT images are commonly acquired in the cone-beam geometry and
reconstructed using the Feldkamp algorithm [4]. In the cone-beam geometry, a
large volume of the animal is imaged during a single X-ray tube rotation. The large
acquired volume of data results in long CBCT image reconstruction times, which
are often shortened by using multiple GPU processors [5].

X-Ray Tubes

Imaging X-ray tubes for small animal radiotherapy systems operate with lower
tube voltages (50–100 kV) than treatment X-ray tubes (120–225 kV). In principle,
a single X-ray tube can be the source for both treatment and imaging X-rays, if it
can be operated at two different tube voltages. Low-energy X-rays are preferen-
tially attenuated in soft tissues relative to high-energy X-rays and therefore provide
higher tissue contrast. CBCT imaging spatial resolution must be high so that small
targets (B 1 mm) can be localized for radiation treatment. Even though CBCT
imaging spatial resolution is primarily defined by the resolution of the X-ray
detector, it is also affected by the size of the X-ray tube focal spot. For imaging, a
small focal spot size of less than 1 mm is desirable.
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Detectors

Small animal X-ray imaging detectors are typically amorphous silicon-based sensors
with 1,000 9 1,000–2,000 9 2,000 pixels of size 50 9 50–100 9 100 lm,
covering an area of approximately 10 9 10 cm. High-resolution, high-detection
efficiency detectors operate at 15 frames/s in order to achieve fast imaging times.
Projection data over 360–720 projection angles are needed for reconstruction of
three-dimensional images. It is critical that the imaging detectors are fast and effi-
cient in absorbing X-rays, so that minimal animal motion occurs during the imaging
time. Small animal CBCT imaging times vary from 20 s to 1 h in existing microCT
scanners. During long acquisition times, animal motion can occur resulting in
imaging artifacts that severely degrade image quality. In the case of radiotherapy
targeting, these artifacts prevent identification of small targets and also complicate
treatment planning dose calculations.

CBCT Imaging Geometry

CBCT images are reconstructed based on X-rays attenuation data from the imaged
animal that are acquired over a large number of angles. CBCT imaging data can be
acquired with three different geometries:

1. The X-ray tube and detector rotate while the animal bed is stationary
(Fig. 31.6a).

2. The animal bed rotates with the X-ray tube and detector stationary (Fig. 31.6b).
3. The animal rotates in a restraining device about its long axis with X-ray tube

and detector stationary (Fig. 31.6c).

In general, the first approach provides best image quality, because X-rays pass
through a smaller thickness of animal and the detected signal used in image
formation is maximized. In the second approach, the animal is placed on a 3D

Fig. 31.6 CBCT imaging geometries used in small animal conformal radiotherapy system.
Stationary animal is imaged using an X-ray tube and detector rotating about the animal (a), using
a stationary X-ray tube and detector by rotating animal bed (b) or by rotating animal placed in a
restraining device (c)
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motion bed that is mounted on a rotation stage and the animal is rotated during
imaging. The signal through the long animal axis is significantly lower than
through the short animal axis, resulting in decrease in imaging quality. Modulation
of the X-ray tube current, although not currently used in small animal CT imaging,
can mitigate this loss of signal-to-noise ratio. The X-ray tube and detector are also
stationary in the third approach. Additionally, the animal is placed into a
restraining device and rotated about its long axis. This approach in combination
with a reliable restraining device can potentially provide similar imaging quality as
the first technique.

31.2.4.2 Bioluminescence Imaging

Researchers at John Hopkins University (JHU) have incorporated BLI into a small
animal radiotherapy system. In contrast to anatomical X-ray CT imaging, BLI
offers molecular information about the location of the target [6]. During BLI
imaging, the subject is injected with luciferin, which is metabolized by the light-
emitting enzyme luciferase that has been transfected into specific cells in the
animal. As a result of the luciferin–luciferase interaction, optical photons with eV
energies are emitted from the target and detected by a CCD camera. Since the
photons are in the visible light range, the penetration depth in tissue is low and the
imaging system needs to be enclosed in a black light-tight box. In addition,
scattering is high in this photon energy range, and sophisticated data reconstruc-
tion and processing methods are needed to properly localize the source of biolu-
minescent light in the subject. Optical imaging plays a unique role in preclinical
research, but it is unfeasible in clinical settings due the small penetration depth of
optical photons and the difficulty of transfecting human subjects with a biolumi-
nescent enzyme. The most common systems use planar projection imaging,
although optical CT facilitating 3D information about the location of the target is
becoming available.

31.3 Dose Calculations and Treatment Planning

Dose calculations and treatment planning are an integral part of small animal
conformal radiotherapy systems. Interactions of lower-energy-kV X-ray beams are
more complex compared to clinical MV X-ray beams and as a result, no simplified,
generalized, accurate dose calculation techniques are available. Although
approximate kV dose calculation techniques that calculate dose to water accurately
exist [7, 8], the dose deposited in tissue by these beams is most accurately cal-
culated using MC techniques [9–11].

First, the treatment beam must be accurately modeled for reliable MC dose
calculations. An X-ray source is modeled according to manufacturer’s specifica-
tions, and validated against dose measurements. Dose measurements can be
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performed by ionization chambers or more conveniently by films that have a
higher spatial resolution than ionization chambers [12]. Once a beam model is
built, MC dose calculations for each animal are performed based on the animal CT
images. Each voxel of the CT images, representing the linear attenuation coeffi-
cient, is converted into a mass density and tissue type to achieve accurate dose
calculation results [13]. The kV beams used in small animal radiotherapy deposit
more dose in bony tissues (Fig. 31.1d) relative to MV beams due to the high
probability of photoelectric effect, which must be accounted for in the dose cal-
culation process.

Once CT images are acquired, the radiation target is identified and delineated,
and the treatment planning process begins. Small animal conformal radiotherapy
has yet to evolve to include inverse planning and other clinical treatment planning
innovations, and at present, only simple forward planning and optimization
methods have been implemented. In one such approach, the user manually selects
beam angles and adjusts the collimator size visually to completely cover the target
at each angle. In a more advanced technique, collimator sizes are adjusted auto-
matically after beam angle selection [14]. The treatment planning system then
calculates the dose based on the MC model of the X-ray beam and the animal CT
images. If the outcome of the planning process is not satisfactory in terms of target
coverage or dose to critical organs, the user manipulates the number of beams,
angles, and collimator settings until an acceptable dose distribution is found.
Clearly, the described small animal treatment optimization process lags behind the
clinically used workflow employing inverse treatment planning optimization, and
more work is needed in this field.

Generally, animal CT images are acquired just prior treatment, and therefore,
small animal conformal radiotherapy is a true form of IGRT. In clinical radio-
therapy, on the other hand, planning CT images for each patient are acquired
multiple days prior treatment due to the lack of high-quality imaging equipment in
treatment rooms and to allow time to carefully plan the treatment. Patient posi-
tioning on the treatment day is the most time-consuming process.

31.4 Radiation Shielding and Safety

Access to and use of small animal irradiators must be controlled as they can
potentially cause harm to the operating personnel if not handled properly. The
system can be either enclosed in a lead cabinet that provides radiation shielding to
the operator, or the system can be open and located in a separate room from the
control computer with a shielded door. In the first case, users can stand right next
to the irradiator while operating the machine. In the second case, the system
controller is located outside the shielded room and an electronic interlock is
mounted on the door to prevent operation of the system with the door open.
Additionally, interlocks should be placed on the system itself. The interlock stops
the beam when the small animal irradiator door is open. Warning signs consisting
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of blinking X-ray warning sign while the beam is on must also be included with
the system.

Each user of a small animal radiotherapy system must be trained to use the
equipment and must wear a radiation dosimeter while operating the system. The
shielding of the system or of the room must be designed in such a way that the
exposure to personnel operating the system is below the limits set for radiation
workers (50 mSv/year in the USA).

31.5 Quality Assurance

It is important to understand the characteristics of small animal conformal irra-
diators and to test them on a monthly basis. No protocol has been developed for
quality assurance of small animal radiotherapy systems. We will give an overview
what such a protocol should include in terms of verifying the mechanical prop-
erties of the system and measuring the dose output and beam target accuracy.
Moreover, imaging quality assurance must be performed for small animal con-
formal radiotherapy systems with imaging capabilities.

31.5.1 Mechanical Quality Assurance

The positioning of the animal bed and the rotation of the gantry can be tested in a
number of ways. For example, a high-density object visible with the X-ray
imaging beam in combination with the imaging panel (a high-density marker, a
pin) can be used for both animal bed positioning and gantry rotation testing
(Winston-Lutz test).

To assess the accuracy of rotation of the gantry, a high-density marker is
carefully positioned at the isocenter of the machine and repeatedly imaged with the
CBCT imaging panel from a number of angles. If the gantry rotation is accurate
and the position of the X-ray tube and detector with respect to the isocenter
constant, the position of the marker in the image is identical for each image
acquired at each tube angle. The maximum deviation in images acquired over
these gantry angles corresponds to the uncertainty in gantry rotation. The maxi-
mum marker position deviation in images acquired at different angles defines the
diameter of the radiation isocenter.

A high-density marker placed at the isocenter can also be used to determine bed
positioning accuracy. The marker is placed on the bed and imaged with the CBCT
imaging panel at two angles separated by 90� (from the top and from the left). The
bed is then translated by approximately 1 cm in each direction and the location of
the marker on the images is noted. Based on the difference in the positions of the
imaged marker before and after the shift, bed shifts are calculated and applied. The
marker is imaged again after the bed is shifted. The differences between the
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original images and repositioned images of the marker define the bed positioning
accuracy in all three directions. Bed positioning accuracy should be within
0.2 mm.

31.5.2 Dose Output Quality Assurance

Dose output is an important quantity in any radiotherapy system. For large fields
([ 3 cm), dose output can be measured with an ionization chamber calibrated for
the treatment beam. For smaller fields, Gafchromic films should be used for output
measurements. Two formalisms can be followed for dose measurements using an
ionization chamber according to the AAPM TG-61 protocol [15]: (1) dose is
measured in air, or (2) dose is measured in a phantom. For measurements of dose
in air, it is important to place the center of the ionization chamber exactly at the
isocenter of the machine with no horizontal or vertical tilt. Placement of the
chamber is simpler when the ‘‘in-phantom’’ method is used, because the orienta-
tion of the chamber with respect to the phantom is known. A small phantom with
an opening for the chamber for output measurement calibrated in a kV beam must
be designed. We recommend that output be checked for all beam energy and
filtration combinations for beam sizes [ 3 mm used for small animal irradiations
on a monthly basis.

For smaller beam sizes, the process of output calibration with films is more
labor-intensive. Film measurements, however, offer more measured data points
compared to the single-point measurement with an ionization chamber. An
example of dose output measurement is presented in Fig. 31.7a. Gafchromic films
are stacked between tissue-equivalent plastic slabs and irradiated with a small
beam of the small animal conformal irradiator from the direction perpendicular to
the films. The films are subsequently digitized in a flatbed scanner and calibrated
based on films irradiated with known doses in a beam of similar quality. As a result
of this measurement, beam output, depth-dose curves, and beam profiles at a
number of depths are measured. The measurement is repeated for all beam sizes
used for radiotherapy annually. We recommend that output values be within 2 %
of the actual value for all beam sizes.

31.5.3 Beam-Targeting Quality Assurance

Beam-targeting accuracy can also be measured using Gafchromic films. An
example of beam target accuracy with films is demonstrated in Fig. 31.7b, and it is
similar to the clinically used star-shot test. A circularly cut film with a small
circular hole of approximately 1 mm diameter is inserted between two cylindrical
blocks made of a tissue-equivalent material and positioned on the animal bed with
the axis parallel to the rotation axis of CT imaging. The phantom is imaged, and
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the small hole in the film is identified on CBCT images. After the center of the
hole is positioned at the isocenter of the irradiator using the linear translation
stages, the film is irradiated with three beams separated by 60�. The film is dig-
itized on a scanner and the axes of all three beams are identified based on the
darkness of the film. The accuracy of the intersection of the beams with respect to
the center of the hole in the film is evaluated. In order to fully exploit the potential
of an advanced small animal conformal radiotherapy system, beam-targeting
accuracy should be within 0.2 mm.

31.5.4 Imaging Quality Assurance

Imaging quality assurance can be conveniently performed using the Shelley
phantom [16]. The phantom consists of section for testing CT number linearity,
uniformity, noise, and accuracy, as well as spatial resolution and geometric
accuracy. All these parameters should be checked annually to ensure imaging
performance has not degraded in the system over time.

Fig. 31.7 Schematics of film phantoms for small-field output and depth–dose measurements
(a) and beam-targeting accuracy (b)
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31.6 Overview of Existing Systems

To date, five small animal conformal radiotherapy systems have been developed
by groups at JHU, Princess Margaret Hospital (PMH), Washington University,
Stanford University, and the University of Texas Southwestern. The systems differ
primarily in terms of imaging and treatment geometry and in radiation sources.
The existing systems are described in detail below.

31.6.1 John Hopkins University System

The JHU system [8, 17, 18] consists of a dual-focal spot X-ray tube mounted on a
gantry rotating over 120�. The X-ray tube operates with the smaller 0.4 mm focal
spot at 80–100 kV for imaging and with both the smaller and the larger 3 mm focal
spot at 225 kV for radiotherapy. X-ray CBCT imaging is performed by rotating the
animal on the couch (Fig. 31.6b), with a nominal resolution of the CBCT images
of 0.27 mm. The output of the X-ray radiotherapy source varies between 22 and
375 cGy/min at 1 cm depth depending on the beam size and focal spot size. More
recently, this group has incorporated BLI into their small animal radiotherapy
system.

Xstrahl (formerly Gulmay Medical, Surrey, United Kingdom) commercialized
the JHU system in 2009 under the name Small Animal Radiation Research Plat-
form (SARRP, Fig. 31.8a). The commercial SARRP allows full 360� rotation of
the 225 kV X-ray source. CT imaging is performed with a 50–100 kV tube voltage
using a high-resolution amorphous silicon detector. The treatment beam can be
shaped by collimators of 0.5–10 9 10 mm in size resulting in dose rates
43–229 cGy/min at 1 cm depth. Additionally, beam sizes up to 10 9 10 cm are
available.

31.6.2 Princess Margaret Hospital System

PMH developed a standalone small animal irradiation system that has been
commercialized by Precision X-ray Inc. (North Branford, CT) under the name X-
RAD 225Cx (Fig. 31.8b). In the PMH system [19], both treatment and imaging are
performed with a 225 kV X-ray tube. The tube is operated with the large 5.5 mm
focal spot at 225 kV and 13 mA with a 0.3 mm Cu filter for radiotherapy, and with
the small 1.0 mm focal spot at 40–100 kV and 0.1–0.5 mA with a 2 mm Al filter
for imaging. The X-ray tube and the amorphous silicon detector are mounted on a
C-arm gantry capable of 360� rotation. Unlike the JHU system, CBCT imaging
with resolution of 0.3 mm is performed in the standard geometry, in which the
long axis of the animal coincides with the rotation axis of the gantry. The targeting
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accuracy of the system is 0.2 mm. The output of the 225 kV treatment beam at
1 cm depth is 0.96–3.02 Gy/min for beam sizes of 1–20 mm in diameter. Addi-
tionally, square and rectangular beams of 3 9 3–10 9 10 mm are available.
Planar BLI has recently been added to the system.

Fig. 31.8 Photographs of four out of five main current small animal conformal radiotherapy
systems: JHU system (a), PMH system (b), Washington University system (c), and UT
Southwestern system (d). The Stanford University system is shown in Fig. 31.1b. (Images
courtesy of Xstrahl, Ltd, Surrey, UK (a), PXi, North Branford, CT (b), and recreated with kind
permission of AAPM from Ref. [7] (c) and recreated with kind permission of IoP Publishing from
Ref. [22])
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31.6.3 Washington University System

The Washington University MicroRT system [7] is unique because of the 192Ir
radioisotope source used to produce the treatment beam (Fig. 31.8c). The radio-
isotope is installed in a collimator assembly with a remote brachytherapy after-
loader. The system can currently deliver dose from four beam portals separated by
90�, the source-to-isocenter distance can be varied between 1 and 8 cm, and the
beam can be collimated to field sizes of 5–15 cm using the tungsten collimator
assembly. No imaging is included in the current system. Small animals are anes-
thetized, placed in an immobilization bed with built-in markers and imaged with
standalone imaging system, such as microCT, microMRI, or microPET. Small
animals are positioned in the MicroRT system for radiation therapy according to the
bed markers visible in the imaging modality of choice. Dose rates can be as high as
90 cGy/min. The positioning accuracy of the system is within 0.2 mm.

31.6.4 Stanford University System

A prototype GE 120RS microCT scanner was modified for conformal irradiations
of small animals [20] at Stanford University. The irradiation geometry takes
advantage of the existing rotational geometry of the microCT scanner (Fig. 31.1c).
A two-stage hexagonal iris collimator is mounted in front of the X-ray tube that
generates 12-sided polygonal beams with any sizes between 1 to 102 mm (open
field for imaging) in diameter. A 2D linear translational stage was mounted on the
imaging bed to allow for position of any target at the isocenter of the machine for
irradiations. The 70–120 kV X-ray tube is used in the lower tube voltage mode for
imaging, and irradiations are performed with the higher tube voltage. The CBCT
imaging performance of this system has the highest spatial resolution of all dis-
cussed systems, 0.14 mm, due to the original purpose of the system. The X-ray
tube output at 1 cm depth is 1.2–1.4 Gy/min for beam sizes of 2–20 mm in
diameter. Positioning accuracy of the linear motion stage is 0.1 mm.

31.6.5 University of Texas Southwestern System

The UT Southwestern platform (Fig. 31.8d) employs a 320 kV X-ray tube oper-
ated at 250 kV for radiotherapy, which results in high output up to 20 Gy/min for a
50 mm field [21, 22]. The X-ray tube (pointing down) and the imaging panel are
stationary, while the animal is inserted in a rotation tube with a restraining device
placed on a 2D motion horizontal stage attached to a 1D vertical motion stage.
CBCT imaging is performed with rotating the small animal in a restraining device
(Fig. 31.6c). The X-ray tube operates at 30 kV and 10 mA for imaging and
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250 kV and 15 mA at for radiotherapy. Treatment beams can be shaped by
tungsten–copper alloy collimators to sizes of 1–10 mm resulting in dose rates of
4.3–12.8 Gy/min at 1 cm depth. The overall targeting accuracy for cranial radi-
ation was shown to be 0.3 mm [23].

31.7 Applications

Small animal conformal radiotherapy systems are especially critical for small
animal studies, in which dose to normal tissue influences the results of the study
and must therefore be minimized. Translational radiation oncology and biology
studies in small animals should be performed using a conformal radiotherapy
system to properly simulate the clinical situation.

Preclinical studies of dose fractionation schemes for all major anatomical sites
(brain, lung, breast, pancreas, liver, colon, and prostate) can be efficiently inves-
tigated using small animal conformal radiotherapy systems. The effects of radio-
therapy alone or in conjunction with chemotherapy and/or surgery can be studied
with small animal models.

Brain tumor models were studied using a small animal conformal radiotherapy
system to investigate the effect of sparing neural progenitor cells (NPCs) in order
to decrease neurocognitive toxicity following radiotherapy [24]. It was shown that
conformal plans targeting a hypothetical tumor location in the cortex while
avoiding the ipsilateral ventricles and hippocampus spared proliferating cells 24 h
after radiation compared to the plan delivering 5.2 Gy to the ipsilateral ventricle
and 2.8 Gy to the dentate gyrus of the hippocampus. The results of the study
suggest that treatment planning of human brain tumors should be modified to avoid
neurologic toxicity from radiotherapy.

The lumbar vertebrae of rats were irradiated using small animal radiotherapy to
study the effect on photodynamic therapy (PDT) on bone enhancement following
secondary metastatic breast cancer [25]. Rats inoculated with human breast cancer
cells were irradiated under image guidance to 4 Gy with a single beam on day 7
postinoculation. On day 14, PDT was delivered to a subgroup of both RT-treated
and nontreated rats. All rats were sacrificed on day 21 and bone properties studied
in microCT. It was found that PDT may be a viable adjuvant treatment for spinal
metastasis postradiation.

The effects of lipopolysaccharides (LPS) as a treatment of radiation-induced
injuries were studied in mice using the X-RAD 225Cx irradiator [26]. The entire
thorax of mice was irradiated under image guidance with two parallel-opposed
(anterior-posterior and posterior anterior) beams to a dose of 10 Gy. It was
determined that early exposure to LPS mitigated the injury caused by irradiation of
lungs in mice.

Another research area utilizing small animal radiotherapy systems and currently
under development is dose-enhanced radiation therapy (DERT). In DERT, tumors
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are injected (either intratumorally or intravenously) with high atomic number
(Z) material, such as iodine of gold nanoparticles, and irradiated with kV X-ray
beams [27]. The high interaction probability of kV X-rays with the high-Z
materials causes dose enhancement in the tumor, effectively reducing dose to
healthy tissue and it results in superior treatment outcomes compared to radio-
therapy alone [28]. Up to date, DERT small animal studies have been performed
with nonconformal irradiations. Small animal conformal radiotherapy systems are
the ideal instruments for investigating the benefits of DERT because they use kV
X-ray beams.

Researchers will gain valuable insight into radiation biology and the clinical
application of radiotherapy from small animal studies. Unlike in the clinical set-
tings, treatment response in a large group of genetically matched animals and
tumors treated with the exactly same regimen can be followed. Alternatively,
nontreated control and treated small animal tissues can be harvested and stained
for radiation damage using various markers at a number of time points after
treatment. Small animal studies result in complex sets of data, around which
models of radiation therapy response translatable to humans can be created and
validated. In the future, the models derived from small animal studies will facil-
itate the development of personalized medicine: they will aid physicians to decide
on the best treatment for every cancer patient.
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Theranostics and Other Novel

Approaches



Chapter 32
Plasmonic Nanobubbles for Cancer
Theranostics

Ekaterina Y. Lukianova-Hleb and Dmitri O. Lapotko

32.1 Introduction

32.1.1 Limitations of Macromedicine

Use of current medical practices such as surgery and chemotherapy or chemora-
diation therapy for cancers occurring in vitally important anatomic locations such
as the head and neck (brain, prostate, lungs, and other sites) is limited by several
factors. (1) Incomplete resection of tumors results in microscopic residual disease
[1–5]. (2) Resection of tumors intertwined with functionally or cosmetically
important organs causes functional and cosmetic damage [6–9]. (3) Residual
cancer cells often become highly resistant to chemotherapy and radiotherapy,
rendering these interventions ineffective and greatly increasing the risk of local
regional recurrence [10, 11]. (4) High doses of drugs and radiation induce severe
nonspecific toxicities, further complicating treatment [5]. These limitations ulti-
mately reduce patients’ survival rates (which for head and neck cancers have not
improved over the past 30 years [12, 13]) and profoundly impact their quality of
life, cosmesis, and psychological health. Therefore, the development of novel
methods that will selectively detect and efficiently and rapidly eliminate treatment-
resistant residual cancer cells and tumors, preserve the functionality of co-local-
ized normal tissue, and reduce nonspecific toxicity and treatment time is urgently
needed. Such methods that unite the diagnosis and treatment in one procedure are
defined as theranostics.
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32.1.2 Nanotheranostics

Nanoparticle (NP) medicine is considered as one of the most promising approa-
ches in resolving the above medical challenges, and the main effort was histori-
cally focused on the nanoparticle properties to achieve the theranostic functions,
i.e., diagnosis and treatment, in one package. The recent advances in chemistry
allowed to employ a phenomenon of plasmon resonance [14] for the conversion of
light into medically relevant processes at nanoscale via metal (plasmonic) nano-
particles that show a million times higher optical absorbance than any natural
molecules. Among them, gold nanoparticles have both the highest optical absor-
bance and the lowest biological toxicity. Interestingly, gold nanoparticles are not
new. In fact, they were invented by Michael Faraday in the nineteenth century [15]
and have been used in clinics for more than 50 years [16]. On the other hand, the
recent advances in laser technologies allowed the use of near-infrared continuous
and pulsed light with the maximal tissue penetration depth (up to 70 mm [17]) and
safety. Fiber optical technologies allowed the delivery of light even deeper, up to
300–400 mm, thus enabling laser microsurgery [18]. Finally, advances in conju-
gation chemistry made possible the precise delivery of gold NPs to specific
pathological cells, where these NPs can be remotely and instantaneously activated
with visible or near-infrared (NIR) laser light. All the above created a unique
interdisciplinary platform for the development and clinical translation of the
nanoparticle-based theranostics.

32.1.3 Limitations of the Nanoparticle-based Approaches

As we stated, metal plasmonic NPs are the best photothermal (PT) converters
through the mechanism of surface plasmon resonance [14, 19–22]. This unique
mechanism enables precise manipulations of thermal energy at nanoscale,
including in biomedical applications at cell and molecular level [23]. The spectral
region and efficacy of this PT conversion were so far controlled by engineering the
specific optical absorbance of NPs during their synthesis [24–43]. An increase in
the PT efficacy of such NPs was achieved through increasing the absorbed optical
energy by augmenting the local amount of NPs through their clustering, or by
raising the level of optical excitation energy at the wavelength of plasmon reso-
nance, or by both. The active development of this field (referred to as plasmonics)
during the two decades revealed several problems which are typical of most PT
applications of plasmonic NPs:

1. Limitation of PT efficacy: Most common stationary optical excitation creates
high thermal losses [44–46] that, in turn, require a further increase in the
excitation energy, while the short pulse excitation involves high optical
intensities that destroy the NP structure and, thus, reduce its optical absorbance.
Both effects reduce PT efficacy.
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2. Limitation of spectral selectivity: The spectral width of the absorption band of
single NPs is tens of nanometers at best [19, 20, 23, 47–57], while their random
clustering further broadens their absorption spectra to hundreds of nanometers
[19, 41, 47–51, 54, 58–60].

3. Limitation of spatial selectivity: Thermal diffusive losses under stationary
excitation increase the heated volume from the nanosize of an NP to micro- or
even macrosize.

These challenges prevent the PT conversion of sufficient energy with both high
efficacy and high spectral, spatial and temporal resolution. Instead, the PT effects
of NPs often default to macroscale, stationary, and broadband processes, thus
losing the main advantage of NPs as nanoscale PT agents. An ability to combine
high PT efficacy with high spectral resolution and minimal thermal losses would
therefore significantly improve the current applications of plasmonic materials and
stimulate new ones.

Until now, the PT properties of metal NPs were preset during their synthesis
[23–43] and were assumed to remain constant during their optical excitation.
Unlike this stationary paradigm that cannot overcome the above limitations, we
propose an alternative approach based on the nonstationary excitation of NPs that
can potentially create new transient states with improved PT and spectral prop-
erties. This can be realized through the dynamic modification of the optical
absorbance of an NP during its nonstationary excitation with a short intense laser
pulse. Previous studies of metal NPs under pulsed excitation show that laser-
induced NP reshaping, fragmentation, melting, and ionization [61–69] modify
their plasmonic properties.

We hypothesized that the absorption of a short laser pulse by a metal NP and
the induced nonstationary modification of this NP will enhance its optical absor-
bance (and hence the PT efficacy) in a narrow, nanometer-wide, spectral window.
This was realized by replacing stationary NPs with transient nonstationary event,
vapor nanobubbles generated with a short laser pulse around plasmonic NPs and
termed as ‘‘plasmonic nanobubbles’’ (PNB). By developing this novel non-
stationary plasmonic method, we (1) created a new engineering approach, namely
nonstationary plasmonics that will improve our understanding of nanoscale energy
conversion and applications of current nanomaterials and (2) improved the bio-
medical potential of available nanomaterials and will facilitate their translation to
clinic. In particular, this improved the NIR PT efficacy of gold solid spheres
(known as gold colloids for 150 years [15, 70]) for various biomedical applications
that require NIR optical radiation. These safe, inexpensive, and easily available
NPs were so far not considered for NIR excitation due to their poor optical
absorbance. With enhanced NIR PT efficacy, these basic NPs may replace com-
plex specifically engineered NPs that are often expensive, physiologically unsafe,
and unstable compared to solid gold spheres. Below we discuss the physical
properties of PNBs in the Part I, the methods for their generation and detection in
cells and tissues in Part II, and the theranostic applications of PNBs in vitro and
in vivo in the Part III.
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32.2 Part I Physical Properties of Plasmonic Nanobubbles

32.2.1 Generation and Detection of Plasmonic Nanobubbles

Transient thermal evaporation and the generation of vapor bubbles are one of the
basic processes accompanying nonstationary high-temperature heat and mass
transfer in liquids. The science and the methods for the detection of inertial vapor
bubbles of various origins were well developed for macro- and microsized bubbles
and mainly employ their ability to emit pressure and to scatter the incident light
[71–96]. Recent developments in nanoscience reduced the spatial and temporal
scale of vapor bubbles to nanometers and nanoseconds [77–80, 93, 97–103].
Unlike their larger analogs, vapor nanobubbles require much higher sensitivity and
resolution of the detection methods for their imaging, quantification, and identi-
fication among other phenomena such as transient heating and the generation of
stress waves. Here, we analyze several experimental techniques for the imaging
and quantitative analysis of transient vapor nanobubbles as single events, and we
troubleshoot some related errors. Due to the multiple biomedical applications of
nanobubbles and related phenomena [104–108], it should be noted that we con-
sider the transient events, but not the materials (particles) that are often also called
plasmonic nanobubbles [109, 110]. We also do not consider the cavitation of
preexisting bubbles that is well studied elsewhere [111].

While PNBs may have various sources of energy (the heating of liquid above
the boiling threshold, local rarefaction, and plasma discharge), we focus on the
mechanism that provides maximal precision, control, and reproducibility in a PNB
generation through the localized transient photothermal heating of liquid above the
evaporation point (Fig. 32.1). This was achieved through the optical excitation of
individual gold nanospheres in water with single short laser pulses at specific
fluences above the PNB generation threshold. We used the plasmonic conversion
of optical energy into heat to control the maximal diameter and lifetime of the
PNBs through the fluence of a single laser pulse, as described in detail previously
[78–80, 103]. This experimental model includes an internal metal NP that acts
as the source of the PNB energy during PNB generation and prevents the devel-
opment of extreme temperatures and sonoluminescence at the collapse stage
[78, 112], unlike ‘‘classical’’ bubbles that are generated in homogeneous media
[113, 114]. Another important difference in the model employed is the absence of
an external acoustic field that is often used alone or in combination with optical
energy to generate a vapor bubble [114, 115]. The above conditions and the
nanoscale size resulted in a single cycle of the vapor nanobubble that did not
oscillate (Fig. 32.1).
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32.2.2 Methods for Plasmonic Nanobubble Detection

PNB detection employs several universal techniques that have to provide sufficient
sensitivity, resolution, and speed. First, we consider imaging methods. Optical
scattering phenomena allow both PNB imaging and monitoring of its dynamics
[77–80, 84–88, 116].

The imaging of a transient PNB can also be realized with much more affordable
equipment using slow cameras and pulsed light sources (Fig. 32.2) by using
(1) pulsed illumination with a shorter duration than a PNB lifetime within a nano-
and pico-second range; (2) sufficient energy of the optical pulse to compensate the
very small scattering cross section of the PNB; (3) precise synchronization of
the illuminating pulse with the PNB source. These requirements suggest a pulsed
laser as the illumination source. The illumination angle and the numerical aperture
of the collecting lens further determine the signal-to-noise ratio of this imaging
scheme. Forward scattering results in the maximal scattering efficacy but cannot be
fully separated from incident light that creates a high background. We achieved the
best results with angled side illumination (Fig. 32.2a), providing that the numer-
ical aperture of the imaging (collecting) lens is lower than the angle of incidence of
the illuminating radiation. In this case, the lens collects only the light scattered by
the PNB. This scheme allows the imaging of a single transient PNB with a lifetime
down to 10 ns (Fig. 32.3). The 100 ps illumination pulse of 1 lJ at 576 nm was
directed at 45� to the sample cuvette with an optically variable delay relative to the
excitation pulse, and the PNB was imaged with 10X–63X microscope objectives.
Most of the current CCD- and CMOS-based cameras can do such imaging. We
used EMCCD (charged coupled device with electronic multiplication) cameras. In
this method, the pixel image amplitude is used as a PNB metric, but it is not very
practical: (1) any deviation in the alignment of the probe beam would require the
re-calibration of the system, and (2) this metric will not characterize the maximal
diameter of a PNB when one fixed time delay is applied. The advantage of this
method is in the relatively precise identification of a PNB and its location. It also
shows the number of PNBs if multiple events occur.

Fig. 32.1 Plasmonic bubble generation and detection: a cluster of gold nanoparticles in target
cell, b laser pulse (green) nucleates the vapor bubble, c bubble expands and scatters a probe laser
beam (purple), d–e bubble collapse
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The maximal diameter of a PNB is the most important parameter that also
characterizes the amount of energy received by the bubble [71–76, 78]. It can be
measured with another optical scattering technique that employs the monitoring of
the intensity of a continuous probe beam with a broadband high-speed photode-
tector. The beam is focused at the PNB and its scattering by the PNB changes its
axial intensity which is measured as a time response with the photodetector. In one
method, the beam is pointed at the low noise detector through the aperture and
produces a high base level (Fig. 32.2b). A PNB scatters the light and thus
increasingly reduces the axial intensity of the probe beam during its expansion
stage and brings it back to the base level during its collapse stage. This results in

Fig. 32.2 Methods for detecting plasmonic nanobubbles in liquid: a optical time-resolved
scattering imaging is obtained with a short probe laser pulse and a slow image detector, b optical
scattering (extinction) time response is obtained with a continuous focused probe laser pulse and
a fast photodetector, c acoustical time response is obtained with an ultrasound detector. Recreated
by kind permission of AIP [116]

Fig. 32.3 Three methods of detecting a single PNB. a Optical scattering (extinction) time
response obtained with continuous probe laser shows the expansion and collapse of an PNB
(metrics—amplitude and duration) and time-resolved optical scattering imaging (insert) with a
pulsed probe laser (metric—a pixel image amplitude). b Acoustical time response obtained with
an ultrasound sensor (metric—amplitude). Scale bar is 15 lm. Recreated by kind permission of
AIP [116]
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the bubble-specific shape of the time response (Fig. 32.3a). Technically, the
detector measures the optical extinction of the probe beam, but since a PNB does
not absorb any optical energy, the extinction becomes equal to its scattering
component. Due to the scattering nature of such a signal, we define it as a
‘‘scattering’’. This definition assumes the absence of any transient optical absor-
bance developed simultaneously with a PNB. If such absorbance emerges (due to
plasma formation or any nonlinear modification of the optical properties of the
media), the method may characterize a PNB incorrectly [117, 118]. In another
method, the beam is pointed off the detector aperture and produces a low base level
at the detector. In this case, only the light scattered by a PNB will reach the
detector and will increase its output signal, also producing a time response with a
bubble-specific shape.

The most precise way to measure the maximal diameter of a single PNB is to
measure the duration of the PNB-specific signal (Fig. 32.3a) which was shown to
correlate to its maximal diameter [71–76, 78]. The amplitude of the PNB response
also depends upon the maximal diameter of the PNB, but is very sensitive to
experimental factors that are difficult to control. The first is the diameter and
divergence of the probe beam at the PNB’s plane. The smaller the beam waste, the
higher the sensitivity of PNB detection. An increase in the beam’s diameter by
10–15 % and/or a slight deviation of the beam axis may cause a several-fold
decrease in the signal amplitude of a dip-shaped PNB signal. Such conditions
occur during changing the sample chamber or while scanning a heterogeneous
sample across the beam. The simultaneous generation of multiple PNBs around
different sources of thermal energy (for example, in suspension around optically
absorbing molecules or NPs) instead of a single one, increases the signal ampli-
tude, but such an increase is just an ensemble effect. The simultaneous generation
of several PNBs of different maximal sizes influences not only the amplitude but
also the shape of the PNB time response. Smaller PNBs form a sharp front and
fewer large PNBs form a long tail of lower amplitude. While the generation of
PNBs under some settings may typically involve such a multi-PNB pattern, it is
still possible to estimate the lifetime of the largest PNBs that represent the max-
imal deposition of the thermal energy by measuring the duration of the time
response at the reduced level instead of at half of maximum. However, the best
rule is to avoid such distorted signals because they may lead to misinterpretation of
the bubble parameters [117]. In all three considered cases (single PNB, single PNB
with misaligned probe beam, multiple PNBs), the durations of the bubble-specific
signals could be linked to the maximal diameter of the PNB, while their ampli-
tudes differed significantly, and therefore, their use as PNB metrics may lead to
artifacts [118].

The third method of PNB detection employs the pressure waves generated
during the bubble expansion and collapse [93, 96] (Fig. 32.2c). In the case of a
single inertial bubble, the pressure and rarefaction waves produce a typical signal
(Fig. 32.3b). This is definitely the simplest and the least expensive method of the
three, because it does not require expensive optical sources, optics, and sensors. In
addition, it detects PNBs in optically opaque media, so is probably the most
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universal of the methods. The most obvious metric of the acoustic signal is its
maximal (peak-to-peak) amplitude. However, the correct identification and mea-
surement of a PNB with a standard acoustic detector can be challenging in a single
pulse mode. Most detectors have a resonant frequency of 10 MHz and lower where
their sensitivity is the maximal. For small PNBs with lifetimes from 5 to 100 ns,
the corresponding pressure rise times and associated frequencies seem to be higher
than the resonant frequencies of most acoustic sensors. Therefore, the sensor signal
does not show the real pressure, but rather represents a response function of the
sensor. In this case, the amplitude of the output signal of the acoustic sensor
significantly depends upon its resonant frequency and may cause a significant
error. For a specific acoustic sensor, the amplitude of its output also depends upon
the number of simultaneously generated PNBs. Therefore, a reliable measurement
of the PNB diameter through the amplitude of acoustic response assumes that a
single PNB is generated.

The next important task is the identification of a PNB and its discrimination
from other phenomena such as transient heating or stress waves (Fig. 32.4). The
optical scattering response identifies heating through a thermal lens effect that
allows the detection and measurement of rapid heating and gradual cooling due to
thermal diffusion (Fig. 32.4a). This purely refractive effect does not produce any
optical scattering like a PNB does. Next, under high transient temperatures at short
time scales, the generation of stress waves (and shock waves) also influences the
refractive index of the media and creates a distinct short (relative to the bubble and
heating time scale) signal of nanosecond duration that is determined by the speed
of sound and the aperture of the probe beam (Fig. 32.4c). Both phenomena can be
clearly distinguished from the bubble (Fig. 32.4b). However, all these three
different phenomena do not much influence the shape of the acoustic response, but
rather its amplitude, which is minimal for heating, increases for a bubble and
becomes the maximal for stress waves. Therefore, an acoustic time response is
much less bubble specific than an optical scattering time response.

32.2.3 Tunability of Plasmonic Nanobubbles

The above analysis compares three methods for the detection of PNBs under fixed
excitation conditions above the bubble generation fluence. It is important to
understand the range of the linear correlation between the PNB maximal diameter
and its excitation conditions. We compared the four discussed above metrics, the
pixel amplitude of the scattering image, the amplitude and duration of the optical
scattering time response, and the amplitude of the acoustic response, as functions
of the fluence of the excitation laser pulse, the parameter that, in this model,
determines the maximal diameter of the PNB when the fluence exceeds the PNB
generation threshold. All bubbles were generated in water around individual
identical gold nanospheres.
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For the scattering image, we observed the relatively early saturation and non-
linear behavior of the pixel image amplitude compared to the duration of the time
response (Fig. 32.5a). Time-resolved scattering images were obtained under a
fixed delay between the excitation and probe laser pulses. With an increase in the
maximal PNB diameter and lifetime, the moment of illumination moved further
from the moment when the PNB reaches its maximal diameter.

Fig. 32.4 Simultaneously obtained optical scattering (or extinction) (left) and acoustic (right)
time responses of three different phenomena. a Transient heating of the gold nanoparticle and the
media with a single laser pulse at a fluence below the PNB generation threshold. b Single
transient vapor PNB generated around gold nanoparticle. c PNB accompanied by a stress wave
that produces a sharp and short optical signal in the very beginning of the time response.
Recreated by kind permission of AIP [116]
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Next, we analyzed the amplitude of optical scattering time responses
(Fig. 32.5b). The dependence of their amplitude and lifetime upon the fluence
showed a nonlinear saturation of the amplitude compared to the lifetime. The
nonlinear behavior of the response can be explained by the effect of the limited
numerical aperture of the collecting lens and the blocking effect of the large bubble
on the probe beam. In addition, at high excitation energies, the amplitude of the
response can be influenced by the concurrent optical signal associated with
the stress wave. Therefore, the use of the optical response amplitude as a metric of
the bubble or even of the energy conversion efficacy is not appropriate and may
lead to artifact data for the photothermal responses of ensemble of gold NPs [118].
In contrast, the dynamics of the optical response can be much better quantified
through the lifetime that correctly describes both the maximal diameter of a PNB
and the efficacy of the energy conversion.

The amplitude of the acoustic response demonstrated two quasi-linear zones
(Fig. 32.5c). To explain their origin, we detected the acoustical and optical
responses simultaneously for single PNBs under a wide range of excitation flu-
ences and plotted the acoustic amplitude as a function of the PNB lifetime
(Fig. 32.5d). Two zones for acoustic signals became even more pronounced with
an apparent threshold associated with the PNB lifetime around 350 ns that also
corresponded to the fluence of 150 mJ/cm2. A detailed analysis of the optical time
responses revealed one difference: the optical responses of PNBs larger than

Fig. 32.5 Dependence of the PNB metrics upon the optical excitation fluence that determines the
maximal size of PNB. a Lifetime (dots) and amplitude of the optical scattering time response
(cross). b Lifetime (dots) of the optical scattering time response and the pixel image amplitude of
the time-resolved optical scattering image (cross) at the fixed delay of 10 ns. c Amplitude of
acoustic time response. d Amplitude of acoustic time response versus the lifetime of optical time
response. Recreated by kind permission of AIP [116]
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350 ns included an additional component that can be attributed to a stress wave
generated due to the high laser-induced temperature in a gold NP (Fig. 32.4c-II).
Its additional impact added to the PNB-generated pressure at the acoustic sensor.
However, this effect occurs when the PNB lifetime exceeds 300 ns, which
corresponds to the maximal diameter above a micrometer, so this is no longer a
‘‘nano’’ bubble. For smaller bubbles of nanosize, both the acoustic amplitude and
the duration of the optical scattering time responses provided almost linear signal-
energy dependence and showed a good correlation.

The best quantitative analysis of vapor PNBs in the widest range of excitation
energies and bubble diameters can be achieved by measuring the duration (life-
time) of the optical scattering time response by using a low-power continuous laser
and matching photodetector. In the case of opaque media, the amplitude of the
acoustical time response provides good sensitivity and linearity in a range of
excitation conditions that are limited by the onset of stress waves that additionally
increase the amplitude of the nanobubble signal. The simultaneous use of two or
three of these methods provides the best results in the identification, imaging, and
measuring of transient nanobubbles in a single event experiment [116].

32.2.4 Spectral Properties of Plasmonic Nanobubbles

An ability to combine high NIR PT efficacy with gold nanospheres is an attractive
alternative to specifically engineered NPs with NIR resonances such as nanorods,
nanocages, and nanoshells. We recently observed 20–130-fold amplification of the
PNB generation efficacy of solid gold nanospheres in a very narrow (2–3 nm) NIR
region at 780 nm (far from their regular plasmon resonance at 530–540 nm),
where they are usually considered to have poor PT performance (Fig. 32.6a). The
experiments were performed with single 70 ps laser pulses at low fluence levels
(10–100 mJ/cm2) associated with the generation of vapor PNBs around gold
nanospheres in water. The lifetime of the nanobubble was used as the PT metric
because it correlates to the thermal energy released by the NP [119, 120]. NIR
amplification of the PT efficacy of nanospheres achieved or exceeded their PT
efficacy at the visible wavelength of plasmon resonance. The amplification effect
and the NIR peak wavelength of 780 nm were reproduced for a wide range of laser
pulse fluence from 10 to 500 mJ/cm2, NP diameters (20–120 nm), aggregation
states (single NPs, aggregated NP clusters and suspensions of NPs), and
environments including in vitro and in vivo conditions [105, 121]. The observed
NIR amplification effect has a low optical fluence threshold ([10 mJ/cm2), and its
transient and resonant nature can be associated not with the nanosphere itself, but
with a transient nanostructure that creates a high optical absorbance at 780 nm
(where a sphere itself does not absorb well). Thus, solid gold nanospheres, which are
cheap, easily available, biologically safe, stable, and easily functionalized, can be
successfully employed instead of more complex and unstable NIR-engineered NPs.
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Similar narrow spectral peaks were also observed for other types of NPs, gold
nanorods, and hollow nanoshells (Fig. 32.6b, c) [119]. Though these NPs are
specifically engineered for NIR, the observed 1–3-nm-wide peaks were signifi-
cantly red-shifted and narrowed compared to their preset properties (for nanorods,
plasmon resonance wavelength is at 710 nm and spectral width [100 nm, and
for hollow nanoshells, plasmon resonance wavelength is at 665 nm and spectral
width [160 nm).

Such narrow PT spectral peaks were never observed previously for single NPs
and for their random clusters in a wide range of the excitation pulse fluences, not
only near the threshold of PNB generation. Therefore, the discovered phenomenon
is not a threshold energy-specific effect like in the case of nonlinear spectroscopy
methods [122, 123]. On the contrary, the PT output of the NP can be precisely

Fig. 32.6 Spectra of the
photothermal efficacy of gold
solid spheres (a) [121],
nanoshells (b), and nanorods
(c) (recreated by kind
permission of ACS [119])
under stationary (green) and
nonstationary transient high
energy (red) optical
excitation with short 70 ps
single laser pulse
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controlled by varying the laser fluence [78, 119, 121]. A wide range of tested NP
parameters and conditions revealed the very stable and universal nature of the
observed nonstationary PT amplification and spectral narrowing.

Discovered NIR spectral peaks depend on the duration, not energy, of the
excitation laser pulse. We observed very strong influence of the laser pulse
duration (from 20 ps to 10 ns) on the PNB generation (Fig. 32.7). The shortest
pulses delivered the maximal efficacy. For longer pulses of 400 ps and 10 ns, we
observed strong suppression of the PNB generation for all types of NPs, spheres,
rods, and shells [119]. This suppression effect can be explained by general thermal
diffusion and, in addition, by the dynamic modification of the plasmonic structures
during NP interaction with a laser pulse. Thus, only short laser pulses (\ 400 ps)
induced large PNBs and provided the described above spectral narrowing.

To summarize, these results demonstrate the existence of the nonstationary
mechanism with unprecedented amplification and spectral narrowing of the PT
efficacy of metal NPs.

32.3 Part II Generation and Detection of Plasmonic
Nanobubbles in Cells and Tissues

32.3.1 Cellular Specificity of Plasmonic Nanobubbles

The most important feature of the PNB generation mechanism that distinguishes
PNBs from all other nanoprobes and nanosources is the optical energy threshold
for the bubble generation around gold NP (Fig. 32.8a). Most of other photoinduced
phenomena have nonthreshold nature (including fluorescence, photothermal, and
photoacoustic phenomena). We have found that this threshold energy radically
depends upon the diameter of the NP and the size of the NP clusters: The threshold
energy decreases with the size (Fig. 32.8b) [124]. A low laser pulse fluence was
sufficient to generate PNBs around large NP clusters but was not sufficient to
induce PNBs around single NPs or small NP clusters. This was demonstrated by
exposing multiple NP clusters of various sizes to a single laser pulse of low

Fig. 32.7 Dependence of the
PNB lifetime upon duration
of the laser pulse (532 nm,
100 mJ/cm2). PNBs were
generated in water around
isolated solid gold spheres of
60 nm
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fluence. We observed the selective generation of PNBs only around the largest NP
clusters (Fig. 32.8c) whose threshold was lower than the applied fluence [124].
The PNB threshold for smaller clusters was above this fluence, and therefore, such
small NP clusters did not return PNBs in response to optical excitation.

The dependence of the PNB threshold fluence upon cluster size can be
explained through the mechanism of PNB generation around superheated NPs.
Merged thermal fields of several tightly aggregated NPs form a common thermal
field and vapor layer around the cluster. The initial vapor pressure in such a vapor
layer is determined by the fluence of the laser pulse that is converted into heat by
each NP in a cluster. Next, the external pressure of surface tension (that needs to
be overcome to allow the expansion of the vapor) is inversely proportional to the
radius of the vapor–liquid boundary [125–127] and, therefore, decreases with
cluster size. We previously analyzed the mechanism of PNB generation around NP
clusters versus single NPs [78]. In addition to the above thermal and hydrodynamic
factors, NP clustering may enhance their optical absorbance [58, 128], thus
additionally increasing the released thermal energy and the initial vapor pressure.
All these factors cause the decrease in the PNB generation threshold fluence with
cluster size. With the fluence of the excitation pulse below the threshold, the PNB
does not emerge and, therefore, creates no impact, unlike NPs (Fig. 32.8c).

This unique property creates the fundamental opportunity to improve the cellular
selectivity of PNBs in say, cancer cells, via cancer cell-specific clustering of gold
NPs conjugated to cancer-specific vectors, such as antibodies. Target cell-specific
formation of the largest gold NP clusters involves several steps (Fig. 32.9a):

• At the first stage, we used target-specific antibodies to provide higher accu-
mulation of gold NPs at the membranes of target cells compared to the NP
accumulation at membranes of nontarget cells. This stage did not provide
desired specificity of the targeting but at the same time delivered much more
NPs to target cells compared to nontarget cells.

Fig. 32.8 a Threshold nature of the PNB generation compared to nonthreshold nature of other
photoactivated phenomena (photoacoustic effect due to thermo-elastic expansion, optical
scattering, and photothermal effect). b, c Parameters of PNBs generated around gold NP clusters
in water for gold nanoshells [124]. b PNB generation threshold fluence of the excitation laser
pulse as function of NP cluster size (measured through optical scattering amplitude of NP cluster
image for individual clusters); c PNB lifetime and scattering brightness as function of the NP
cluster size (measured through optical scattering amplitude of NP cluster image) at specific
fluence of the excitation pulse (778 nm, 22 mJ/cm2)
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• At the second stage, we engaged receptor-mediated endocytosis so that target
cells self-assembled the large clusters of gold NPs in their endosomal systems
[104, 129–136].

The targeting parameters such as the concentration of NPs and the incubation
time were optimized to achieve maximal difference in NP uptake between the
target and nontarget cells. Such targeting does not eliminate the nonspecific uptake
of NPs by nontarget cells; however, it provides the formation of the largest NP
clusters only in target cells for target-specific generation of PNBs. Sphere- and
shell-type NP conjugates did not induce any considerable cytotoxicity in either
target or nontarget cells. The difference in the NP cluster size between cancer and
normal cells create the difference in the PNB generation threshold fluence in
cancer (low threshold) and normal (high threshold) cells so that the single laser
pulse of specific fluence induces the PNB only in cancer cells (Fig. 32.9b).

Since the largest NP clusters can be selectively formed in target cells through
the receptor-mediated endocytosis of NPs [104, 129–136], we further studied the
NP cluster–PNB mechanism in living cells in order to compare the cellular
specificity of NPs and PNBs under identical conditions of NP targeting and optical
excitation. Several different molecular targets were investigated in vitro in cell
systems that included cells with a high level of molecular target expression (target
cells) and a low level of the expression of the same molecular target (nontarget
cells). We studied cell models representing lung (A549), head and neck (HN31),
prostate (C4-2B), epithelial (HES, a WISH/HeLa derivative), and blood (Jurkat
J32) cancers, and also human T cells that are used for gene therapies of cancer. In
all six cases, we observed a higher level of NP signals in target cells, but all
nontarget cells also showed a significant level of NP uptake and formation of NP
clusters (Figs. 32.10a, 32.11a) so that the ratio of the NP signal for target
versus nontarget cells was below 10. However, higher pixel image amplitudes in

Fig. 32.9 PNBs and NPs in target (left panels) versus nontarget (right panels) cells. a Gold NP
conjugates are collected at cellular membranes and are clustered during endocytosis resulting in
the largest NP clusters in target cells. b Excitation laser pulse (green) of low fluence induces
PNBs only around the largest NP clusters (i.e., only in target cells) because the PNB generation
threshold fluence for single NPs and small clusters (nontarget cells) is higher than the fluence of
the laser pulse
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target cells indicated the formation of the largest NP clusters in target cells. Next,
target and nontarget cells were identically treated with single laser pulses within
the range of pulse fluences for PNB generation around NP clusters. For each cell
model, we experimentally determined the level of excitation pulse fluence that
provided the generation of PNBs mainly in target cells and did not induce PNBs in
nontarget cells (Fig. 32.10b–d). The optical scattering images and time responses
of individual cells were processed to compare the corresponding metrics for NP
accumulation (Fig. 32.11a) and PNB generation (Fig. 32.11b, c) in target and
nontarget cells. Compared to NP signals, the PNB signals showed a much higher
discrimination between target and nontarget cells in all six. Cellular specificity of
NPs and PNB was quantitatively shown through the ratios of the target cell signals
to the corresponding signals in nontarget cells (shown as colored numbers in each
frame of Fig. 32.11). Compared to NPs, the PNBs improved cellular specificity in
some models by more than one order of magnitude. While the nontarget cells
showed significant uptake of NPs and even their potential aggregation into small
clusters, no PNBs, or very small ones, were observed in nontarget cells under
identical treatment conditions (Figs. 32.10 and 32.11) [124].

The difference in cellular specificity of NPs and PNBs can be clearly seen in
experiments with a co-culture of target (labeled with green fluorescent protein for
identification) and nontarget cells (Fig. 32.10). At a specific fluence of the exci-
tation laser pulse (25 mJ/cm2 at 778 nm), only target cells yielded PNBs while even
adjacent nontarget cells with gold NPs did not. Such a difference between NP and
PNB signals was observed for all six cell models: adherent (HN31, HES, and A549)
and suspension (C4-2B, T cells, and Jurkat) cells, and for all molecular targets:
receptors (EGFR, CD3, and PSMA) and glycoproteins (MUC1). These results
indicate the universal nature of the high cellular specificity of PNBs compared to
that of gold NPs. Therefore, PNB provided better discrimination between target and
nontarget cells even when such cells were heterogeneously mixed [124].

As can be seen from Fig. 32.11, the PNB method can better discriminate
between target and nontarget cells compared to NPs. Cellular specificity of PNBs
was more than one order of magnitude higher than that of NPs (this can be clearly
seen by comparing the ratios of the corresponding signals for target and nontarget
cells) [124]. Such an effect was achieved through the cluster-threshold mechanism
of PNBs that prevents the generation of PNBs around nonspecifically targeted
single NPs (and their small clusters).

32.3.2 NP Clustering and Plasmonic Nanobubbles
Generation and Detection in Cancer Cells

The mechanism of the formation of mixed gold NP–drug carrier clusters and on-
demand generation of PNBs around such clusters was studied in a co-culture of
drug-resistant head and neck squamous cell carcinoma (HNSCC) cells and normal
cells.
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32.3.2.1 Selective Formation of Mixed Intracellular Clusters of Gold
NPs and Doxil

The NP clustering and co-localization with Doxil was analyzed with confocal
microscopy in scattering (for gold NPs) and fluorescent (for Doxil that contains
fluorescent doxorubicin) modes (Fig. 32.12a). A co-culture of HN31 (HNSCC)
and NOM9 (normal) cells was treated with C225 conjugates of solid gold 60 nm
spheres and Doxil liposomes. The antibody C225 (Erbitux) was clinically proven
to target the epidermal growth factor receptor (EGFR) in HNSCC [137–139] and
provided intracellular clustering of gold NP–C225 conjugates through the mech-
anism of EGFR-mediated endocytosis [103, 129, 130]. Individual HN31 cells were
identified through the fluorescence of the transfected green fluorescent protein
(Fig. 32.10a). Analysis of the confocal images of cancer cells revealed complex
clusters with gold NPs (blue in Fig. 32.12a) co-localized with Doxil (red in
Fig. 32.12a). Adjacent normal cells also showed occasional NPs due to their
nonspecific accumulation, but no large NP–Doxil clusters were detected in normal

Fig. 32.10 Images and signals of gold NPs and PNBs in co-culture of target (HN31, labeled with
green fluorescent protein for identification) and nontarget (NOM9) cells identically treated with
60 nm gold NSP–C225 conjugates (specific to EGFR that is overexpressed in target cells) [124].
a Overlay of bright field, fluorescent, and scattering images shows target cells (green) and gold
NPs (red) that can be found in both types of cells (the arrows show NP clusters in nontarget cells);
b time-resolved scattering image of the same field shows PNB images (bright white spots) only in
target cells; c, d optical scattering time responses of individual target c and nontarget d cells show
the PNB-specific signal only for target cell and the definition of the PNB lifetime of PNBs; time
is measured from the moment of the exposure to the excitation laser pulse
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cells (Fig. 32.12a). Thus, the complex large NP–Doxil clusters were selectively
self-assembled only by cancer cells during the separate administration of Doxil
and gold NPs [105].

32.3.2.2 Generation and Detection of Plasmonic Nanobubbles
in Individual Cells

We next determined the conditions of the PNB generation in the complex NP–
Doxil clusters in cells. PNBs were generated by exposing the co-culture of HN31
and NOM9 cells to single NIR laser pulses (70 ps, 780 nm) of broad diameter (that
provided the simultaneous irradiation of cancer and normal cells) and varying laser
fluence (the energy per unit of square) in the range of 10–100 mJ/cm2. In this
work, we applied for the first time the safest combination of FDA-approved solid
gold spheres and NIR laser radiation in a low dose that provides the deepest tissue
penetration and the minimal biodamage [140]. Optical scattering time-resolved
imaging (Fig. 32.12b) and optical scattering time responses were obtained for

Fig. 32.11 Cell population-averaged levels of optical scattering signals obtained for individual
target (solid bar) and nontarget (hollow bar) cells in six cell models represented by target/
nontarget cells/molecular targets [124]: squamous cell carcinoma, HN31/NOM9/EGFR (treated
with 50 nm NS–panitumumab conjugates); lung cancer, A549/Fibroblast/EGFR (treated with
60 nm NSP–C225 conjugates); epithelial cancer, HES/HS5/MUC1 (treated with 60 nm NSP–
214D4 conjugates); prostate cancer, C2-4B/HS5/PSMA (treated with 60 nm NSP–anti-PSMA
conjugates); leukemia, J32/JRT3-T3.5/CD3; and human T cells, T cell/BM/CD3 (treated with
60 nm NSP–OKT3 conjugates) for: row (a) (red): gold NP amplitude of scattering image of gold
NPs (a metric for the uptake of NPs by cells); row (b) (purple): time-resolved scattering image
amplitudes of PNBs; row (c) (blue): PNB lifetimes. The ratio of the signals for target/nontarget
cell is shown for each parameter and cell model and indicates the cellular specificity of NPs (row
(a)) and PNBs (rows (b, c))

896 E. Y. Lukianova-Hleb and D. O. Lapotko



individual cancer and normal cells simultaneously with the excitation laser pulses
and were employed to image and quantify PNBs in the irradiated cells.

Both images (Fig. 32.12b) and time responses [105] showed the cancer cell-
specific generation of PNBs, while normal bystander cells in the co-culture produced
no or very small PNBs in a wide range of laser pulse fluences (Fig. 32.12b). This
demonstrated the selectivity of the cluster-threshold mechanism of PNB generation.
The comparison of the optical scattering images of PNBs (Fig. 32.12b) and
NP–Doxil clusters (Fig. 32.12a) revealed their good co-localization in cells. Thus,
the mixed NP–Doxil clusters acted as PNB sources, and the mechanical impact of
PNBs was co-localized to Doxil liposomes. In this experiment, PNBs provided
optical detection of cancer cells with high specificity and sensitivity.

32.3.3 NP Targeting, Plasmonic Nanobubbles Generation,
and Detection in HNSCC Tumor In Vivo

In order to translate the achieved result in vivo and to address the impact of tissue
on the propagation of light and NPs, we first studied the delivery of NPs, laser
radiation, and the generation and detection of PNBs in a xenograft mouse model of
HNSCC that used the same cancer cell line, HN31.

32.3.3.1 NP Delivery and Clustering In vivo

The formation of NP clusters in the tumor was imaged and quantified by using
TEM microscopy and the PNB generation in the tumor slices. NP–C225 conju-
gates of solid gold 60 nm spheres were administered locally (intratumoral

Fig. 32.12 PNB-enhanced endosomal escape in vitro. a Confocal microscopy images of cancer
(green boarder) and normal (adjacent) cells show NPs (blue) and Doxil (red) co-localized in the
large mixed clusters (inset) only in cancer cell, while adjacent normal cells show nonspecific
uptake of NPs and Doxil (scale bar is 5 lm); b time-resolved optical scattering image of the same
sample shows PNBs selectively generated with a broad single laser pulse (780 nm, 70 ps, 40 mJ/
cm2) only in cancer cell and their co-localization with NP–Doxil cluster. Recreated by kind
permission of Ivyspring International Publisher [105]
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injection of 1 ll at 9 9 1012 NP/mL (0.8 lg/g)) and systemically (intravenous
injection in a tail vein of 200 lL at 4.5 9 1010 NP/mL (0.8 lg/g) at two diameters
of NPs, 20 and 60 nm). In 24 h after systemic administering 60 nm gold
NP–C225, TEM analysis of the tumor and adjacent normal muscle tissue showed
large clusters of gold NPs (an average size 297 ± 135 nm) only in the tumor
(Fig. 32.13a), while nonspecific uptake resulted in occasional single NPs in normal
tissue (an average size close to that of a single NP, 64 ± 15 nm, Fig. 32.13b).
Thus, despite a nonspecific uptake of single gold NPs by normal tissues, the
sources of PNBs, larger NP clusters, were observed only in tumors and not in
normal tissues [105].

32.3.3.2 Selectivity of Plasmonic Nanobubble Generation in Tumor

Next, gold NP clusters were analyzed as PNB sources in tumor slices. Each
individual cell in a slice was identically exposed to a single laser pulse, and the
PNB lifetimes were obtained for cancer (fluorescently identified) and normal cells
in a similar way to the above in vitro experiment. At the fluence of 40 mJ/cm2,
single pulse excitation resulted in the generation of PNBs only in cancer cells,
while normal cells did not generate PNBs under such a low fluence level
(Fig. 32.13c). This result indicated that tumor-specific gold NP clusters (not
present in normal cells and tissues) provided selective generation of PNBs only in
tumor cells. The mechanism of such high selectivity is based on the dependence of
the PNB generation threshold upon the size of the NP or its cluster: The threshold
fluence decreases with the cluster size [79, 107, 124, 130]. The level of laser pulse
fluence applied was below the PNB generation threshold for single NPs but above
the PNB generation threshold for large NP clusters. These results correlated well
to those obtained previously in vitro and demonstrated selective formation of NP

Fig. 32.13 NP–C225, solid gold 60 nm spheres conjugates in HNSCC-bearing mouse:
transmission electron microscopy image of a tumor (a) and adjacent muscle tissue (b) in 24 h
after systemic injection of NP–C225 to mouse [105]. c Histogram of the PNB lifetime obtained
for individual cells in slices of tumor for cancer (green) and normal (gray) cells after being
extracted from mice in 24 h after systemic administering of NP–C225. Recreated by kind
permission of Ivyspring International Publisher [105]
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clusters and PNB generation only in tumor, while the nonspecifically taken gold
NPs in normal tissue did not form clusters and therefore were unable to generate
PNBs [105].

32.3.3.3 Detection of Plasmonic Nanobubbles In vivo in Opaque Tissue

Due to the limited optical transparence of real tissue in animals, we replaced the
optical detection of PNBs with the acoustic method (Fig. 32.14a). Briefly, the
expansion and collapse of a PNB produce pressure pulses that can be remotely
detected in opaque tissue in animals with an ultrasound detector as PNB-specific
acoustic time responses (Fig. 32.14b). The amplitude of the acoustic response of a
PNB was found to be almost linearly proportional to the optically measured
lifetime of the same PNB. Thus, we employed the acoustic signal amplitude as an
in vivo metric of PNB [105].

32.3.3.4 Near-Infrared Pulsed Excitation of Plasmonic Nanobubbles
in Tumor

Next, in order to optimize the laser wavelength for NIR excitation, the acoustic
amplitudes of PNBs were obtained as the spectra of the excitation laser wavelength
in tumor and normal tissue in animals that received intravenous gold NP–C225
conjugates and for an intact tumor in animals that did not receive any gold NPs
(Fig. 32.14c). Spectrum of the tumor in the NP-treated animal showed a 3 nm-wide
peak at 780 nm. Other NIR wavelengths returned much lower signals comparable
to the background level. The normal tissue of the NP-treated animal showed very
small acoustic signals that were also comparable to the background level, while
intact tumor returned zero signals under identical optical excitation (Fig. 32.14c).
We concluded that the detected acoustic signals of the NP-treated tumor were
associated with gold NP clusters that were selectively formed in the tumor cells as
we found previously (Fig. 32.13a). We therefore employed the NIR wavelength of
780 nm for the experiments in vivo [105].

32.3.3.5 Real-Time Detection of the Tumor with Acoustic Signals
of Plasmonic Nanobubbles

The specificity and sensitivity of the tumor detection were studied through the
amplitude of acoustic signal of PNBs that was measured as function of tissue type
and of the laser excitation fluence. The amplitude of PNB signal increased with
the fluence of the excitation laser pulse (Fig. 32.14d). It should be noted that just a
single laser pulse was required to detect a tumor-specific acoustic signal. The
duration of this diagnostic process was limited by the speed of the ultrasound
detector and was below one millisecond.
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During the laser scans of a tumor and normal adjacent tissue in the NP-treated
animals, the detectable acoustic signal of the PNBs was observed only for the
tumor and not for normal muscle tissue and blood (Fig. 32.14d). Tumors in intact
animals (that did not receive gold NPs) did not yield any detectable acoustic signal
under the identical fluence of laser pulse (Fig. 32.14d). Therefore, the optical
fluence of 40 mJ/cm2 was below the bubble generation threshold in blood and
other normal tissues for the employed NIR wavelength (780 nm) and duration
(70 ps) of laser pulse. The results demonstrated high sensitivity, specificity, safety,
and speed of tumor detection in a single NIR laser pulse procedure [105].

32.3.3.6 Optimization of the NP Size and Delivery Route for Plasmonic
Nanobubble Generation In Vivo

In addition, we analyzed the influence of the NP diameter and delivery route on
PNBs generation in vitro and in vivo. The intravenous systemic delivery of NPs
resulted in larger PNBs compared to local intratumor injection of the same NPs
under identical optical excitation (Fig. 32.14e). In both cases, the NP–C225
conjugates were administered 24 h prior to the laser treatment. Larger 60 nm NPs
generated larger PNBs compared to smaller 20 nm NPs both in vivo and in vitro
conditions (Fig. 32.14f). We therefore used systemic intravenous delivery of solid
gold 60 nm sphere conjugates, NP–C225, for the next, therapeutic stage.

Fig. 32.14 PNBs in HNSCC-bearing mouse. a Functional diagram of the experimental setup.
Optical fiber delivers short laser pulse through the surface of the tissue, and PNBs are detected
with ultrasound detector, which signals, the scan of the fiber and laser pulse generation are
controlled by computer program; b acoustic responses to single laser pulses (70 ps, 780 nm,
40 mJ/cm2) obtained from a tumor (green) and adjacent muscle (black) in mouse systemically
treated with 60 nm solid gold sphere conjugates, NP–C225; c spectrum of PNB amplitudes of
acoustic responses obtained from a squamous cell carcinoma tumor (solid green) and normal
tissue (hollow black circles) of a mouse systemically treated with C225-conjugated 60 nm gold
spheres, tumor in intact animal (solid black squares) and (40 mJ/cm2); d dependence of the
amplitudes of acoustic responses upon laser pulse fluence (energy per square unit) for the same
animals obtained from the tumor (green) and adjacent muscle (black) (*p \ 0.001); e acoustic
amplitudes obtained during the scans of the tumor, muscle and blood of NP-treated animals and
of a tumor of an intact animal (*p \ 0.001); f dependence of PNB lifetime (blue, optical response
obtained from individual tumor cells in vitro) and the acoustic amplitude of PNB (green, acoustic
response obtained from a tumor in animal) as function of NP size (20 nm and 60 nm) and in vivo
administration route (local intratumor injection and intravenous injection) under identical laser
excitation (single pulse, 70 ps, 780 nm, 40 mJ/cm2). Recreated by kind permission of Ivyspring
International Publisher [105]

b
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32.3.4 Plasmonic Nanobubble Diagnostics Versus
Nanoparticle-based Diagnostic Methods

The diagnostic part of PNB theranostics in vivo is technically close to photoa-
coustic methods [141], but PNBs provide higher sensitivity and specificity of
tumor detection compared to broadly used gold NPs as photoacoustic probes.
Conventional photoacoustics employ acoustic emission from all NPs, instead of
cancer cell-specific generation of PNBs only around NP clusters (Fig. 32.10c, d,
32.14b). Under identical optical excitation, PNBs emit stronger pressure pulses
compared to those emitted by gold NPs [142]. This explains the high specificity of
PNB signals as shown in Fig. 32.14b, c and the high sensitivity that allows to
detect even single tumor cells among normal ones [103]. Thus, the PNB method
provided high sensitivity, specificity, and speed of tumor detection in a single NIR
laser pulse procedure [105] under relatively low optical fluence of 40 mJ/cm2,
which is within the medical safety limits for laser radiation [143] and with the
safest solid gold spheres.

To summarize, PNBs present excellent diagnostic opportunity via optical
scattering detection in vitro and acoustic detection in vivo. In both cases, PNBs
provide much higher cancer cell specificity than any nanoparticle-based imaging
can provide because the threshold nature of PNBs overcomes the problem of
unavoidable nonspecific uptake of imaging probes by nontarget cells.

32.4 Part III Theranostic Applications of Plasmonic
Nanobubbles

One of the major limitations of traditional treatments of cancers and other dan-
gerous diseases is the inability to surgically remove a pathology completely
without having to remove large areas of normal tissue that serve critical functions.
For example, residual tumor cells form the nidus for local recurrences and delayed
metastases, which are seen commonly in head and neck, prostate, and other can-
cers. Not only does this profoundly impact patients’ overall survival, but also their
quality of life, due to extensive treatment-related anatomic and functional altera-
tions. The residual cancer cells at the surgical margins often show high resistance
to local and systemic adjuvant chemotherapy and radiotherapy [12], thus requiring
toxic levels of these treatments. This is of particular concern in HNSCC, the sixth
most common cancer diagnosis worldwide, with an estimated 263,000 newly
diagnosed cases and over 128,000 deaths occurring yearly [13]. Hence, there is a
critical need to develop novel diagnostic and therapeutic modalities that not only
complement current therapies to enhance tumor control, but also simultaneously
limit the treatment-related morbidity that ensues from treatment intensification,
and can be applied as intra- or postoperative treatments.

902 E. Y. Lukianova-Hleb and D. O. Lapotko



Recently introduced approaches have employed NPs and external energies to
develop putative tumor-targeting capabilities through drug delivery [144–161],
hyperthermia [25–28, 100, 162–167], and photodynamic therapy [28, 168, 169].
However, the promises of these new modalities did not provide their fast translation
from the laboratory to the clinic for the following reasons: (1) low NP targeting
specificity, (2) tumor cell heterogeneity, (3) resistance of phenotypes [12, 144,
145], and (4) NP or energy-delivery toxicities [25–27, 100, 161–166, 170–172].
Therefore, the development of novel technologies that will (a) selectively detect
and eliminate drug-resistant residual cancer cells to prevent local and regional
recurrence, (b) preserve the functionality of normal tissues and (c) reduce non-
specific toxicity, is highly significant. In addition, an ability to unite both tumor
detection and its treatment in one real-time intraoperative theranostic procedure
will improve the principal limitations of cancer surgery cited above.

In order to overcome the limitations of the NP- and external energy-based
medicine, we recently introduced a new class of threshold-activated cellular
nanoagents, called PNBs. A PNB is a laser pulse-induced nanoscale explosive
event that develops only if the energy (fluence) of laser pulse exceeds specific
threshold of the evaporation of NP environment, a vapor nanobubble and not a NP,
although it employs a gold NPs or their cluster to convert optical energy into heat
for the evaporation of the liquid surrounding superheated NP. The major difference
that distinguishes PNBs from existing nanoagents is their on-demand threshold and
transient nature, dynamic tunability, and mechanical, not thermal, therapeutic
mechanisms [103, 104, 106, 173]. PNBs offer several unique opportunities that are
not addressed by current methods (both traditional and those using various NPs
and external energies). These are as follows: (1) broad-spectrum efficacy against
the major mechanisms of drug resistance, (2) selectivity due to efficient discrim-
ination of cancer from normal cells, and (3) multifunctionality of diagnosis
(through optical and acoustic signals [79, 103, 104]) and guided cell level thera-
peutics [103, 104, 106, 107, 173].

Based on the above, we hypothesized that the synergistic effect of PNBs cou-
pled with low doses of traditional cytotoxic chemotherapies, gold NPs, and optical
energy would rapidly and selectively eliminate drug-resistant microtumors in a
single pulse treatment (Fig. 32.15). We further hypothesized that the acoustic
detection of PNB will provide simultaneous diagnostic tumor imaging and guid-
ance of drug delivery (Fig. 32.15). Utilizing models of HNSCC, we studied the
in vitro and in vivo PNB generation, detection, and intracellular delivery of
encapsulated drug (Doxil) with the focus on providing high diagnostic and ther-
apeutic efficacy and reducing nonspecific therapeutic toxicity and the treatment
time in a single theranostic procedure.
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32.4.1 Therapeutic Functions of PNB

The size of the intracellular NP cluster and the optical fluence determines the
maximal size of the PNB that, in turn, determines three different PNB therapeutics
(Fig. 32.16, Table 32.1):

1. Intracellular drug release with a small noninvasive intracellular PNB that being
co-localized with internalized by cancer cell therapeutic nanocarriers (liposomes,
micelles, and other drug carriers) disrupt them and endosome and instantaneously
eject the drug into the cellular cytoplasm (plasmonic nanobubble-enhanced
endosomal escape—PNBEE) [105, 173].

2. Plasmonic nanobubble-induced injection of the extracellular drug (PNBII) [106,
174–177] employs larger PNBs that transiently perforate cellular membrane and
create a small hole. Furthermore, expanding and collapsing nanobubble creates
the localized jet near the membrane that injects the external solution into the
cells much faster than this is done through the gradient-induced diffusion.

Fig. 32.15 Variation in the size of NP clusters in cancer cells (brown) results in different PNBs
in response to identical optical excitation. a The smallest PNB supports endosomal escape of
internalized drug; b medium PNB injects free extracellular drug; c the largest PNB mechanically
destroys the cell. Normal (green) cells cannot generate PNBs with nonspecifically taken NPs due
to the higher threshold of PNB generation around single NPs or small NP clusters

Fig. 32.16 Therapeutic
mechanisms of PNB are
determined by its maximal
diameter (lifetime) which, in
turn, is controlled via the
laser pulse fluence
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3. Even larger PNB with the maximal size exceeding that of the cell mechanically
destroy the cell via the instantaneous lysis [104, 129, 177–181]. Each of these
mechanisms employs PNBs of a specific size (lifetime).

32.4.2 Drug-Free Mechanical Destruction of Cancer Cells

The direct mechanical destruction of cells with relatively large PNBs (lifeti-
me [ 150 ns) does not require any drug and works through the explosive dis-
ruption of the cellular membrane and other components and can be defined as
immediate lysis, not apoptosis or necrosis [104, 129, 177–181]. The PNB
destruction of a cell is a mechanical process contrary to the widely used NP-based
hyperthermia. A head-to-head comparison of PNB and hyperthermia in a
co-culture of target and nontarget cells pretreated with cancer cell-specific gold
conjugates demonstrated the higher therapeutic efficacy and selectivity of PNBs
versus hyperthermia (Fig. 32.17). The PNB treatment was realized with a broad
single laser pulse, at 40 mJ/cm2. Most of cancer cells (97 %) died in 72 h after the
PNB treatment, while most of the normal cells survived the PNB treatment (cell
death level was\21 %), even those adjacent to the cancer cells where PNBs were
generated (Fig. 32.17a). The level of cell destruction correlated with that of PNB
lifetime[150 ns. In contrast, hyperthermia mode applied to the same cells under a
reduced fluence of laser pulses (40 Hz for 10 min) required a 600-fold higher
optical dose to destroy the cancer cells (61 %), but at the same time destroyed
91 % of normal cells (Fig. 32.17b) [175]. This proof of principle experiment
confirmed the higher efficacy and selectivity of PNBs over nanohyperthermia.

Mechanical nature of the cell destruction was studied with a scanning electron
microscope. Figure 32.18a, b shows the cell after the incubation with gold NPs.
Gold NPs were initially accumulated at the cellular membrane (Fig. 32.18) and
eventually were internalized due to receptor-mediated endocytosis (Fig. 32.18b).
The cells were exposed to laser pulses with parallel monitoring of the PNBs and
their lifetime (size). Cells were fixed with glutaraldehyde immediately after the

Table 32.1 Plasmonic nanobubbles therapeutic mechanisms

Mechanism PNBEE Injection Destruction

PNB function
and
mechanism

Disruption of drug
capsules and
endosomes,
ejection of drug
into cytoplasm

Transient disruption of
cellular membrane and
induction of inbound
nanojet that injects
external drug into
cytoplasm

Explosive and
irreversible
disruption of cellular
membrane and other
components

Targeting
components

Drug capsules co-
localized with gold
NPs in mixed
endosomal clusters

Free extracellular drug and
gold NPs

Gold NPs

PNB range, ns 25–50 40–90 150–300

32 Plasmonic Nanobubbles for Cancer Theranostics 905



exposure to laser pulses (within 1 min). Figure 32.18c and d shows the cells after
the exposure to a single pump laser pulse that resulted in the PNB with 25 ± 5 ns
lifetime (the 1st PNB) and 300 ± 42 ns lifetime (ablative, the 2nd PNB),
respectively. While the first PNB did not change the cell structure (Fig. 32.18c vs.
b), the second, bigger PNB had a dramatic effect on the size, shape, and structure
of the cell (Fig. 32.18d vs. c, b). Such changes assume the mechanical damage of
the membrane and presumably the cytoskeleton [104].

32.4.3 Plasmonic Nanobubble-Induced Injection
Method of Drug Delivery

The injection of free extracellular drugs uses PNBs of larger size and is aimed at
increasing the efficacy of conventional chemotherapy that employs systemic drug
delivery at high doses due to their poor penetration through cellular membrane.
PNB-induced transmembrane injection into target cells overcome this barrier and
allow for lower drug concentrations to be used. This therapeutic mode uses PNBs
for active and fast injection of the external drug through the cellular membrane by
inducing a transient hole in the membrane and inbound jet. Unlike other methods
of drug delivery, PNB injection uses active injection instead of passive diffusion of

Fig. 32.17 a PNB single pulse at 40 mJ/cm2; b NP-hyperthermia at 24 J/cm2 treatments of a
co-culture of normal and squamous cell carcinoma (green or shown with green arrows) cells
identically treated with gold NPs. I, II: before and III after treatment (blue—dead cells, white—
live cells). The time responses of cancer cells show a PNB (insert in II(a)) and heating–cooling
process (insert in II(b)) [175]
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the drug. Unlike other optoinjection methods, the PNB method is cell specific even
when many cells are simultaneously exposed to a laser pulse, due to the cellular
specificity of PNB generation instead of the perforation of all cells, target and
nontarget, as is typical for current optoinjection methods. PNBII method thus can be
used for drug delivery and gene transfer [106, 174–177]. It was evaluated for mul-
tifunctional processing of heterogeneous cells suspension to perform simultaneous
injection of one cell subtype and destruction of the another cell subtype [177].

The heterogeneous cell system was modeled by mixing NSP–OKT3-targeted
and NS–OKT3-targeted J32 cells that modeled human T lymphocytes. NSP–
OKT3-targeted cells were labeled with blue fluorescent marker (DAPI) to identify
the cells and their nuclei, and NS–OKT3-targeted J32 cells were labeled with red
fluorescent marker (calcein red) to identify the cells and to monitor their integrity
and viability [182] after PNB generation. Then, the blue and red cells were mixed
into one suspension to model a heterogeneous cell system, and green fluorescent

Fig. 32.18 Scanning electron microscopy images of cancer cells after the incubation with gold
NPs show their membrane coupling (a) and internalization (b), and the result of the exposure to a
single pump laser pulse that resulted in the noninvasive PNB with the lifetime of 25 ± 5 ns (c),
and the ablative PNB with the lifetime of 300 ± 42 ns (d). The inserts show the images of the
whole cells. Recreated by kind permission of Elsevier [104]
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dye (FITC–dextran) was added to the cell suspension as a model of the molecular
cargo. Next, the suspension was scanned with a broad (0.22 mm diameter) exci-
tation laser beam for the bulk PNB treatment. The broad laser beam simulta-
neously and identically irradiated hundreds of mixed red and blue cells in one
pulse. All the cells received a single pulse exposure. We used the above data to set
the pulse fluence to the level of 60 mJ/cm2 that corresponds to the PNB lifetime of
60–65 ns in NSP–OKT3-treated cells and 200–220 ns in NS–OKT3-treated cells.
After the laser irradiation, FITC–dextran was immediately washed off. The
experiment was performed in three steps [177]: (1) fluorescent imaging of the
mixed cells before exposure to FITC–dextran and the laser, (2) adding FITC–
dextran and exposing the cells to broad single laser pulses that induced PNBs, and
(3) fluorescent imaging of the cells immediately after the PNB treatment.

Prior to the PNB treatment, we obtained tricolor confocal fluorescent images of
the cells (Fig. 32.19a) and measured the levels of red (to characterize the viability)
and green (to characterize the presence of the external cargo) fluorescence in
individual cells. The viability of the cells was measured by monitoring the level of
calcein red fluorescence [182] and with trypan blue exclusion test. Treatment of
the cells with a single laser pulse of the fluence of 60 mJ/cm2 provided the gen-
eration of 64 ± 8 ns PNBs in blue cells and 237 ± 38 ns PNB in red cells
(Fig. 32.19b) and resulted in a significant increase in green fluorescence of FITC–
dextran only in the blue cells and in a significant decrease of red fluorescence of
calcein red in the red cells (Fig. 32.19c). Blue NSP–OKT3-targeted cells showed
the presence of FITC–dextran in their cytoplasm (Fig. 32.19c) that was not found
there before the PNB treatment (Fig. 32.19a). Intracellular delivery of FITC–
dextran was achieved through the PNB-specific mechanism of the localized
injection of the extracellular molecules. We recently demonstrated that a small
PNB of 40–90 ns lifetime creates a small transient hole in the cellular membrane
and induces a nanojet that actively injects the external molecules into the cyto-
plasm without compromising the cell [103, 106]. Comparison of the concentration

Fig. 32.19 a J32 cells with intracellular clusters of gold spheres (NSP–OKT3, blue DAPI marker)
and shells (NS–OKT3, calcein red marker); b optical scattering PNB-specific time responses of
individual cells to a single laser pulse show simultaneous generation of small PNBs in blue and
large PNBs in red cells in presence of extracellular molecular cargo FITC–dextran (the lifetimes of
PNBs are shown); c postlaser treatment blue cells show the injected FITC–dextran (green
fluorescence) and red cells show leaked out calcein red dye and distorted membranes due to their
destruction. The fluorescence intensity profiles of individual cells in (a) and (c) are indicated by
small color-matched arrows. Recreated by kind permission of ACS [177]
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and viability of the blue cells before and after the PNB treatment showed that such
small PNBs (64 ns) were relatively safe to the cells.

Red (NS–OKT3-targeted) cells showed a totally different response to the same
laser pulse that induced much larger PNBs (237 ± 38 ns) (Fig. 32.19b). Calcein
red apparently leaked out and the shape of the cells changed showing the blebbing
bodies and damaged membrane in the bright field image (Fig. 32.19c). A com-
parison of the concentration and viability of the red cells before and after the PNB
treatment showed that such large PNBs destroyed 86 % of these cells [177]. The
PNB-induced changes in the cell shape, level of red fluorescence, cell concen-
tration, and viability were observed within 10 min after the PNB treatment. The
character and speed of these changes indicate that cell death occurred simulta-
neously through a lysis-like process and not through necrosis or apoptosis. Such an
immediate cell death effect was caused by the mechanical explosive action of a
large intracellular PNB and not by laser-induced heating of gold NPs because
PNBs effectively insulate the thermal effect of gold NPs [78]. Our recent detailed
study of the PNB-induced cell death mechanism revealed the disruptive
irreversible damage of the cell structure after generating even a single large
intracellular PNB [104].

32.4.4 Plasmonic Nanobubble-Enhanced Endosomal Escape
Mechanism of Instantaneous Intracellular Drug
Release

To overcome drug resistance of HNSCC and to reduce nonspecific toxicity of anti-
tumor drug, we applied active and HNSCC cell-specific delivery of encapsulated
doxorubicin (Doxil) into the cytoplasm of HNSCC cells in order to create a high
local concentration of the drug. Instead of the existing passive diffusion-based
mechanisms, we employ the PNB-induced localized, mechanical ejection of the
drug from liposome and from endosomes (Fig. 32.20). This is achieved by gen-
erating small intracellular PNBs (noninvasive on their own), co-localized with
drug liposomes in the complex intracellular clusters. The key to this method is in
the separate administration of Doxil (Doxorubicin encapsulated into 85 nm lipo-
somes) at significantly reduced doses and the conjugates of gold NPs with C225
antibody (Erbitux). Solid gold spheres of 20 and 60 nm diameter, the most
available and FDA-approved gold NPs, were employed because they showed high
PNB generation efficacy under NIR (780 nm) pulsed optical excitation. Gold NPs
and Doxil are nontoxic even when they are internalized by the cells, including their
nonspecific uptake by normal cells (Fig. 32.20). The therapeutic mechanism is
provided by two steps: (1) cancer cells selectively self-assemble large, complex
clusters of gold NPs co-localized with drug liposomes (Fig. 32.20c) through
receptor-mediated endocytosis (while normal cells cannot accumulate so many
gold NPs and build clusters of the same size as cancer cells (Fig. 32.20d)),
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and (2) the threshold generation of PNBs around gold NPs in these clusters with a
single laser pulse at 780 nm, 70 ps. Gold spheres efficiently generated PNBs with
this short NIR laser pulse through our new method that employs the specific
duration and low, safe fluence of the single laser pulse. These PNBs are small and
therefore noninvasive alone [103, 173], but they simultaneously deliver two
important functions. Their optical scattering and acoustic emission provide the
remote and immediate detection of cancer cells, and their mechanical, not thermal,
impact immediately disrupts the liposome and endosome membranes and the
pressure created by the expanding PNB ejects the drug into the cellular cytoplasm.
This fast (nanosecond) and localized (submicrometer) mechanism creates a high
local intracellular concentration of the drug that is impossible to achieve through
conventional slow delocalized diffusive processes of drug delivery. This over-
comes most of the known mechanisms of drug resistance and, in addition, allows
the reduction in the initial dose of the drug to a level that does not cause non-
specific toxicity.

The mechanism of intracellular delivery and on-demand release of an encap-
sulated drug (doxorubicin in Doxil liposomes) was studied in the same co-culture
of HN31 and NOM9 cells.

Fig. 32.20 Targeting of cancer (top panel) and normal (bottom panel) cells with NSs, Doxil
(doxorubicin in liposomes), and PNBs. (a, b) Selective formation of the self-assembled mixed
drug–NS clusters in target cells through separate administration of gold NPs. (c, d)
Co-localization of NS (blue) and Doxil (red) shows the mixed clusters only in cancer (c) but
not in normal (d) cells (scale bar is 400 nm insert). e PNBEE mechanism: co-localized PNB
disrupts Doxil and endosome and ejects the drug into cytoplasm in nanoseconds. f Lack of PNB
and Doxil in normal cell prevents the release of nonspecifically drug. g, h Time-resolved image
shows selectivity and co-localization of PNBs with NS–Doxil. i, j, Cell death level among cancer
(solid) and normal (hollow) cells measured in 72 h after PNBEE treatment as function of the
concentration of Doxil and of the PNB lifetime (black—0 (no PNB), green: 21 ns, red: 32 ns,
blue: 51 ns); Doxil concentrations in I (lg/ml): black—0 (no drug), green: 2, blue: 5, red: 10. In
all cases, the uncoupled drug was removed before generating PNBs. Recreated by kind
permission of Elsevier [173]
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32.4.4.1 Therapeutic Effect of PNBs In Vitro

Therapeutic effect of PNBs in vitro was measured 72 h after a single pulse laser
treatment as the level of cancer cell death in several different treatment modes. We
correlated the size of PNBs (measured by their lifetimes, obtained as the duration
of time responses of individual cells) to their therapeutic effect. Relatively small
PNBs of 20–90 ns lifetime showed the low therapeutic efficacy (low death level
for cancer cells) and the low nonspecific toxicity (low death level for normal cells)
when used alone (Fig. 32.20i). Earlier we found that only large PNBs with a
lifetime [130 ns mechanically kill the cells [103, 104].

32.4.4.2 Synergistic Effect of PNB and Doxil

Direct exposure of cells to Doxil and gold NPs without laser pulses had a limited
effect on cancer cells due to their drug resistance coupled with a relatively low
dose of Doxil (5 lg/ml, 20-fold lower than the effective therapeutic dose [183]).
Such a low dose of the drug reduced nonspecific toxicity, as we observed minimal
damage to normal cells. However, when PNBs were generated in the mixed NP–
Doxil clusters, the cell death level increased by 30-fold among cancer cells (rel-
ative to the drug alone mode) but remained relatively low among normal cells
where no PNBs were generated. The optimal PNB–Doxil combination corre-
sponded to noninvasive PNBs of 51 ± 7 ns lifetime (when used alone without the
drug) and nontoxic doses of Doxil of 3 lg/ml (when used alone without the PNB).

This selective and efficient therapeutic effect was achieved due to the localized,
active, mechanical release (ejection) of the drug from liposomes and endosomes
that were disrupted by an expanding co-localized PNB. This process took tens of
nanoseconds and required a single laser pulse of a low dose to provide the
selective intracellular release of the drug only in cancer cells. We termed this
mechanism as a PNB-enhanced endosome escape. Normal cells did not develop
PNBs under identical laser and NP treatment, and thus, the Doxil liposomes
nonspecifically taken by normal cells were not disrupted by PNBs and did not
release the drug. Unique to this technology, PNBs provided the optical detection of
cancer cells and their selective destruction in a single, fast theranostic procedure.

The therapeutic mode of PNBs employed both the above methods of generation
and detection of PNBs in vivo and of PNB-enhanced endosome escape intracel-
lular delivery of the encapsulated drug. We next determined the therapeutic
efficacy of tumor-targeted PNBs and Doxil in a mouse model of HNSCC.

32.4.4.3 In Vivo Administration of NPs, Doxil, and Laser Radiation
for Cancer Therapeutics

We separately administered Doxil and gold 60 nm NP–C225 conjugates to an
HNSCC-bearing mouse. Doxil was administered locally at the concentration of
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1 mg/kg, 3-fold lower than therapeutic concentration [183]. NP–C225 conjugates
were administered intravenously simultaneously with Doxil at the concentration of
4.5 9 1010 NP/mL (200 ll). After 24 h, one-half of the tumor and the adjacent
normal tissue were scanned with single laser pulses at 20 Hz, while the intact part
of the tumor was used as the nonirradiated control. We applied the single laser
pulse irradiation with the same parameters as those established earlier in vitro,
780 nm, 70 ps, 40 mJ/cm2, and increased the laser beam diameter to 0.25 mm in
order to improve the tissue penetration depth [140]. The part of animal surface
with the tumor and normal tissue was scanned with the laser beam at the rate
1 mm2/s. Real-time acoustic monitoring showed the PNB signals of 36 ± 3 mV
amplitude for the tumor (Fig. 32.21d) and 0 mV for the adjacent muscle tissue.
This result approximated the previous in vivo diagnostic experiment [105] and
confirmed the tumor-specific generation of PNBs in therapeutic mode.

32.4.4.4 Therapeutic Effects of Plasmonic Nanobubbles and Doxil

Next, we analyzed the effect of several treatment combinations for tumor and for
adjacent normal muscle tissue: (1) single laser pulse ? NP ? Doxil, (2) single laser
pulse ? NP (PNBs alone, similar to the diagnostic mode), (3) NP ? Doxil (evalu-
ation of the toxicity of NPs and drug), (4) Doxil (analog of standard chemotherapy at
the reduced dose), and (5) intact tumor or muscle. After 72 h, the tumor and normal
tissue were harvested, and the relative level of necrosis was analyzed with a standard
histopathological technique. The analysis of the level of necrosis in the tumor
(Fig. 32.21a–c) showed a high damage zone only for the combination laser
pulse ? NP ? Doxil (Fig. 32.21a, d) that was associated with the generation of
small PNBs. This result corresponded to in vitro case of the co-localized PNBs and
Doxil (Fig. 32.20c, g). The therapeutic effects of the PNBs or Doxil alone were low,

Fig. 32.21 PNB therapeutics of HNSCC tumor in mouse. Tumor depth profiles in (a–c) show
tumor (green) and necrotic tumor (yellow) for the treatment modes: (a, e, solid red): PNB ? D:
small PNBs (40 mJ/cm2 @780 nm, 70 ps, single pulse, NP: gold 60 nm spheres conjugated to
C225) and Doxil (1 mg/kg); (b, e, hollow red): PNBs alone; (c, e, hollow black): Doxil ? NP;
d level of necrosis (red bars) at 0.3 mm depth and acoustic signals of PNBs (green bars) for the
listed treatment modes (p \ 0.001, ** p [ 0.05). e Dependence of the level of necrosis in tumor
upon tissue depth (PNB ? D: solid red, PNB: hollow red, NP ? D: hollow black, magenta,
intact tumor: blue). Recreated by kind permission of Ivyspring International Publisher [105]
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less than 7 % each (Fig. 32.21b, d), meaning that only small noninvasive PNBs were
generated. This noninvasive nature of PNBs alone was in line with the corresponding
in vitro results that also showed low PNB-induced cell death (Fig. 32.20). The toxic
effect of NPs was also low (Fig. 32.21c, d). Therefore, the single low dose of Doxil
applied coupled with the drug-resistant nature of the HNSCC tumor resulted in the
low therapeutic efficacy. In contrast, the joint action of PNBs and Doxil resulted in
the synergistic enhancement of the necrosis level up to 80–92 %, while the additive
effects of PNBs alone and Doxil alone did not exceed the necrosis level of 13 %
(Fig. 32.21d). This demonstrates how PNB-enhanced endosomal escape mechanism
overcomes the drug resistance of HNSCC even under the low dose of the drug. In
addition, the level of necrosis correlated well to the acoustic amplitude of PNBs in
drug-treated animals (Fig. 32.21d), thus allowing the real-time guidance of the
therapeutic efficacy of PNBs during the laser scan.

32.4.4.5 Correlation of In Vitro and In Vivo Results and the Plasmonic
Nanobubble Therapeutic Mechanism

A comparison of the corresponding treatment modes in vivo and in vitro [105]
demonstrated the high similarity of the therapeutic effects in both models, thus
confirming the earlier established therapeutic mechanism of PNB-enhanced
endosomal escape of the drug from liposomes and endosomes. Regardless of the
mechanism of drug resistance, the cancer cell failed to protect itself from the
mechanical explosive action of PNBs that ejected the drug into cellular cytoplasm.
The nanosecond speed of this process was much higher than traditional diffusion-
based release processes. Such fast release of the drug resulted in its high local
intracellular concentration that was sufficient to kill drug-resistant cells after a
single administration of a 3-fold reduced dose of Doxil. This, in turn, reduced the
treatment time from up to a week [183] to less than 1 min of laser scan.

32.4.4.6 Reduction of Nonspecific Toxicity

As a result of the reduction in the drug, NP and optical doses, we observed very
low nonspecific toxicity. The levels of necrosis in normal tissue under an identical
treatment combination (NP–C225 ? Doxil ? single laser pulse) were found to be
0 %, even despite nonspecific uptake of NPs and the drug by normal cells and
tissues. The threshold mechanism of PNBs prevented their generation in normal
tissue and thus prevented the nonspecific release of the drug in normal tissue. This
demonstrated the high safety and selectivity of PNB therapeutics [105].
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32.4.4.7 Penetration Depth of the Plasmonic Nanobubble Treatment

In order to study the effect of the optical attenuation by the tumor, we measured
the level of necrosis level as a function of the tissue depth for all treatment modes
(Fig. 32.21e). The laser–NP–Doxil mode demonstrated high therapeutic efficacy
(70–92 %), up to 1.5–1.8 mm depth for the laser beam of 0.25 mm diameter. This
was achieved by using the NIR wavelength (780 nm) that previously was shown to
provide the maximal penetration depth and minimal phototoxicity on a tissue
[140]. Since the penetration depth of laser radiation increases with the diameter of
the laser beam [140], this parameter can be further improved by using broader
laser beam.

To summarize the therapeutic studies in vivo, the application of small nonin-
vasive PNBs for intracellular release of the low doses of encapsulated drug
allowed us to overcome drug resistance and to reduce nonspecific toxicity and
treatment time.

32.4.5 Mechanisms of Plasmonic Nanobubble Therapy
Versus Current Therapeutic Mechanisms

Our results demonstrated simultaneous ability of PNBs to deliver high sensitive
diagnosis and selective, efficient, and localized therapeutics in a single laser pulse
theranostic procedure. The therapeutic mechanism of PNBs is based on active
intracellular drug delivery through rapid mechanical, nonthermal, disruption of
drug carriers and endosomes, and localized ejection of drug into cytoplasm. This
mechanism is distinct from the existing drug delivery mechanisms that are slow or
nonspecific. Current approaches for in vivo drug delivery, direct or enhanced by
hyperthermiaorphotodynamic therapy employvariousNPs[144,149,150,154,155],
external energies [26–28, 156, 158, 159, 165–167], or their combinations [28, 152,
153, 161, 162, 165, 168, 169]. However, their efficacy is limited by the slow diffusive
nature of the drug release, while nonspecific uptake of NPs or the nonspecific nature of
the external energy-stimulated release increase required doses of drugs and NPs and
cause significant nonspecific toxicity.

There are also well-established delivery methods that employ cavitation bub-
bles as ultrasound- or optically induced events [158, 159, 170–172, 184, 185] or
nanobubbles as particles [186–191]. Similar to the previously discussed methods,
these ‘‘bubble’’ methods have a nonspecific release mechanism, generate large
bubbles that cannot discriminate cancer from normal cells, and increase nonspe-
cific toxicity. Furthermore, an ultrasound cannot be applied as a single short
(\1 ms) pulse.

In contrast, PNBs reduced the NP dose by 2–4 orders of magnitude compared to the
photothermal therapies [25–28,162,167]opticalenergydoseby101-4-foldcompared
to photothermal drug delivery [152, 153], photodynamic therapies [28, 168, 169],
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and drug dose by[3-fold compared to standard chemotherapy [183]. Most of all,
PNBs provided a single cell selectivity of the therapeutics and spared even adja-
cent normal cells.

32.4.6 Plasmonic Nanobubble Theranostics

The results reported above were achieved due to the novel biophysical properties
of PNB’s: (1) explosive nanoevent whose mechanical, not thermal, action rapidly
creates a high intracellular concentration of the released drug; (2) ability to scatter
the light and to emit a pressure pulse makes it a sensitive cellular diagnostic probe
[103, 124]; (3) the cluster-threshold mechanism of PNBs overcomes nonspecific
uptake of gold NPs by normal cells because the PNB generation threshold is
minimal for large clusters of NPs self-assembled by cancer cells [103, 124, 173];
(4) a single NP cluster of 5–50 NPs per cell and a single laser pulse are sufficient
for detecting and elimination the cancer cells with single PNB, thus substantially
reducing the NP and laser energy doses; (5) therapeutic and diagnostic functions
of PNBs can be activated simultaneously in a single pulse theranostic procedure
[104, 178]; (6) a PNB can be generated with FDA-approved gold spheres and a
single NIR laser pulse of low dose and the maximal tissue penetration depth [140],
thus eliminating the need in specially engineered NIR NPs (such as nanorods and
other NPs) and in prolonged optical excitation.

32.4.7 Translational Potential of Plasmonic Nanobubble
Theranostics

The major limitations of the PNB theranostics are associated with the limited
penetration of light and gold NPs into heterogeneous tumors and with phototox-
icity. The energy of commercial lasers allows an increase in the diameter of the
laser beam of up to 3–4 mm and thus to achieve 5–7 mm range of tissue depth
[140] and 100 mm2/s scan speed. Both metrics match the needs of intraoperative
treatment of residual disease. The optical dose if NIR laser radiation required for
PNB generation is relatively low 10–40 mJ/cm2, 4–6 orders of magnitude lower
than those employed in previously reported in vivo studies of photothermal
hyperthermia with gold NPs (3–72 9 102 J/cm2) [25–27, 152, 153]. Such a
reduction in optical dose was achieved by using a single pulse of low fluence
instead of prolonged, continuous irradiation. In our method, the optical dose
becomes equal to the pulse fluence and is comparable to the established laser
safety limits of 30–50 mJ/cm2 for pulsed laser radiation [183]. Using off-resonant
NIR excitation of FDA-approved solid gold spheres reduces the laser-induced NP
temperature and, therefore, the thermal damage to NPs and to surrounding tissues.
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The combination of the efficacy, cell selectivity, safety, single pulse speed and
multifunctionality of PNB theranostics demonstrated in our experiments have not
been achieved to date in vivo with any current technologies. This all demonstrates
translational potential of PNBs for the intraoperative treatment of surgical bed for
monitoring and eliminating residual disease in real time.

We demonstrated for the first time in vivo the novel concept of PNB thera-
nostics that enables diagnosis through the acoustic detection of the PNBs and the
simultaneous efficient treatment of drug-resistant tumors through the PNB-
enhanced endosomal escape mechanism of intracellular drug delivery in a single
laser pulse procedure:

1. The tumor-preferred clustering of gold nanoparticle conjugates, coupled with
the threshold mechanism of PNB generation, provided the cell level specificity
of tumor detection and elimination.

2. Plasmonic nanobubbles increased the therapeutic efficacy of the standard drug
by more than 10-fold compared to chemotherapy alone and eliminated [80 %
of the drug-resistant tumor in a fast single treatment.

3. Cumulated nonspecific toxicity of the drug, gold nanoparticles, and laser
radiation was reduced below a detectable level.

4. The treatment time was reduced to less than one min for a tumor of 5 mm size
by noninvasively scanning single NIR laser pulses at the safe optical dose.

By using the safest and commercially available gold NPs, solid spheres, a low
dose of NIR single laser pulse, and standard encapsulated drugs (not linked to NPs),
PNB technology can be applied for local and real-time adjuvant treatment of poorly
detectable and curable residual drug-resistant microtumors during or immediately
after surgery. The universal mechanism of PNB technology allows its extension to
many cancers and other pathologies that require precise local treatment and thus
may complement existing surgical and chemotherapeutic approaches.

32.5 Conclusions

Our approach demonstrates that the efficacy, functionality, safety, and precision of
nanomedicine may be radically increased by replacing nanomaterials with preset
properties by the transient on-demand nanoevents with dynamically tunable
diagnostic and therapeutic functions. The described plasmonic nanobubbles
(which are, in fact, the smallest controllable nanoexplosions) represent entirely
new paradigm of the event-based nanomedicine. Their transient on-demand nature
delivers unprecedented multifunctionality and thus allows to unite diagnosis and
therapy in one cell level theranostic procedure. Plasmonic nanobubble theranostics
presents the entirely new platform for the future medicine that will achieve cell
level efficacy, safety, and high speed through the novel intracellular diagnostic and
therapeutic mechanisms.
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Chapter 33
Cell-based Microfluidic Assays
in Translational Medicine

Eric K. Sackmann, Benjamin P. Casavant,
S. Farshid Moussavi-Harami, David J. Beebe
and Joshua M. Lang

33.1 Introduction

Microfluidics is the study and use of techniques that manipulate 10-9 – 10-18 l of
fluid within channels of micrometer dimensions [1]. The field of microfluidics can
be traced back to the latter part of the twentieth century, and its rapid evolution
coincided with the advent of sensitive chemical analysis techniques and high-
throughput genomic studies. This chapter discusses the history of microfluidics,
including techniques used to construct microfluidic channels, and microfluidic
functional assays for clinical practice. For the purpose of this discussion, we define
functional assays as the isolation and analysis of clinically relevant living cells.
Clinical assay development can be expensive and time-consuming, but coupling
rapid prototyping techniques with microfluidics can shorten development time of
clinical assays. Furthermore, these microfluidic assays can be integrated with
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high-throughput liquid handling techniques, enabling automated laboratory diag-
nostic platforms. To illustrate the complexity of assay development, we will
review the discovery of human chorionic gonadotropin (hCG), which led to the
development of the home pregnancy test. After introducing these topics, we will
discuss two categories of microfluidic functional assays. One category includes
microfluidic devices used to study gradient-dependent cell migration. The second
category includes those used to isolate and analyze rare cells including circulating
tumor cells (CTCs). These cells are shed from solid tumors, including breast and
prostate cancer tumors, into peripheral blood and are used in the clinic as prog-
nostic and predictive biomarkers.

33.1.1 History

Some of the drivers for the development of microfluidics include the following:
chemical analysis, bio-defense, genomic analysis, and microelectronics. The use of
microfluidics for chemical analysis can be traced back to microanalytical tech-
niques including gas-phase chromatography (GPC), capillary electrophoresis, and
high-pressure liquid chromatography (HPLC) [2–4]. These techniques enabled
chemical analysis of small sample volumes with high sensitivity and high reso-
lution. Microfluidics has also been effectively utilized in bio-defense applications.
As a result of the Cold War, the United States government identified chemical and
biological weapons as a threat to national security and safety. The Defense
Advanced Research Projects Agency (DARPA) supported the development of
field-deployable microfluidic-based detectors of chemical and biological weapons.
This provided financial support that advanced the nascent field of microfluidics.
Yet, another driver of microfluidics is the field of genomics including high-
throughput DNA sequencing. Specifically, microfluidic technologies have been
developed to conduct polymerase chain reactions (PCR) within small droplets,
enabling quantification of gene expression of single cells or small cell populations
[5–8]. Finally, the field of microfluidics has also been driven by microelectronics.
Techniques originally developed for microelectronics including photolithography
have been adapted to the field of microfluidics. These techniques have enabled the
design of microfluidic devices with small features using polydimethylsiloxane
(PDMS), an optically transparent and vapor-permeable material [9–12]. Micro-
fluidics was first employed in cell biology in the late 1990s, where primary human
keratinocytes were cultured on microposts created through soft lithography and
PDMS [9]. Further development followed including microchannels that enabled
coculture of various cell types [10]. One of the first cell-based assays, the
‘‘Christmas tree’’ channel enabled the study of chemotaxis within controlled
gradients [13], followed by a microfluidic cell-sorting device [14].
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33.1.2 Production of Microfluidic Device

Early microchannel platforms were developed using solvent etching on a glass and
silicon substrates. In this process, solvents such as hydrofluoric acid were used to
create indentations and patterns within a glass surface. However, this process was
time-consuming and dangerous to the researchers, therefore limiting the accessi-
bility of this technique to chemists and engineers. To address these shortcomings,
researchers transitioned to a more accessible rapid prototyping method using
photolithography, a technique used in microelectronics. Using this approach,
photoresist is poured onto a silicon wafer and is patterned using a photomask, a
high-resolution black and white transparency and ultraviolet (UV) light. The UV
light polymerizes photoresist in areas where the mask is optically transparent,
producing a copy of the black and white pattern of the photomask. At the end of
the lithography process, non-polymerized photoresist is removed by a solvent,
creating a master mold for subsequent device fabrication. PDMS is poured onto
the master mold and is polymerized in a pattern that is a negative of the master.
The PDMS channels are removed and bonded to a glass or plastic substrate. The
use of photolithography and PDMS has made microfluidics accessible to engi-
neering researchers. But, PDMS has rarely been used by mainstream biology,
especially compared to thermoplastic materials such as polystyrene (PS). There-
fore, to make microfluidic assays more accessible to non-engineers, it would be
preferable to produce these microfluidic assays from PS or other commonly used
polymers [15]. In order to fabricate microfluidic devices with thermoplastic
materials, techniques are under development for manufacturing microfluidic
channels using injection molding, soft lithography, micromilling, hot embossing,
and 3D printing. Generally speaking, PDMS devices are more suitable for research
and pilot studies due to the ease of manufacturing and ability to perform rapid
design iterations, while hot embossing and micromilling are more conducive to
larger studies and product development. Beyond the manufacturing considerations,
there are other differences in the materials that should be weighed during the
design of microfluidic devices for cell biology applications. These include the high
gas permeability of PDMS versus PS that can be important for long-term bio-
logical studies, although this can also contribute to evaporation issues that can be
detrimental to microscale experiments [16, 17]. PDMS has also been shown to
absorb hydrophobic molecules, which makes PDMS unsuitable for steroid studies
[18]. Other materials are being utilized more in the field of microfluidics, such as
paper-based microchannels [19, 20]. These microchannels are made from paper
patterned into hydrophobic and hydrophilic regions. Sample liquid, for example,
urine or blood, is wicked into these channels toward regions containing the
detection agent, for example, antibodies or chemicals for measuring urine glucose
content.

33 Cell-based Microfluidic Assays 929



33.1.3 Successful Microfluidic Assays in Clinical Practice:
Home Pregnancy Test

One example of microfluidics in medical practice and a successful point-of-care
diagnostics assay is the lateral flow pregnancy test. The earliest recorded attempt at
a pregnancy test is described in Egyptian hieroglyphs. The Egyptians believed that
urine from a pregnant woman induced growth of wheat or barley seeds, with
barley sprout indicating a male unborn and wheat sprout indicating a female
unborn. While scientific evidence disputes the efficacy of this test for identifying a
fetus’ sex, experiments in the 1960s suggested that urine from pregnant females
induced seed growth [21]. Many failed attempts at pregnancy tests were made
throughout history, including visual inspection of urine by ‘‘piss prophets’’;
however, little scientific advancement was made until the discovery of various sex
and pregnancy-related hormones [22]. In the 1920s, scientists in Austria and
Germany identified a substance that induced ovary development and another that
was specifically present in pregnant females. This pregnancy hormone was later
identified as human chorionic gonadotropin (hCG) hormone. In the 1960s, sci-
entists developed the hemagglutination inhibition test for detecting hCG, which
was the earliest scientific assay for the detection of pregnancy. This test employed
purified hCG, mixed with urine as sample, and antibodies directed against hCG. In
a positive test, the red blood cells would clump, indicating a pregnancy [23]. This
test proved unreliable as it resulted in many false negatives, and many medications
caused false positives. In the early 1970s, two clinicians, Griff Ross and Judish
Vaitukaitis, at the National Institutes of Health, discovered that hCG activity was
only dependent on its ß-subunit and created specific antibodies against the ß-
subunit of hCG [24, 25]. This discovery paved the way for the first at-home
pregnancy test. The first version of this test took 2 h and was more accurate for
positive than negative results (high sensitivity, low specificity). The test was
described as follows, ‘‘for your $10…you get premeasured ingredients consisting
of a vial of purified water, a test tube containing, among other things, sheep red
blood cells…as well as medicine dropper and clear plastic support for the test
tube’’ [26]. These descriptions help to illuminate the complexity of the assay. In
the late 1980s, a new advancement was made with the use of the lateral flow (LF)
assay pregnancy test. The LF pregnancy tests came preloaded with all reagents
required for measurement and detection. The technology used a porous capillary
bed to flow the sample from the collection well through an antibody and detection
well. While LF technology predates the field of microfluidics, these features are
the hallmark of modern microfluidic technologies. The simplicity of the assay
enabled its use at home and in resource-limited settings. Due to their simplicity,
low-cost, and minimal sample size, lateral flow assays are considered the gold
standard for microfluidic-based clinical assays. A recent extension of these LF
assays can be found in paper-based microfluidic channels that involve the use of
patterning to control the wetting of a preloaded paper [20]. Paper-based micro-
fluidic assays are being developed as simple and cheap point-of-care assays [19].
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33.1.4 Chapter Scope

Currently, microfluidic assays are under development for detecting various proteins
and biomarkers from biofluids, and we refer the readers to reviews and articles on
this topic [27–29]. The aim of the current chapter is to introduce readers to recent
developments related to microfluidic assays for functional biologic measurements
including cell migration and the analysis of rare cells. Topics covered include
chemotaxis [30] (gradient-dependent cell migration) and isolation of rare cells
including circulating tumor cells [31]. We will also summarize early clinical studies
involving these microfluidic functional assays and future research directions.

33.2 Chemotaxis

The human body is made up of 100 trillion cells [32], with over 200 cell types that
perform a variety of important biological functions. Cell migration is one of the
most critical functions for the proper execution of several physiological processes.
For example, cell migration is central to wound healing to repair damaged tissue
[33] and mobilization of white blood cells to mount the innate immune response in
an acute infection [34]. In some cases, cell motility can be detrimental, as is the
case when metastatic cancer cells spread rapidly throughout the body during
cancer progression [35–37]. Cellular migration is rarely random, but rather guided
by extracellular cues that direct cell movement. There are several types of
extracellular cues that can direct cell migration, including gradients in cellular
adhesion sites (haptotaxis), mechanical cues in the cell microenvironment (duro-
taxis), changes in the electrical field (electrotaxis), and the presence of soluble
proteins (chemotaxis). For chemotaxis to occur, a cell senses an extracellular
biochemical gradient and responds by migrating directionally toward, or away
from, the increasing concentration of the attractant molecule. Cell chemotaxis is an
area of intense study in the cell biology community, and many chemotaxis assays
have been developed in order to study this phenomenon in depth. In this section,
we will describe the physiology of eukaryotic cell chemotaxis, provide an over-
view of macroscale and microscale chemotaxis assays that have been developed
over the last 50 years, and explore the potential of translating appropriately
designed chemotaxis techniques beyond the research setting and into the clinic.

33.2.1 Eukaryotic Cell Chemotaxis

Cellular chemotaxis is a complex, multistage process during which receptors on
the cell membrane recognize external biochemical cues and induce intracellular
signaling changes, leading to polarization of the cytoskeleton and cell migration.
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Prokaryotic and eukaryotic cell types both have the ability to undergo chemotaxis,
though prokaryotic chemotaxis is characterized by significantly different mecha-
nisms and signaling pathways. Two classic chemotaxis models that have been well
characterized in the literature include Dictyostelium discoideum amoebae and
neutrophils, which exhibit many of the characteristics of eukaryotic cell chemo-
taxis. However, there are mechanistic differences between the various chemotactic
cell types that cannot be covered in this chapter. For details on cell types that will
not be discussed here, we refer readers to the following reviews on chemotaxis for
bacteria [38]: Dictyostelium discoideum [39, 40]; dendritic cells [41]; natural killer
cells [42], and macrophages [43]. In order to provide an example of the biology of
chemotaxis in a cell type that is currently being exploited in translational medi-
cine, we will focus on neutrophils—the most abundant cell type in the innate
immune system and first responders during inflammation and wound healing
(Fig. 33.1).

Neutrophil chemotaxis can be broken down into three distinct but overlapping
stages: chemosensing, polarization, and locomotion (reviewed in [44, 45]). When a
neutrophil senses a concentration gradient of external secreted proteins known as
chemokines, the cell polarizes its cytoskeleton and engages in sustained directional
migration toward the attractant molecules (i.e., chemoattractant). We will provide
a brief overview of the biology of chemotaxis for neutrophils and refer the reader
to the aforementioned reviews for a more in-depth treatment of the subject.

33.2.1.1 Chemosensing

Neutrophils stay in an inactive and immobile state until they are activated by
external cues. When a chemoattractant is present, neutrophils extend and retract
lamellipodia—protrusions of the cell membrane comprised of actin filaments—to
dynamically form pseudopods for about 60s intervals. If a uniform concentration

Fig. 33.1 A famous example of neutrophil chemotaxis and phagocytosis. The neutrophil is seen
migrating toward a bacterium as it secretes some kind of unknown chemoattractant (e.g., N-
formyl peptides like fMLP). The neutrophil polarizes its cytoskeleton and extends lamellepodia
toward an increasing concentration of proteins that guide the cell toward the bacterium. Note the
ability of the neutrophil to rapidly change direction and polarization in response to movement of
the bacterium, as well as its ability to navigate around red blood cells. In its final fate, the
bacterium is engulfed by the neutrophil and killed during phagocytosis. (The above images were
taken from a 16 mm video recorded by David Rogers of Vanderbilt University in the 1950s.
Details can be found at www.biochemweb.org/neutrophil.shtml)
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of chemoattractant is present, neutrophils migrate more or less randomly until the
cell senses a gradient of chemoattractant and begins to migrate directionally.
Neutrophils sense chemoattractants using transmembrane chemoattractant recep-
tors (e.g., fMLP-R and C5a-R) that become occupied by extracellular chemokines,
and these receptors activate heterotrimeric G-proteins that transduce the extra-
cellular signals and initiate an intracellular activation cascade. The chemoattrac-
tant receptors are relatively uniformly distributed on the cell membrane, and the
local and temporary nature of the pseudopod formation allows neutrophils to
rapidly change the extension of pseudopodia in reaction to location changes of the
source of chemoattractant. Once the cell becomes polarized, neutrophils maintain
the original leading edge of the cell and turns toward the new source of chemo-
attractant rather than forming new pseudopodia.

33.2.1.2 Polarization and Locomotion

Neutrophils can become polarized in a uniform concentration of chemoattractant;
however, polarization is much more likely when a concentration gradient exists,
resulting in persistent migration toward the source of chemoattractant (chemo-
taxis). When there is a difference as little as 1–2 % in the number of receptors on
opposite ends of the cell occupied by chemoattractants, the neutrophil polarizes its
cytoskeleton by increasing the number of advancing pseudopodia on the anterior
portion of the cell and enriching retracting uropods with myosin in the posterior
portion of the cell. Once activated and polarized, neutrophils have the ability to
persistently migrate toward a site of inflammation that is sending inflammatory
signals (chemokines) or chase down pathogens such as bacteria to phagocytose
and clear the pathogen. The persistent migration of neutrophils is determined by a
variety of factors such as type of chemoattractant, steepness, and profile of the
concentration gradient and other biophysical and biochemical factors in the neu-
trophils’ extracellular microenvironment.

33.2.2 Chemotaxis in Disease

In the introduction, we described chemotaxis as central to the pathophysiology of
many diseases. Indeed, chemotaxis is relevant to the spread of metastatic cancer
[36], wound healing [33, 46, 47], the inflammatory response by the innate immune
system [48, 49], rheumatoid arthritis [50], chronic obstructive pulmonary disorder
(COPD [51]), and asthma [52–54]. The role of chemotaxis in the pathogenesis of
these and many other diseases has been intensely studied over the last 50 years.
Researchers have made progress in identifying chemotactic cell types central to
the pathogenesis of a disease, as well as the identification of cytokines orches-
trating cell mobility.
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For example, the dissemination of metastatic cancer cells from a primary tumor
site throughout the body is central to the pathophysiology of the disease. If a
primary tumor is detected early, treatment regimens and prognosis are greatly
improved compared to late-stage detection [55]. In other words, the cancer
becomes much harder to treat once the cells have migrated away from the primary
tumor site, entered the bloodstream (after angiogenesis has been initiated), and
extravasated from the blood stream to form a secondary tumor. If the cancer cells
have not left the primary tumor site, the cancer can often be surgically removed or
treated with local irradiation. Although directional migration is not necessary for
this process, there is evidence that metastases occur more efficiently when the cells
migrate directionally [56]. Researchers have also shown that the chemotaxis of
tumor cells toward macrophages is important for intravasation into blood vessel
and for invasion into the tissue of a secondary site [57]. Minimizing or disrupting
the ability of cancer cells to undergo chemotaxis may lead to a reduction in the
metastasic potential of cancer cells, resulting in improved prognostic outcomes for
cancer patients.

In asthma, the dysregulation of inflammatory response contributes to the
pathogenesis of the syndrome. Asthma is a condition characterized by chronic
inflammation of the lungs that ultimately leads to obstruction of airflow, resulting
in clinical symptoms including wheezing, coughing, and shortness of breath. The
condition has far-reaching impact and affects more than 300 million people
worldwide [58]. Furthermore, asthma prevalence has increased significantly over
the last 30 years in many regions, with some indications that it may be reaching a
plateau in the developed world [52, 59]. Researchers have made progress
uncovering the mechanisms and pathophysiology of asthma, leading to improved
treatment and management. However, diagnosing asthma still remains a challenge
for physicians [60–62], and misdiagnosis can lead to unnecessary treatment,
greatly increased medical costs [63], or missed treatment for vulnerable popula-
tions such as the elderly [61, 62]. In this case, mitigating the hyperchemotactic
activity of inflammatory cells could lead to improved clinical outcomes for asth-
matic patients.

Cancer metastasis and asthma represent two diseases in which chemotaxis can
play a central role in the pathophysiology of disease. Researchers have studied
these pathways in an attempt not only to understand the biology of a disease, but
also to develop targeted therapies. For instance, a therapy blocking the production
of interleukin-5 (IL-5)—a cytokine that is implicated in mucus secretion, the
recruitment of eosinophils to the lungs (leading to eosinophilia for asthmatic
patients), and airway hyper-responsiveness (AHR)—might decrease eosinophil
and mast cell recruitment to the lungs, resulting in symptom relief for the patient
[64]. Anti-IL-5 clinical trials are currently underway [65, 66], demonstrating how
therapeutic interventions can be developed once the underlying pathway is
uncovered. In order to understand the role of cell chemotaxis in various diseases
and facilitate the development of drug therapies, researchers require robust in vitro
assays to controllably and systematically study cell chemotaxis. In the following
sections, we will explore both traditional macroscale chemotaxis assays and more
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recently developed microfluidic systems. Furthermore, we will explore how
properly designed microfluidic chemotaxis devices can potentially be used in a
clinical setting for diagnostic and therapeutic purposes.

33.2.3 Traditional Methods for Studying Cell Chemotaxis

Several assays have been developed to study cellular chemotaxis (Fig. 33.2). The
first widely adopted in vitro assay was developed by Stephen Boyden in 1962 [67],
known as the ‘‘Boyden chamber’’ or ‘‘Transwell’’ assay. The Transwell assay is a
two-chamber system, with each chamber filled with media and separated by a
microporous membrane (Fig. 33.2a). The lower chamber contains a test substance
of interest (e.g., chemoattractants), and the upper chamber contains cells. During
the course of an experiment, the source compound diffuses across the porous
membrane due to the concentration gradient that exists between the two chambers.
Chemotactic cells sense the spatial distribution of chemoattractant and, depending
on the cell type and chemoattractant, migrate across the membrane and toward the
source. Multiple wells can be studied simultaneously and in parallel, allowing
incorporation of proper controls (i.e., no concentration gradient) or to test varying
doses in order to characterize the chemotactic response of the cell type–compound
combination. Several early studies demonstrated the utility of having an in vitro
chemotaxis assay by characterizing the chemotactic response of several cell types
under various experimental conditions [67, 71–73]. Following the successes of the
Boyden chamber, researchers sought to develop new designs that offered different
approaches to measuring cell chemotaxis.

Fig. 33.2 Overview of macroscale chemotaxis assays that have been developed over the years.
The timeline below each assay indicates the date the technology was invented below each assay
(not to scale). The direction of the arrow indicates the direction of cell chemotaxis. The color
shading indicates the formation of the chemical gradient of chemoattractant [67–70]. a Boyden/
Transwell. b Zigmod. c Micropipette/Needle. d Dunn

33 Cell-based Microfluidic Assays 935



Alternative in vitro chemotaxis assays that have been utilized in the biology
community include the Zigmond chamber [68]; the Dunn chamber, which is a
modification of the Zigmond chamber design [70]; the under-agarose assay [74];
and micropipette-based assays [69]. A comparison of some of these chemotaxis
techniques is shown in Fig. 33.2. The Zigmond chamber consists of two etched
wells—a chemoattractant (source) well and a well containing cells and media
(sink)—that are separated by bridge that restricts convection of fluid from one well
to the other (Fig. 33.2b). The cells are placed on an inverted coverslip spanning the
two wells, allowing the investigator to observe cellular chemotaxis across the
bridge in response to a chemical gradient. However, the gradients are short-lived
(*1 h) and are somewhat unstable due to the evaporation that occurs in this
design. The Dunn chamber design [70] sought to overcome these disadvantages
and employs a spherical geometry, allowing the wells to be completely encap-
sulated by the coverslip to limit evaporation (Fig. 33.2d). The under-agarose assay
is another early example of a technique that allowed the investigator to visually
observe the migration of cells over time. In this assay, holes are punched in
agarose gel, and a chemoattractant is placed in the holes to act as a source for the
concentration gradient. Due to the concentration gradient between the source and
the surrounding gel, the compound diffuses into the gel and cells sense the
changing spatial distribution of the source compound over time and migrate
toward the source under the agarose gel. This method is a simple and robust
technique for creating one or more chemical gradients, while visualizing the
response of cells in a physically confined environment. Foxmann et al. utilized the
multisource capabilities of the under-agarose assay to characterize the neutrophil
chemotactic function in competing gradients [75], and there are many other studies
that utilize this technique [76, 77]. However, as useful as these in vitro chemotaxis
assays have been over the years, researchers have discovered several limitations
that limit their utility.

Technological limitations of these assays include the following: large sample
volume requirements, unstable or unpredictable gradient profiles, and usability
issues that make it difficult to run the desired experiment. For example, the most
common macroscale chemotaxis assay in use today—the Transwell assay—
develops unstable chemical gradient profiles [78]; filters cells by size and defor-
mability due to the rigid microporous membrane the cells must cross [79]; and
delivers ambiguous results as chemotaxis and chemokinesis are difficult to dif-
ferentiate in this system [80]. The under-agarose assay allows for visualization of
the cell migration path, but produces an unstable chemical gradient in all direc-
tions [78]. Additionally, under-agarose assays have low spatial resolution with
respect to source and cell placement because of the way the experiment is con-
ducted. The user is required to define these locations with a micropipet and crude
hole-punching methods for the source of chemoattractant, both of which can be
subject to significant variability. Therefore, while the method is relatively simple
to perform and can be useful for visualizing cell migration paths, the under-
agarose assay is not well-suited for reliable quantification of cell chemotaxis.
Another popular and more modern visual chemotaxis assay is the Micropipette
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assay (also known as the ‘‘Needle assay’’). This technique offers significant
technical advances over these older techniques, such as high-resolution real-time
imaging (Fig. 33.2c and [81]). However, the method is also best suited for qual-
itative analysis because its onerous labor requirements limit investigators to low-
throughput sampling. Another significant limitation of most macroscale assays is
that they require large sample volumes in order to isolate specific cell types of
interest. For example, to perform a neutrophil chemotaxis experiment using these
common macroscale techniques, the sample preparation includes a blood draw and
cell purification protocols [82] requiring tens of milliliters of blood. This sample
volume requirement limits the number of times a subject can be sampled to probe
their neutrophil chemotactic function, thereby restricting the time resolution of the
experiment. Additionally, the large blood volumes needed makes sampling infants
or small animals (e.g., mice, rats, etc.) for neutrophil chemotaxis logistically
complex, if not impossible.

Microfluidic technologies play an important role in providing solutions to many
of these limitations. Indeed, over the last decade, microfluidic engineers have
either solved or minimized the gradient stability and sample volume limitations of
macroscale assays. What properties of microfluidic systems enable them to
improve upon current chemotaxis assays? In the following sections, we will detail
why microfluidic technologies are particularly useful for chemotaxis assays by
exploring the physics of fluids at the microscale.

33.2.4 Microfluidic Methods for Studying Cell Chemotaxis

Microfluidic devices are ideally suited to perform chemotaxis assays and offer
significant advantages over macroscale approaches. As previously described,
chemotactic eukaryotic cells can sense spatial and temporal perturbations in their
microenvironment, and respond by directionally migrating toward the increasing
concentration of the stimulus. The cell cannot undergo chemotaxis, however if the
concentration changes so suddenly that the receptors on the cell membrane are
unable to discern a difference in soluble factors from one side of the cell to the
other. Fortunately, the physics of fluids at the micro/nanoliter scale makes creating
diffusion dominant mass transport a relatively trivial task. Fluids at this scale are
often characterized by a series of dimensionless quantities [83]; the quantity that is
most widely cited is the Reynolds number (Re, Eq. 33.1):

Re ¼ mL0

g
ð33:1Þ

where v is the characteristic velocity of the fluid; L0 is the characteristic length scale
in which the fluid is traveling; and g is the kinematic viscosity of the fluid. For
devices with dimensions on the micrometer scale that manipulate fluids with typical
velocities (v � m/s) and kinematic viscosity (e.g., aqueous solutions, oils, etc.), the
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Reynolds number, Re � 1, is well under the transition from turbulent to laminar
flow. Thus, the size scale of microfluidic technologies dictates that fluids generally
behave according to the laminar flow regime. The implications of this phenomenon
as applied to creating controllable gradients of soluble proteins are significant.
Laminar fluids can be manipulated, combined, and separated in highly predictable
and reproducible ways without the introduction of stochastic convective currents
(turbulence). Specifically, two or more neighboring microfluidic streams can run
adjacently to each other without turbulent mixing; instead, molecular diffusion
dominates the mass transport between the laminar fluids.

Diffusion is a process governed by Brownian motion, where molecules move
from a higher concentration to a lower concentration (i.e., thermodynamically
driven). The kinetics of this process are determined by the activation energy
required to move the diffusing molecule (e.g., proteins) through a particular
medium (e.g., aqueous solution). In one dimension, diffusion can be modeled by
(Eq. 33.2):

d ¼
ffiffiffiffiffiffiffiffi
2Dt
p

ð33:2Þ

where d is the distance a molecule with diffusivity D travels in time t. There is
another dimensionless quantity that describes the ratio of convection of a fluid
compared to diffusion of a molecule within that fluid, known most commonly as
the Peclet number (Eq. 33.3):

Pe ¼ mL0

D
ð33:3Þ

where v and L0 are the characteristic velocity of the fluid and length scale of the
system, respectively, and D is still the diffusivity of a molecule from one fluid into
the medium of an adjacent fluid. This number helps to determine the relative
importance of diffusion compared to the convection of the fluid. In practice, the Pe
number can be used to determine the necessary length of a microchannel to allow a
complete diffusion of a molecule from one fluid stream to another. For example,
consider two fluids—Fluid A and Fluid B—flowing in adjacent laminar flow
streams at 10 lm/s in a microchannel with width of 500 lm, and we wish to
calculate the channel length required for a protein with diffusivity of 50 lm2/s to
diffuse from Fluid B to the channel edge of Fluid A (Fig. 33.3). Due to the lack of
convective mixing on this scale, the protein B will take 20 channel widths or 5 cm
to diffuse across Fluid A (a distance a few times the diameter of a human hair).
These numbers demonstrate that diffusion can be well controlled within micro-
channels, but without convection, transport of molecules from one area of a mi-
crochannel to another takes considerable time.

Microfluidic engineers have leveraged the unique properties of fluids at the
microscale to make significant advancements in the capabilities of chemotaxis
assays. Microfluidic devices are ideally suited tools for chemotaxis assays because
they can simulate the diffusion-dominant phenomena present in the cellular
microenvironment. A classic example of a microfluidic chemotaxis device that
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leverages microfluidic fluid phenomena is the ‘‘Christmas tree’’ design developed
by George Whitesides’ lab in 2000 [13]. In this system, multiple concentration
gradients are created by mixing fluid streams with different source concentrations
in serpentine microchannels (Fig. 33.4a), then recombining the fluids with dif-
ferent combinations of the source concentration once the serpentine channels meet
downstream. The result is a user-defined concentration gradient of the original
source molecules (Fig. 33.4b). This channel design exploits laminar flow phe-
nomena to generate highly reproducible concentration gradients that are difficult or
impossible to achieve using macroscale techniques. The laminar flow properties of
the system allow for the components of each source fluid to be separated and then
recombined in a predictable and controllable fashion. However, the lack of con-
vection in the system means a serpentine channel design must be utilized to
achieve complete mixing due to the high Peclet number. This channel design has
been used for developing chemical gradients for multiple cell types, including
neutrophils [13], neural stem cells [84], Dictyostelium discoideum [85], and
metastatic breast cancer cells [86].

The ‘‘Christmas tree’’ design is one example of leveraging microfluidic phe-
nomena to develop highly predictable chemical gradients; however, many other
gradient devices have been developed over the years using microfluidics. For
example, Wong et al. describe a microfluidic system that utilizes hydrogel barriers
to compartmentalize the source, sink, and cell channels [87].

Here, the authors make use of properties of the hydrogel that enable its use in
cell culture—namely the high viscosity of the hydrogel that prevents convective

Fig. 33.3 Generic design of
two fluids flowing through a
microchannel in the laminar
flow regime. Diffusion of
molecules from fluid B
occurs transverse to the fluid
flow and down the
concentration gradient toward
fluid A
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mass transport and the permeability of hydrogels, allowing protein diffusion from
one compartment to another (e.g., from the source, to the cells, to the sink). In
another class of static, no-flow microfluidic gradient generators, engineers have
taken advantage of the greatly increased resistance to fluids as microchannel
height is decreased:

Q ¼ DP

R
ð33:4Þ

where Q is the flow rate of the fluid, DP is the pressure drop across the micro-
channel, and R is the fluidic resistance of the microchannel. Equation 33.4 shows
that the convection rate of the fluid is inversely proportional to the resistance in of
the microchannel. For a microchannel with rectangular cross section and high
aspect ratio (width of channel far greater/less than the height of the microchannel),
the resistance in the microchannel is given by:

R ¼ 12lL

xh3
ð33:5Þ

where h and w are the height and width of the channel, respectively; L is the length
of the microchannel; and l is the viscosity of the fluid [89]. From Eq. 33.5, we see
that the resistance of a microchannel with a high aspect ratio is inversely pro-
portional to the cube of its height. Therefore, a device can be engineered to be
highly resistive to convection by decreasing the height of the microchannel (e.g.,
7–15 lm) compared to the height of the cell, source, and sink channels. This
technique of separating microchannels containing cells and reagents by low-height
‘‘diffusion channels’’ has been exploited to create no-flow gradient devices [90, 91]
and for microfluidic multiculture systems [92]. This approach offers the benefits of
highly controlled chemical gradients without requiring tubing or active pumping
systems and conserves intercellular signaling that would normally be lost in a
convection-based design. Other microfluidic designs have been reported that
emphasize user-friendly operation to facilitate adoption by biologists, while

Fig. 33.4 Schematic and data of the microfluidic ‘‘Christmas tree’’ gradient generator. a Design
of the serpentine gradient generator that shows the splitting and recombination of multiple fluid
streams to create a chemical gradient. b Gradient profiles of fluorescent dye that show the
versatility of the technique [88]
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generating robust chemical gradient profiles [93]. For example, our lab recently
reported a two-component chemotaxis device that sorts neutrophils within minutes
and can easily form a chemical gradient by placing a lid with chemoattractant onto
a base where the neutrophils have been sorted [30]. This technique enabled a new
set of applications that were difficult or impossible to conduct using macroscale
chemotaxis assays, demonstrating how microfluidic systems can not only simplify,
but also enhance the capabilities of biomedical researchers. The technological
advancements in microfluidics combined with their demonstrated advantages over
macroscale assays lead to another potential application, which is clinical diag-
nostic chemotaxis assays.

33.2.5 Microfluidic Chemotaxis for Translational Research

Assays that directly assess cellular chemotactic function have the potential to
make valuable contributions to medicine. The concept of probing the function of a
cell type to confirm disease state is beginning to show promising results. This
approach seeks to elicit information from the cell type of interest in order to
diagnose disease, or perhaps monitor drug therapies. However, the approach of
using cell chemotaxis as a readout for clinical medicine is at an embryonic stage,
with few studies demonstrating this approach to-date. The few existing published
studies share several characteristics, including superior control of the biochemical
gradient compared to macroscale chemotaxis assays; user-friendly operation
helped by utilizing passive pumping techniques [94] for fluid handling and the use
of visual readouts that track cell migration over time.

Neutrophils are a possible candidate cell type for eliciting disease information
based on chemotaxis function because of their central role in the pathophysiology
of several diseases, as well as their robust ability to undergo chemotaxis. Several
studies have probed neutrophils for diagnostic information [90, 91, 95]. For
example, Butler et al. described a neutrophil chemotaxis platform that analyzed
neutrophils from burn patients to characterize their health status [91]. In this study,
the authors found that the magnitude of the burn injury negatively correlated with
the speed of neutrophil migration toward the chemoattractant and impaired neu-
trophil chemotaxis observed as early as 24 h after the patient was burned. This
result validates trends observed in previous studies using traditional chemotaxis
techniques, such as the Transwell and Zigmond assays [96], although those studies
did not document changes in neutrophil function until 72 h after the patient was
burned. Additionally, the authors found a correlation between total body surface
area of the burn and neutrophil chemotaxis function of the patient. The improved
detection of disease phenotypes for the burn patients compared to macroscale
techniques is likely due to the improved sensitivity that microfluidic gradient
generators can achieve. Keeping user-friendly design considerations in mind, the
authors designed this microfluidic chemotaxis device to operate without any
external fluid handling equipment (Fig. 33.5a). In contrast, most traditional
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macroscale chemotaxis assays would be difficult to operate in a clinical setting.
This study demonstrates how microfluidic assessment of chemotactic function can
provide rich, functional information that can potentially be used as a diagnostic,
prognostic, and/or therapeutic biomarker.

In our research lab, we have also explored the possibility of using neutrophil
chemotaxis for diagnostic applications [90]. Berthier et al. describe a microfluidic
chemotaxis device that can easily establish biochemical gradients in a high-
throughput screen and automatically track neutrophil chemotactic function
(Fig. 33.5b). This study analyzed the neutrophil chemotactic function from an
infant who presented recurrent bacterial infections. The analysis showed a sig-
nificantly retarded neutrophil chemotactic response for the patient compared to
both healthy controls and the infant’s parents (0.7 lm/s vs. 0.15–0.17 lm/s,
respectively). The assay enabled analysis of changing neutrophil morphology and
quantitative characterization of the neutrophil chemotaxis. Importantly, both pie-
ces of information conveyed a signaling defect for the patient. Indeed, the patient
was later diagnosed with a rare genetic mutation in a GTPase Rac2 (D57 N) that
has been previously reported in the literature for an infant with immunodeficiency
[97]. This sort of rare immunodeficiency is difficult to diagnose clinically, but this
study demonstrates that a functional readout based on cell chemotaxis can
potentially aid in making the diagnosis. In another clinical study, we are
employing an adaptation of a previously published chemotaxis platform
(Fig. 33.5c, [30]) to study whether neutrophil chemotaxis can be used as a bio-
marker to characterize or diagnose asthma. In this study, we have utilized a
microfluidic kit design, where all the reagents required to run the assay are

Fig. 33.5 Recent user-friendly chemotaxis devices that have been utilized for clinical
applications. a Neutrophil chemotaxis through cell-sized microchannels (3 lm 9 6 lm) that
allow for easy quantification, robust persistent neutrophil chemotaxis, and percent convection
from the source to the sink [91]. b A chemotaxis device that also utilizes a low-height ‘‘diffusion
channel’’ to prevent convection, along with a low-resistance ‘‘bypass’’ to direct any potential
convection in the diffusion channel [90]. c A neutrophil chemotaxis device that operates by
placing a lid containing chemoattractant onto a base containing the cells. Once the connection is
made, the chemoattractant can diffuse into the microchannel where the cells are visually tracked
over time. Experimental and modeling data of the gradient development are shown. Importantly,
all three of these methods can be operated using only a micropipette, and do not require complex
fluid handling equipment of expertise [30]
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assembled in a complete, user-friendly assay. Additionally, the method employs a
neutrophil sorting technique [93] that can be performed in several minutes using
blood obtained from a lancet puncture. These features make it simple to rapidly
perform the chemotaxis assay and make the system well suited for implementation
in a clinical setting. Preliminary results from this study indicate that neutrophil
chemotactic function may be impaired for asthmatic patients compared to non-
asthmatic, allergic rhinitis patients. Although the results still need to be confirmed
with additional experiments, the study illustrates how microfluidic solutions can
provide significant advantages over macroscale assays for clinical applications.
Furthermore, these reports demonstrate that chemotaxis can be a useful readout in
the clinic to assist physicians with diagnosis or management of a variety of
diseases.

Currently, there are few studies that use chemotactic readouts in a clinical
setting, and other cell types beyond neutrophils have not been utilized for this
purpose. However, given there are several migratory cell types central to the
pathophysiology of many diseases, there is no technical or biological reason why
the chemotactic function of other cell types could not be measured for clinical
applications in the future. A new class of user-friendly chemotaxis assays com-
bined with sophisticated automated tracking software have been published in
recent years. These assays provide a compelling solution for physicians that wish
to incorporate additional tools for generating a differential diagnosis.

33.2.6 Future Outlook

The use of microfluidic chemotaxis technologies in biology and translational
research is still its infancy, and the likelihood of these techniques penetrating
mainstream clinical practice remains unclear. To-date, there have been proof-of-
concept studies that demonstrate how cell chemotaxis can be used to characterize
or diagnose clinical symptoms, and these functional readouts have the potential to
yield highly personalized insights into the disease phenotype for patients. How-
ever, the adoption of these techniques will likely be determined by whether che-
motactic information can aid physicians in making diagnostic or therapeutic
choices. This information needs to add to the characterization of the patient
beyond the clinical symptoms the patient exhibits and the genetic/proteomic
analysis that could be performed. Does the morphology of a migrating cell reveal
information about the disease? Does directionality or chemotaxis velocity of a cell
indicate hyperactivity that is useful for diagnostics or management of patient
therapies? Recent studies have demonstrated that in some cases, the answer to
these questions is ‘‘yes,’’ but more studies are required in order to cement these
techniques into mainstream clinical practice. What is clear is that the advantages
of microfluidic technologies for personalized analysis of a patient are compelling,
and microfluidics appears to offer the most promising technological platform on
which to build these novel assays.
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33.3 Detecting Rare Cells

Rare cell analysis is critical to understanding many biological systems, and often
the quantification or analysis of specific cell subtypes has the potential to drive
clinical decision-making. The complete cell blood count (CBC) is the simplest and
most ubiquitous example of the analysis of cellular subtypes, and this method is
used in clinics globally. The CBC is used to monitor a variety of health conditions,
from simple dehydration to more complex infections or cellular diseases. The
collected blood sample cannot be used directly; instead, the initial sample must be
prepared according to a specific protocol to isolate three specific cellular subtypes
for quantification. In the case of the CBC, sample preparation is accomplished
using density centrifugation to isolate nucleated leukocytes from erythrocytes,
with platelets remaining in suspension. While CBCs are useful for a plethora of
medical evaluations, their utility is limited by the non-specific nature of the CBC
numerical readout. Moving beyond bulk leukocyte enumeration, evaluating sub-
populations within the layer of isolated leukocytes has proven to be very useful for
a variety of diseases, including the use of T cell counts for monitoring the pro-
gression of HIV [98, 99] and neutrophils in the diagnosis and study of asthma [90,
100]. The ability to capture specific subpopulations of cells from the layer of
leukocytes obtained via density centrifugation has been pivotal for the diagnosis
and treatment of many diseases [101, 102].

Cancer biology is another field wherein cell subpopulations act on larger sys-
tems. In the early 1700s, the London physician Percivall Pott was the first to notice
the link between the high incidences of scrotal cancer among the population of
chimney sweeps, thereby relating an environmental factor to cancer. Importantly,
cancer stems from an initial mutation that causes cells to replicate without regu-
lation by normal inhibitory signals from the body, resulting in a tumor mass.
Furthermore, either the initial mutation causes increased replication or the repli-
cation event itself can further influence cells within the centralized tumor to
undergo additional mutations. As a result, cells that make up the primary tumor
may have many different mutations and characteristics that can vary by location
within the tumor mass [103, 104]. For this reason, understanding the heterogeneity
of primary tumors is considered important for personalized medicine and pre-
dicting resistance to therapy. Evidence also indicates that within these primary
tumors are the subpopulations of stem cells that may act as specific initiators of
tumor progression, and these cells may be resistant to chemotherapy. Cancer stem
cells (CSCs) are particularly rare, but may be important in understanding the
initiation and progression of tumors [105].

Cancer patient mortality is not typically a result of the primary tumor, but due
to the spread of cancer and establishment of metastatic sites [107]. There are
various ways that tumor cells can progress to metastasis. For instance, in kidney
cancer, cases have been reported of a primary tumor growing into and through the
vasculature, following the vena cava through to the tricuspid valve. One of the
more common forms of metastasis is a result of the shedding of tumor cells into
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the blood circulation, allowing single or small clusters of cells to reach metastatic
sites through the vasculature (Fig. 33.6). These cells, termed circulating tumor
cells (CTCs), can be measured from the blood of patients with advanced cancer
and may be responsible for hematogenous spread and metastasis to distance sites
[31, 99, 106, 108, 109]. In recent years, CTC enumeration has shown to be
prognostically relevant, with enumeration of these cells indicative of progression-
free survival and overall survival [110–112]. A particularly challenging aspect of
working with these cells, however, is their rarity. The prognostic threshold for
CTC enumeration is 5 cells per 7.5 mLs in breast and prostate cancer a value that
places CTC frequency at approximately 1 cell per 1 billion background cells. The
potential value of these cells has resulted in the development of numerous methods
to capture this rare cell type, and researchers endeavor to use the information
contained within these cells as a ‘‘liquid biopsy.’’

33.3.1 Macroscale Assays

In 1869, an Austrian physician Thomas Ashworth first detected CTCs micro-
scopically in a patient who died from metastatic late-stage cancer [113]. The
clinical utility of this discovery was realized 135 years later, when the Veridex

Fig. 33.6 Heterogeneity of CTCs. Heterogeneity of primary tumors and metastatic lesions is
well established, and evidence supports the existence of heterogeneity in subpopulations of
circulating tumor cells. The ability to define this heterogeneity may be pivotal in using CTCs as a
clinical tool for the treatment of advanced cancers [106]
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CellSearch� platform was launched and is currently the only FDA-approved
method for detecting and enumerating CTCs. The Veridex assay targets a protein
called the epithelial cell adhesion molecule (EpCAM), which is known to exist on
the surface of epithelial cells but not on other cells in circulation. EpCAM is the
main target for the positive selection of CTCs from the background of leukocytes
present in the blood sample. There are three other methods for isolating CTCs
using macroscale methods. These techniques are compatible with high-throughput
platforms but unsatisfactorily isolate rare cells from a large volume of blood
(Fig. 33.7).

33.3.1.1 Positive Selection

The Veridex CellSearch� platform and many other macroscale methods rely on
biologic properties of the CTC to capture (also termed positive selection) the cell
of interest from the background populations. Most positive selection techniques
rely on the expression of EpCAM by potential CTCs. However, the ability to
capture cells using alternative cell markers has been hypothesized including the
use of antibodies against markers of epithelial–mesenchymal transition [114]. The
FDA-approved definition of a CTC (based on the Veridex CellSearch) includes
cells that are EpCAM positive, CD45 negative, and positive for a nucleus.

33.3.1.2 Negative Selection

Similar to the way that density centrifugation isolates leukocytes from erythro-
cytes, there are certain physical characteristics of CTCs that differentiate them
from ‘‘not CTCs.’’ Methods that take advantage of negative selection techniques
include OncoQuick�, which separates cells present in blood using density gradi-
ents. OncoQuick selects nucleated cells (removing erythrocytes) and then removes
leukocytes through the use of specific cell markers (usually CD45+). This method
has the advantage of not relying on specific surface markers, enabling analysis of
less common CTC cell surface markers that may be implicated in the progression
of metastatic disease.

Fig. 33.7 The problem of
CTCs. CTCs exist in very low
abundance in the blood
stream of late-stage cancer
patients. Two methods to
collect CTCs exist: positive
(shown with the CTC
magnet) or negative (shown
by the shovel)
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33.3.1.3 Functional Analyses

CTCs can also be selected using methods that benchmark the functionality of these
cells compared to background cells. One method for CTC detection utilizes flow
cytometers to isolate cells stained positively for specific proteins. In the case of
CTCs, both EpCAM and another protein unique to epithelial cells called cyto-
keratin can be used in conjunction with fluorescently tagged antibodies to isolate
and enumerate CTCs. Another method for functional CTC analysis is the epithelial
immunospot (EPISPOT) method. The EPISPOT relies on cellular secretions to
enumerate and distinguish CTCs from background leukocytes. In the case of
prostate cancer, the EPISPOT captures the secretion of prostate-specific antigen
(PSA) from a population of CTCs enriched using density centrifugation. Benefits
of functional analyses include the ability to perform evaluation beyond simple
enumeration and improving the understanding of cellular characteristics beyond
surface or generic physical features.

Macroscale techniques offer many advantages and are simple to employ as
demonstrated by the ubiquity of the 96-well plate and cell culture flasks, which are
items standard to most biology labs. However, these methods rely on the avail-
ability of large amounts of cells—a limitation of macroscale methods when
working the CTCs. Macroscale methods are generally not amenable to working
with low cell numbers, making it difficult to observe rare cell events (CTCs).
Furthermore, the sensitivity of most macroscale techniques is insufficient for
identifying CTCs which exist in a low cell-to-background ratio. The low sensi-
tivity inherent in most macroscale techniques results in the inability to detect
CTCs due to the presence of contaminating cells. In addition, the contaminating
cell types limit the ability to perform certain analytical techniques, including RNA
and DNA analyses. For these reasons, the microscale is particularly advantageous
for the isolation and analyses of these CTCs.

33.3.2 Microscale Assays

The microscale is particularly well suited for CTC research as capture and enu-
meration of these cells require a high-sensitivity, high-specificity assay. Because
of the increased control enabled by the microscale, parameters can be more finely
tuned to accommodate the frequency of CTCs. The precision afforded at the
microscale allows researchers to capture cells within a more confined viewing
window. Furthermore, microscale assays are able to create flow profiles specifi-
cally for cells with physical characteristics of CTCs and permit other specific
manipulations that would be difficult on the macroscale. In addition, microscale
isolation techniques preserve the viability of CTCs, permitting the use of these
cells in functional assays to better understand their characteristics including tumor
susceptibility to specific chemotherapies. Because of the unique advantages
afforded to researchers by studying CTCs at the microscale, many technologies
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have recently been developed to capture and enumerate CTCs. We will briefly
review a few of these microfluidic-based isolation techniques here. For a more
detailed assessment of microfluidic cell sorting technologies, we refer the readers
to more comprehensive reviews [115, 116].

33.3.2.1 CTC Chip

Shortly after the Veridex CellSearch platform was developed (Fig. 33.8a),
researchers at joint MIT-Harvard facilities developed the CTC Chip [117]. Based
on the herringbone chip, an array of posts functionalized with anti-EpCAM anti-
bodies are housed within a microfluidic device such that whole blood can be
flowed through the device. When the EpCAM-positive cells come into contact
with a post, they are captured and subsequently stained for CTC-positive markers
in the same fashion as the Veridex CellSearch platform. The ability to stain cells
for specific RNA sequences using fluorescence in situ hybridization techniques
(FISH) [118] on the CTC Chip has been recently demonstrated, further high-
lighting the utility of performing assays at the microscale.

Fig. 33.8 Example microscale microfluidics technologies [31, 117, 119, 120]. a CTC chip.
b Microfluid filter. c Microfluidic cell concentrator. d The VerlFAST

948 E. K. Sackmann et al.



33.3.2.2 CTC Filter

Similar to many negative-selection techniques, the CTC filter uses physical
characteristics of CTCs to isolate them from background cells (Fig. 33.8b).
Boasting a particularly high throughput for microscale techniques, filter technol-
ogies have demonstrated the ability to use a size-exclusion membrane to capture
CTCs and allow the billions of background cells through the mesh [119].

33.3.2.3 Microfluidic Cell Concentrator

The microfluidic cell concentrator uses negative selection methodology in the
macroscale to isolate CTCs using density centrifugation and CD45+ cell removal
(Fig. 33.8c). The depleted mixture is then placed into a microfluidic device
wherein cells settle in a specific region, facilitating downstream analysis of the
cells for functional or other endpoints, as fluid washes can be performed without
any cell loss [120].

33.3.2.4 VerIFAST

Using positive selection method, the VerIFAST leverages the dominance of sur-
face tension over gravity at the microscale to create a ‘‘virtual wall’’ of oil between
two aqueous phases (Fig. 33.8d). One phase contains magnetic beads bound to
CTCs through a flexible capture method. The analyte-bound magnetic beads are
pulled with a magnet to the oil–aqueous interface and escorted through the
interface to the second aqueous phase. This method reduces the need for washes,
as cell transfer takes the place of fluid wash steps. This method preserves the
ability to manipulate cells following isolation. For example, intracellular staining
of isolated CTCs allows in-depth molecular analysis of CTCs [31].

33.3.3 Future Directions

Microscale methods can be used to facilitate downstream cellular analyses.
Enabling analysis of CTCs beyond enumeration will be important to the future
advancement of CTC-based medical devices. Microfluidic methods have facili-
tated this progression by allowing increased control of interactions at the micro-
scale to realize the potential of CTCs as a ‘‘liquid biopsy.’’ Moving forward,
increased understanding of these cells to enhance their utility in the clinic is still
necessary to see CTCs used as a widespread biomarker, but as methods for
analysis of this rare cell population become more accessible, the possibilities for
clinical relevance of this cell population grow. Future engineering solutions to
isolate single cells for high-content molecular interrogation (next-generation
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sequencing, RNA sequencing, etc.) have the potential to discriminate rare cell
populations that exhibit intrinsic or evolving mechanisms of resistance to
molecular targeting therapies.

33.4 Conclusion

The utility of cell-based microfluidic assays in clinical practice is expanding.
Numerous assays beyond those described in this chapter are under development
for clinical practice. Microfluidic assays are enabling quantification and analysis of
cellular characteristics that were previously not possible using standard macroscale
techniques. Furthermore, cell-based microfluidic assays simplify these measure-
ments for clinical practice. The small sample volumes required for microfluidic
assays enable readouts at multiple time points, providing a more complete picture
of the patient for the clinician. This is an exciting time for microfluidic assay
development, especially cell-based assays, as the field looks to make greater
contributions to clinical practice within this decade.
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Chapter 34
Engineering of Photomanipulatable
Hydrogels for Translational Medicine

Mingtao He and Yan Zhang

34.1 Introduction

Photomanipulation with controllable wavelength and intensity on light source has
the advantage of having high temporal and special resolution. Through the use of
filters, photomasks or lasers, fabrication of complex features and exposure areas to
light source with resolution as small as approximately 1 mm can now be realized.
The advent of confocal microscopy further increased resolution with three-
dimensional control. Light is a particularly attractive source of energy for use in
manipulating behavior of biomolecules and biomaterials. Photomanipulation is an
important approach to better understanding the cell and tissue dynamic response to
the biomolecules and biomaterials, which then enables scientists to design drugs
and medical devices with more flexibility.

Biomaterials developed for tissue engineering and regenerative medicine have
important implications in translational medicine to improve existed therapy or to
address clinical need which have not been met before [1]. Regenerative medicines
have found good opportunities in cardiovascular and peripheral vascular repair,
tissue-engineered vascular grafts, and cell-based therapies [2]. New therapeutic
strategies based on stem-cell therapy with a supply of appropriate three-dimen-
sional matrix for the repair of injured tissue are hot topics in translational medi-
cine. Three-dimensional scaffolds designed for the selective manipulation of cell
growth have high relevance with applications in regenerative medicine. The fab-
rication of hydrogel that supports long-term survival, proliferation, and unidirec-
tional growth of embedded cells has been considered as a promising method to
obtain scaffolds with oriented morphologies to guide the restoration of specific
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tissues [3]. Photomanipulatable hydrogels serve well as candidates in the engi-
neering of photomanipulatable biomaterials for translational medicine.

In this chapter, we will firstly explain the general principle and chemical
moieties developed for the photomanipulation of biomaterials. Then, the focus will
be on the illustration of photomanipulatable hydrogels with respect to the engi-
neering strategies and biomedical applications.

34.2 Chemistry Involved in the Design
of Photomanipulatable Systems

Chemical moiety with photoresponse is the key structural component integrated
into the functional units of biomaterials to realize photomanipulation. Usually, the
photoresponsive moieties could undergo chemical reactions such as reversible
isomerization, rapid bond cleavage or intermolecular ligation upon photoirradia-
tion. With proper integration of these photoresponsive chemical moieties into
biomolecules or building blocks of biomaterials, photoirradiation could induce the
macroscopic change on the property or function of the biomaterials through the
photoinduced reactions. In this part, we will summarize both the traditional pho-
toreactions that have been commonly used for the engineering of photomanipu-
latable materials and the emerging ones with fast kinetics to be used in future
design and engineering.

34.2.1 Photoinitiated Polymerization

Photoinitiated polymerization is the commonly used approach to synthetic poly-
meric hydrogels. This kind of polymerization usually needs photoinitiatiors that
create free radicals upon visible or UV light irradiation to initiate the formation of
crosslinked networks. Three major classes of photoinitiation, depending on the
mechanism involved in photolysis, include radical photopolymerization through
photocleavage, hydrogen abstraction, and cationic photopolymerization [4]. Pho-
toinitiated polymerization has advantages over conventional polymerization
including spatial and temporal control over polymerization, fast curing rates, at
room or physiological temperatures and minimal heat production. Moreover, the
photopolymerization can be conducted in vivo by injecting the precursor solution
under the skin and photopolymerizing upon the light transmitted across the skin
with defined volume and shape.

Polymerization of monomers using visible or UV irradiation has been thor-
oughly investigated. While such systems work well for many applications, their
applications as biomaterials are partially restricted due to the cytotoxicity of the
monomer and the photo-initiator. Thus, the photopolymerizable macromolecular
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precursors have got increasing attentions for the last few years. These precursors
usually are water-soluble polymers with two or more reactive groups including
PEG acrylate derivatives, PEG methacrylate derivatives, polyvinyl alcohol (PVA)
derivatives, and modified polysaccharides such as hyaluronic acid (HA) derivatives
and dextran methacrylate (Fig. 34.1). Among them, the photopolymerizable HA
derivatives are intrinsically biodegradable by hyaluronidase that cleaves HA into
polysaccharide fragments. More functional groups can be incorporated into the side
chain of the macromolecules with diverse bioactivity enabling the researchers to
rationally design biomaterials for translational medicine and other purposes.

34.2.2 Photoclick Reactions for Fast Crosslinking
or Ligation

34.2.2.1 Thiol-ene

The radical-mediated thiol-ene reaction has all the desirable features of a click
reaction, being highly efficient, simple to execute with no side products and
proceeding rapidly to give the ligated products with high yields. The photoinitiated
thiol-ene reaction is now frequently used for photopolymerization to get highly
uniform polymer networks. Thiol-ene photopolymerized networks have a tre-
mendous advantage over networks through traditional photopolymerization in that
they form rapidly and quantitatively under ambient atmospheric conditions to yield
nearly ideal, uniform polymer networks through a controllable combination of
step-growth and chain-growth [5].
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Fig. 34.1 Structure of photopolymerizable macromolecular precursors: a PEG acrylate deriv-
atives, b polyvinyl alcohol (PVA) derivatives, c dextran methacrylate, and d hyaluronic acid
derivatives
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In the ideal purely step-growth thiol-ene reaction, the net reaction is simply the
combination of the thiol and ene functional groups (Fig. 34.2). For a given thiol,
electron-rich enes polymerize more rapidly than electron-poor enes and 1,2-
substituted internal enes gave reduced rates and conversions. The original photo
induced thiol-ene photopolymerizations utilized abstraction-type photoinitiators
such as benzophenone which at the excited triplet state is able to abstract a
hydrogen from the thiol and thus initiate the polymerization. Visible and UV-light-
sensitive type I initiators with excellent photoinitiation efficiency are better
choices owing to improved initiation efficiency. By choosing appropriate excita-
tion wavelength and monomer combinations, initiator-free thiol-ene photopoly-
merization reactions have been realized. The initiatorless photopolymerizations
are very useful to polymerize thick samples without the generation of any colored
or volatile by-products.

34.2.2.2 Thiol-yne

The first discovery of radical addition of thiols to alkynes can be dated back to
eighty years ago, but only in recent years, the reaction was rediscovered as a click
process for the facile preparation of multifunctional polymer structures (Fig. 34.3).
It was then considered as a sound candidate for replacing or complementing other
popular click reactions such as the thiol-ene coupling and the Cu-catalyzed azide–
alkyne cycloaddition. The photoinitiation capability of the thiol-yne coupling is
successfully exploited for a number of emerging applications including that for
both spatially and temporally controlled functionalization of surfaces [6]. Since the
vinyl radicals upon photoinitiation are formed in an irreversible manner and can
abstract a hydrogen atom from the thiol reagent more rapidly than their alkyl
counterparts, the thiol-yne coupling is most efficient when it is carried out with
equimolar amounts of thiol and alkyne. It is noteworthy that highly diluted
reaction system might result in appreciable side reactions such as dimerization of
sulfanyl radicals to give the corresponding disulfide.

34.2.2.3 Tetrazole-Alkene

In the late 1960s, Huisgen and co-workers described the first photoinduced 1,3-
dipolar cycloaddition reaction between 2,5-diphenyltetrazole and methyl crotonate
in benzene at 20 �C. Not until 2007, was the reaction revisited and developed as a
‘‘photoclick’’ reaction which was able to be initiated with a hand-held UV lamp to

R SH hv R S
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R SH RS
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+ R S

Fig. 34.2 The thiol-ene reaction
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drive the reaction to completion within two hours [7]. The optimized ‘‘photoclick’’
reaction between tetrazole and alkenes have revealed full water compatibility, high
photoactivation quantum yield, tunable photoactivation wavelength and broad
substrate scope. Moreover, the formation of fluorescent cycloadducts was claimed
as an added benefit in its applications as a spatiotemporally controllable tool to
visualize proteins in live cells [8]. The fast reaction kinetics (up to 11.0 M-1 s-1)
under mild photoirradiation conditions and the fluorescent cycloadducts of this
type of photoclick reactions make them attractive for the engineering of photo-
manipulatable biomaterials.

34.2.3 Photoisomerization for Reversible Regulation

The ability to reversibly manipulate the physical and chemical properties of a
material with an external stimulus forms the basis of stimuli-responsive systems.
The application of photochromism to photoresponsive systems has led to the
development of new tailored smart materials for photonics and biomedical fields.
Within a polymeric matrix, photochromic isomerizations can be stimulated by
light to reversibly alter the physical and chemical properties of a material such as
phase, shape, self-assembly, size, and fluorescence [9]. Many of the ideas for such
photoresponsive systems have been inspired by nature which has evolved many
complex biological systems able to exploit light as an external source of energy
and information. The underlying principles behind photoresponsive behavior are
the photoisomerization of chemical moieties such as azobenzene, spiropyran, and
diarylethene.
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34.2.3.1 Azobenzene

Azobenzene and its derivatives have been widely used as molecular switches in the
area of polymer materials, surface modifications, protein probes, and molecular
machines due to their reversible transformations of the trans and cis form upon
irradiation with UV or visible light (Fig. 34.4). Photoinduced isomerism of azo-
benzene also proceeds with large structural change as reflected in the dipole
moment and change in geometry. Quantum yields of the transformation are gen-
erally high for the isomerization of azobenzene, and there are no competing
reactions of significance [10]. Generally, the trans-azobenzene is more stable than
the cis form with a trans-cis transform activation barrier of 10–12 kJ mol-1 in
solution. It is also worth mentioning that continuous irradiation of trans-azoben-
zene with either 313 or 436 nm radiation results in a photostationary state com-
prised of *20 or *90 % of trans-azobenzene, respectively.

Different ring substitutions have great impact on the absorption, emission, and
photochemical property of the azobenzenes. For example, the electron denoting
group at the ortho or para position of the phenyl group can dramatically red-
shifted the spectrum. Though the red-shifted azobenzenes with increased dipolar
character normally exhibit faster thermal relaxation processes (i.e., short-lived cis
species), absorption at longer wavelengths with long-lived cis species were found
to be possible by modifying delocalization and steric effects. Substituents also can
make the cis form more thermodynamically stable than the trans form [11]. With
these advances in the development of azobenzene switches, effective control of a
large variety of biomaterials for translation medicine can be realized.

34.2.3.2 Spiropyran

Spiropyrans are widely presented in modern scientific literature due to their unique
photochromism properties. Upon UV irradiation, molecules with spiropyran
moiety are able to be transformed into the MC forms, which reverse transforma-
tion can be realized both thermally and photochemically (by irradiation with
visible light) (Fig. 34.5). The ring open form is characterized by a significant
charge separation, which is usually depicted as zwitter-ionic structure. In general,
the ring-closed spiropyran form has absorption in visible range, whereas the
merocyanine form is dominated by a strong absorption in the visible range [12].
This photochrome moiety has been subjected to various biological environments
like RNA, DNA, and proteins for spatial-temporal control over the bimolecular
functions.
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Fig. 34.4 Reversible
isomerization of azobenzene
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The most widely studied spiropyran is the 10,30,30-trimethyl-6-nitrospyro [2H-1-
benzopyran-2,2-indoline] having the nitro group in the 6 position of the chromene
moiety. The nitro-substituted spiropyran obsesses a high quantum yield of pho-
tochromic reaction. And the nitro group strongly enhances the intersystem
crossing, thereby changing the reaction pathway in photochromism and shift the
equilibrium toward the open form. In addition, this kind of spiropyran has been
found to undergo hydrolysis in aqueous solutions and lose switching efficiency in
the presence of a biomolecule [13].

34.2.4 Photocleavage Reactions for Photodegradation

Unlike the photoclick reactions, the photocleavage reactions are widely used in the
photomanipulable materials for photodegradation of the materials or the release of
bioactive molecules to modulate the biomechanical and biochemical properties of
the biomaterials. One of the most commonly used photolabile groups is the
photocleavable o-nitrobenzyl group with all its derivatives [14]. The mechanism of
the photolysis of nitrobenzyl (NB) or nitrophenylethyl (NPE) caged compounds has
been established to be an intramolecular H-abstraction by the excited nitro group,
which is followed by the formation of the aci-nitro form and the rearrangement to
the nitroso derivatives [15] (Fig. 34.6). One disadvantage of the ortho-nitrobenzyl
group is that upon photolysis a nitrosoaldehyde is formed which can be harmful in a
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biological systems. The NPE group can be deprotected faster and results in the
formation of a nitrosoketone. Excitation wavelength and kinetics of the cleavage
process can be fine tuned by the methoxy substituents. Very recently, the nitro-
dibenzofurane chromophore has been reported to have a significant high extinction
coefficient and quantum yield in the near UV region and also suitable for two-
photon activation. Other photolabile groups containing coumarin-4-ylmethyl and
its derivatives, p-hydroxyphenacyl group, 7-nitroindolinyl-based group have also
got increased interest in the photomanipulatable materials.

34.3 Photomanipulatable Hydrogel

Hydrogels have emerged as promising synthetic analogs of extracellular matrixes
for basic cell studies as well as promising biomaterials for regenerative medicine
applications [16]. The artificial matrixes based on hydrogels have critical advan-
tages over natural networks in that bioactive functionalities, such as cell adhesive
sequences and growth factors, can be incorporated in precise densities without
influence on the substrate mechanical properties. Therefore, hydrogels have
become a class of biomaterial scaffolds that have been widely used in complex
device fabrication, drug release, and tissue engineering.

Tissue engineering employs cells seeded on or in three-dimensional natural or
synthetic scaffolds for tissue regeneration or replacement. The static hydrogel
systems for tissue engineering have been well developed so far, while the design of
dynamic tunable and biomimetic hydrogel systems for cell scaffold just emerged at
the beginning of this century. One of the challenges in the engineering of manip-
ulatable hydrogels is to directly control the gelation process under physiological
conditions with no harm to the cell encapsulated in the hydrogel system. Due to the
spatial and temporal resolution of photoregulation, light irradiation becomes an
ideal external stimuli to manipulate the properties and functions of biomaterials
including hydrogels. The engineering of photomanipulatable hydrogels is of great
research interests as well as potential applications in translational medicine.

Photolabile moieties and photosensitive reactions provide a means to spatially
and temporally manipulate mechanical and biochemical microenvironment of the
hydrogels. Biocompatible ways to build the photomanipulatable hydrogels have
been developed and their applications as drug release systems, and cell-culture
matrices in translational medicine have been demonstrated. Photopolymerizable
and photodegradable hydrogels are the most widely applied photomanipulatable
biomaterials in the field of tissue engineering for the engineering of tissues such as
bone, cartilage, and liver [17]. The spatial and temporal control afforded by
photoinitiated polymerization has promoted the development of injectable mate-
rials that can deliver cells and growth factors, as well as for the fabrication of
scaffolding with complex structures.
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34.3.1 Photopolymerizable Hydrogels

Photopolymerized hydrogels have been investigated for a number of tissue engi-
neering applications because the in situ formation of these materials provides a
minimally invasive manner compared with other methods such as injection. Quite
a lot of hydrogel materials formed via photopolymerization processes mild enough
to be carried out in the presence of living cells. The biocompatibility and cellular
toxicity of the photopolymerized hydrogels have been widely explored. The UV or
visible light used and different kinds of photoinitiators were examined by different
groups with different cell lines [18]. With low irradiation intensity and photoini-
tiator concentrations [B0.01 %(w/w)], cell survival and cell proliferation were not
impaired in general. Different cell types may have variable responses to the same
photoinitiator, which was indicated by variable correlation between cellular pro-
liferation rate and increased cytotoxicity of the photoinitiator [19]. The use of
photoinitiator-free photopolymerization technique for hydrogel preparation has
also been developed [20].

With advances in synthetic chemistry, multifunctional monomers and macro-
mers have been synthesized for photopolymerization to form functional hydrogels.
Photoreactive groups, such as acrylates and methacrylates, were introduced into
the macromers to give photocrosslinkable synthetic polymers including polyan-
hydrides [21], poly(ethylene glycol) [22], poly(propylene fumarates) [23], poly(a-
hydroxy esters) [24], poly(vinyl alcohol) [25], poly(b-amino esters) [26] etc.
Natural polymers, such as collagen [27, 28] and polysaccharides [29–32], have
also been modified with photoreactive groups including methacrylates, benzo-
phenone and styrene to be further photocrosslinked. These photopolymerizable
synthetic or natural polymers have been developed as degradable biomaterials for
tissue engineering applications [33]. We will give some representative or recent
examples of each type of photopolymerizable hydrogels for tissue engineering
applications after those being reviewed elsewhere [4].

Photoencapsulation of chondrocytes into the polymeric networks was reported
[34]. An in vitro analysis of bovine and ovine chondrocytes photoencapsulated in a
poly(ethylene oxide)-dimethacrylate and poly(ethylene glycol) semi-interpene-
trating network showed that the chondrocyte survived well after one day’s
encapsulation and continued to grow in the following four weeks. Biochemical
analysis indicated significant increase on the proteoglycan and collagen contents
over two weeks’ static incubation, indicating good biocompatibility and efficacy of
the photopolymerizable hydrogels for the encapsulation of chondrocyte cell with
low-intensity UVA light. In another work using the photoencapsulation of oste-
oblasts in injectable RGD-modified PEG hydrogels for bone tissue engineering
[35], it was reported that a majority of the osteoblasts survived the photoencap-
sulation process when gels were formed with 10 % macromer. However, a
decrease in osteoblast viability of *25 and 38 % was observed for the encapsu-
lated cells after 1 day of in vitro culture when the macromer concentration was
increased to 20 and 30 %, respectively.
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The photopolymerized poly(ethylene glycol)-based hydrogel has been demon-
strated as regenerative medicine for in vitro chondrogenesis of the bone marrow-
derived mesenchymal stem cells (MSCs) [36]. The MSCs from skeletally mature
goats encapsulated in the hydrogel were cultured with or without transforming
growth factor b1(TGF). It turned out that the encapsulated MSCs in the chon-
drogenic medium with TGF proliferated, while the glycosaminoglycan and total
collagen content of the hydrogels increased to 3.5 % dry weight and 5.0 % dry
weight in 6 weeks. The results demonstrated the potential of the photopolymer-
izing hydrogel to encapsulate MSCs and induce the formation of cartilage-like
tissue for stem-cell translation medicine.

HA is a naturally derived polysaccharide. The monomer of HA is composed of
D-glucuronic acid and N-acetyl-D-glucosamine. It is attractive for biomaterial
applications, because it can be modified with various functional groups which
make covalent crosslinking reactions possible and it is degradable upon treatment
of the enzyme hyaluronidase. Besides, HA has proved to play roles in the pro-
motion of cell motility and proliferation, wound healing, angiogenesis, and the
reduction of long-term inflammation [37]. It has been reported that photopoly-
merized HA-based hydrogels and interpenetrating networks were readily degraded
by hyaluronidase and their mechanical properties could be modulated by factors
such as molecular weight of HA and concentration of PEG-DA [38]. The incor-
poration of RGD peptides further allowed modulation of the HA properties from
cell nonadhesive to adhesive.

Visible-light crosslinkable hydrogel based on methacrylated glycol chitosan
(MeGC) has been presented recently [39]. Three blue light initiators, camphor-
quinone (CQ), fluorescein (FR), and riboflavin (RF), were tested in the photo-
crosslinking. A minimal irradiation time of 120 s was required to produce MeGC
gels able to encapsulate cells with CQ or FR. Prolonged irradiation up to 600 s
improved the mechanical strength of CQ- or FR-initiated gels but drastically
reduced viability by 5 and 25 % for chondrocyte encapsulated in the photocross-
linked gels initiated by CQ and FR, respectively. Increasing the irradiation time up
to 300 s significantly improved the compressive modulus of the RF-initiated MeGC
gels without reducing cell viability. RF-photoinitiated hydrogels supported pro-
liferation of encapsulated chondrocytes and extracellular matrix deposition. In
osteochondral and chondral defect models, the in situ gelling hydrogels using RF
was further demonstrated for potential cartilage tissue engineering.

The step-growth thiol-ene photoclick hydrogels have also showed superior
properties including cytocompatibility of the reactions and improved hydrogel
physical properties. The thiol-ene or thiol-yne reaction involves the sequential
propagation of a thiyl radical with an alkyl or vinyl functional group followed by
chain transfer of the radical to another thiol to form the network [40, 41]. Thiol-
ene click reactions provide an attractive means to fabricate PEG hydrogels with
superior gel properties for in situ cell encapsulation, as well as to generate and
recover 3D cellular structures for regenerative medicine applications. Compared
with the disordered network formed by polymerization of PEG diacrylate analogs,
thiol-ene step-growth photopolymerizations have demonstrated the advantage of
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forming highly ordered polymer networks. McCall and Anseth compared the
differences in recovery of bioactive proteins when exposed to similar photoiniti-
ation conditions during thiol-ene versus acrylate polymerizations [40]. After
exposure to chain polymerization of acrylates, lysozyme bioactivity was approx-
imately 50 %, after step-growth thiol-ene reaction, lysozyme retained nearly
100 % of its prereaction activity. Bioactive protein recovery was enhanced 1,000-
fold in the presence of a thiol-ene reaction, relative to recovery from solutions
containing identical primary radical concentrations, but without the thiol-ene
components. This showed a potential for this polymerization method in the bio-
active macromolecules encapsulation and controlled delivery in vivo.

The step-growth thiol-ene photoclick hydrogels also demonstrated the ability for
3D culture of pancreatic b-cells. Cells encapsulated in the thiol-ene hydrogels
formed spherical clusters naturally and were retrieved via rapid chymotrypsin-
mediated gel erosion. The recovered cell spheroids released insulin upon glucose
treatment, demonstrating the cytocompatibility of thiol-ene hydrogels and the
enzymic mechanism of cell spheroids recovery [42]. Hydrogels synthesized by a
step-growth reaction mechanism via thiol-norbornene photopolymerization have
also been reported to be with rapid gelation time and high cell viability for cell
encapsulated [43]. It has also been demonstrated that the hydrogel combined the
advantages of ideal, homogeneous polymer network formation, facile incorporation
of peptides without post-synthetic modification, and spatial and temporal control
over the network evolution into a single system with enzyme- and cell-responsive
characteristics. The high degree of spatial and temporal control over gelation,
combined with robust material properties, makes step-growth thiol-ene photoclick
hydrogels hydrogels an excellent tool for a variety of medical applications.

In 2006, Engler et al. demonstrated that microenvironments appear important in
stem-cell lineage specification. Soft matrices that mimic brain are neurogenic,
stiffer matrices that mimic muscle are myogenic, and comparatively rigid matrices
that mimic collagenous bone prove osteogenic [44]. As for naive MSCs, during the
initial week in culture, reprogramming of these lineages is possible with addition
of soluble induction factors, but after several weeks in culture, the cells commit to
the lineage specified by matrix elasticity, consistent with the elasticity-insensitive
commitment of differentiated cell types. The results have significant implications
for understanding physical effects of the in vivo microenvironment and also for
therapeutic uses of stem cells, but it can be difficult to adequately characterize or
control with soft tissues or static in vitro models. Hence, the photo enhanced
hydrogel provides a unique and dynamic way for studying relationships of the
stem-cell differentiation and the microenvironment changes.

Dynamic stiffening of cellular microenvironment has been reported to use a
stepwise addition then light-mediated crosslinking approach to fabricate hydrogels
that stiffen in the presence of cells. The short-term (minutes to hours) and long-term
(days to weeks) cell response to the dynamic stiffening of their microenvironment
were then studied [45]. When substrates were stiffened, adhered human MSCs
increased their area from similar 500 to 3,000 lm2 and exhibit greater traction from
similar 1 to 10 kPa over a timescale of hours. For longer cultures up to 14 days,
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human MSCs selectively differentiate based on the period of culture, before or after
stiffening, such that adipogenic differentiation is favored for later stiffening,
whereas osteogenic differentiation is favored for earlier stiffening. These results
demonstrated that the sequential crosslinking technique was a powerful tool to
investigate dynamic changes in biological processes, an approach that may be
useful to investigate tissue development, wound healing, and disease progression.

By using this kind of sequential photopolymerization, the underlying mecha-
nisms of the cell–matrix adhesive interactions that are known to regulate stem-cell
differentiation are well studied by Burdick’s group [46]. In the photopolymerized
HA hydrogels, the differentiation of human mesenchymal stem cells (hMSCs) is
determined by the biodegradation-mediated cellular traction, instead of cell mor-
phology or matrix mechanics. Moreover, through delayed photocrosslinking, the
hydrogels can be switched from biodegradable state to the restrictive state which
prevents further degradation. This kind of change suppressed the cellular traction
and caused the adipogenesis of the hMSCs rather than osteogenesis without
changing of the cellular morphology. Further inhibiting or upregulating tension-
mediated signaling proved the mechanism of the cellular traction induced stem-
cell differentiation in the HA hydrogels. This method showed a powerful tool in
studying cell–matrix interactions that is crucial for further applications in tissue
engineering and translational medicine.

X-ray irradiation have been found to be possible for the in situ formation of a
three-dimensional hydrogel based on poly(ethylene glycol) diarylate (PEG-DA)
with the option of heparin incorporation to enhance cell adhesion [47]. With the
trimmed or focused X-ray beam, the polymerization reaction can be completed in
tens of seconds and precisely controlled in administration deep in the tissue
without surgery. They also tried addition of Au nanoparticles to the precursor
solution to enhance the X-ray sensitive of the biopolymers which is necessary for
reducing the X-ray dose to allow cell encapsulation procedures.

In tissue engineering, the biomaterials are required to be degradable, so that the
growing tissue eventually replaces them. In drug delivery, degradable polymers
are used to entrap various molecules that are released as the polymer degrades or
through diffusion mechanisms. If growth factors are released, this method can lead
to alterations in cellular differentiation and the type and quality of tissue that
forms. Thus, there is a growing interest in designing photoinitiated polymeric
hydrogels with degradation based on the hydrolytic or enzymatic degradation of
bonds in the polymer backbone or crosslinks. The degradation also ranges from
purely bulk to entirely surface degrading, based on the backbone and degradable
units. It is also needed to be incorporated to enable cell migration for studying
cancer metastasis, angiogenesis, and wound healing and to facilitate cell–cell
interactions for controlling cell function and directing tissue morphogenesis [48].

Li et al. reported a biodegradable, photocrosslinkable and multifunctional
macromer, poly(6-aminohexyl propylene phosphate) (PPE-HA)-ACRL [49]. It
was synthesized by conjugation of different fractions acrylate groups to the side
chains of PPE-HA. The hydrogels with different crosslinking densities lost
between 4.3 and 37.4 % of their mass in 84 days when incubated in phosphate-
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buffered saline at 37�C. Bone marrow–derived MSCs from goat GMSCs encap-
sulated in the photopolymerized gel maintained their viability when cultured in
osteogenic medium for three weeks with clear mineralization in the hydrogel
scaffold revealed by Von Kossa staining. Other hydrolytic backbones, such as
beta-malic acid, have also been used to form biodegradable and biocompatible
hydrogels for tissue engineering application [50].

Different from the hydrolytic biodegradable hydrogel, the enzymatic degrad-
able hydrogel can mimic certain aspects of natural cell migration and ECM
remodeling, by allowing cell-dictated degradation through the incorporation of
enzymatically degradable sequences [48]. Enzymatically degradable sequences
utilized in photopolymerized hydrogels include GGLGPAGGK degraded by col-
lagenase; AAAAAAAAAK, AAPVR, and AAP(Nva) degraded by elastase; and
GPQGIWGQ, GPQGIAGQ, and GPQGILGQ, which are degraded by collagenase
and various matrix metalloproteinases (MMPs), such as MMP-1, MMP-2, MMP-3,
MMP-7, MMP-8, and MMP-9. Deciding which degradable sequences to use and
knowing how cells are degrading their local environment is cell-type-dependent,
and because of this feature, tailoring the gel degradation properties to a particular
cellular system is still largely empirical.

Efforts have also been taken to make the photopolymerized hydrogels more
functional, like antibacterial, or induce the differentiation of cells by incorporating
bio-functional groups into the system. For example, photopolymerized hydrogels
made from epsilon-poly-l-lysine-graft-methacrylamide (EPL-MA) have been
found to have wide spectrum antimicrobial activity against both bacteria and fungi
[51]. The EPL-MA hydrogel also possesses in vitro biocompatibility and EPL-MA
solution is relatively nonhemolytic. Furthermore, the hydrogel can be conveniently
photoimmobilized onto plasma-treated plastic surfaces to form thin highly
adherent antimicrobial hydrogel coatings for medical devices and implants.

Advances in tissue engineering require biofunctional scaffolds that not only
provide cells with structural support, but also interact with cells in a biological
manner. To achieve this goal, a frequently used cell adhesion peptide Arg-Gly-Asp
(RGD) was covalently incorporated into poly(ethylene glycol) diacrylate (PEODA)
hydrogel. The effect on osteogenesis of marrow stromal cells in a three-dimensional
environment was examined [52]. Expression of bone-related markers, osteocalcin
(OCN) and alkaline phosphatase (ALP), increased significantly as the RGD con-
centration increased. Also, RGD helped MSCs maintain cbfa-1 expression when
shifted from a two-dimensional environment to a three-dimensional environment.

34.3.2 Photodegradable Polymeric Hydrogels

Early examples of photodegradable hydrogels can be dated back to 1990s. In 1990,
Suzuki and Tanaka constructed a photoresponsive hydrogel with a combination of
a thermosensitive hydrogel and a chromophore. The light absorbed by the chro-
mophores is dissipated as heat and increase the local temperature, which affects
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thermosensitive hydrogel network to induce phase transition resulting in a pho-
todegradable hydrogel [53]. In the same year, Masahiro and coworkers reported
the photoinduced phase-transition of gels formed by polymerization of bis(4-
(dimethylamino)phenyl)methyl leucocyanide in which the leucocyanide moiety
upon irradiation gave increased ionization degree and induced the phase-transition
of the hydrogel [54] (Fig. 34.7). However, due to poor biocompatibility of the
photodegradable material or methods, photodegradable hydrogels were rarely
applied as biomaterial until Kloxin et al. reported the nitrobenzyl ether-derived
photolabile hydrogel in 2009 [55].

Kloxin et al. developed the strategy to create photodegradable poly(ethylene
glycol)-based hydrogels through rapid polymerization of cytocompatible macro-
mers for remote manipulation of gel properties in situ and applied the strategy in
the synthesis of photodegradable hydrogels as dynamically tunable cell culture
platforms [56] (Fig. 34.8). The cytocompatible macromers were prepared from
anitrobenzyl ether-derived monomer attached with a pendant carboxylic acid to
poly(ethylene glycol) (PEG)-bis-amine. Then, the photocleavable crosslinking
diacrylatemacromer formed PEG-based photodegradable hydrogels. The hydrogel
itself is cleaved upon light exposure, decreasing the local network crosslink
density and resulting in macroscopic property changes such as stiffness, water
content, diffusivity, or complete erosion, all in the presence of cells [57]. They
used the phototunable hydrogels for external manipulation of cellular microenvi-
ronment through controlled photodegradation [58]. With the biocompatible pho-
todegradation of hydrogels, the advantages of post-gelation control of the gel
properties have been well-demonstrated, which led to a renaissance of research on
various types of photodegradable hydrogels for applications range from design of
drug delivery vehicles to tissue engineering systems [59–61].

It was believed that hydrogels can be used in tissue engineering and regenerative
medicine to deliver therapeutic cells to injured or diseased tissue through controlled
degradation. For sequential or staged release of cells from hydrogels, Griffin and
Kasko synthesized and characterized a series of macromers incorporating photo-
degradable ortho-nitrobenzyl (o-NB) groups in the macromer backbone allowing
for staged and sequential release of cells (Fig. 34.9). Hydrogels were formed via
redox polymerization and quantified the apparent rate constants of degradation

CN
NN

hv
NN

CN

Fig. 34.7 Chemical process involved in the first photoinduced phase-transitions of polymeric
hydrogelator monomer

970 M. He and Y. Zhang



[62]. Decreasing the number of aryl ethers on the o-NB group increases the
apparent rate constants of degradation, and changing the functionality from primary
to secondary at the benzylic site dramatically increases the apparent rate constants

Fig. 34.8 The photoresponse of the nitrobenzyl ether-derived photolabile macromer

Fig. 34.9 a Different structure of degradableortho-nitrobenzyl(o-NB)monomers. b Kinetics of
the photodegradation. c Illustration of wavelength-biased release of encapsulated cells and d the
selective release of cells encapsulated in the photodegradable hydrogel. Recreated with kind
permission of American Chemical Society [62]

34 Engineering of Photomanipulatable Hydrogels 971



of degradation. hMSCs survived encapsulation in the hydrogels with high viability.
By exploiting the differences in reactivity of two different o-NB linkers, they
quantitatively demonstrate the biased release of one stem-cell population (green-
fluoroescent protein expressing hMSCs) over another (red-fluorescent protein
expressing hMSCs). Hydrogels are also commonly used in biomedical applications
to sequester and release therapeutics. By using this difference of the degrading rate
among different o-NB groups, they succeeded in sequential release of three dif-
ferent model therapeutics from a single hydrogel [63].

The combination of the photocleavable moiety in the macromer and novel
materials allows innovative photodegradation of hydrogels. For example, Yan
et al. recently reported a photosensitive hybrid hydrogel loaded with upconversion
nanoparticles (UCNPs) which allowed photodegradation of the hydrogel using
near-infrared (NIR) light (980 nm) irradiation [64]. Their results demonstrated that
continuous-wave NIR light was able to induce the gel/sol transition and release
large, inactive biomacromolecules (protein and enzyme) entrapped in the hydrogel
into aqueous solution ‘‘on demand’’, where their bioactivity is recovered. Using
the inclusion complex of trans-azobenzene and cyclodextrin as a photoswitchable
crosslinker, a dextran-based photoresponsive hydrogel system has been con-
structed and employed for a light-controlled protein release system [65].

34.3.3 Photopatternable Hydrogel

Photopatternable hydrogel allows manipulation of specific area in macroscopic
hydrogel media with spatial and temporal resolution and is emerging as functional
biomaterials for translational medicines. The ability to tailor the biochemical and
biomechanical properties of 3D biomaterials at the microscale is important for a
range of biotechnology applications, including the engineering of complex tissues,
the development of biosensors, the elucidation of cell–cell and cell–material
interactions, and the guidance of cellular differentiation [66]. To this end, tech-
niques have emerged for the fabrication of 3D micro-controlled materials,
including electrochemical deposition, 3D printing, and soft-lighographic approa-
ches. However, these patterning methods need to be repeated in a layer-by-layer
fashion to build an internally complex 3D materials. An alternative approach to the
fabrication of complex 3D scaffolds is the photolithography technique which can
create extremely small patterns (tens of nanometers in size) and afford exact
control over the shape and size of the biomaterials. In this part, we briefly review
recent efforts to engineer mechanically and/or biochemically patterned 3D
hydrogels to control cellular behavior for translational medicine applications.

It has been confirmed that mechanical properties are important variation of the
extra cellular matrix. The spatial photomechanical patterning of hydrogels,
motivated by the microscale heterogeneity of native tissue architectures, has
recently been a focus. DeForest and Anseth reported strategies to create channels
photopatterned within a hydrogel-containing encapsulated cells that allow cell
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migration [67]. The photopatternable hydrogels allow real-time manipulation of
material properties and provide dynamic environments with the scope to answer
fundamental questions about material regulation of live cell function. Further
efforts from the same group focused on the development of advanced material
systems that allow dynamic alteration of the three-dimensional cellular environ-
ment with orthogonal reactions to enable multiple levels of control of biochemical
and biomechanical signals. One recent work from the group demonstrated the
three-dimensional culture system using cytocompatible and wavelength-specific
photoreactions for independent spatiotemporally regulated photocleavage of
crosslinks and photoconjugation of pendant functionalities to create hydrogels that
allow orthogonal and dynamic control of material properties [68].

Khetan et al. developed a process to synthesize HA hydrogels using multiple
modes of crosslinking applied sequentially [69]; a primary addition reaction to
introduce protease degradable peptide crosslinks, then a UV-light-induced second-
ary radical reaction to introduce nondegradable kinetic chains. These differential
network structures either permitted or inhibited cellular remodeling. This behavior
was validated by controlling the outgrowth from chick aortic arches or the spreading
of encapsulated MSCs, where only UV regions permitted arch outgrowth and MSC
spreading [70]. Additionally, network structures dictated adipogenic/osteogenic
MSC fate decisions, with spatial control, by controlling encapsulated MSC spread-
ing. This manipulation of microenvironmental cues may be valuable for advanced
tissue engineering applications requiring the spatial control of cells in 3D [71].

Luo and Shoichet reported the first example of three-dimensional photobio-
chemical patterning of hydrogel-guided axonal growth [72]. An agarose hydrogel
modified with a cysteine compound containing a sulfhydryl protecting group
allowed photopatterning with biochemical cues. The transparent hydrogel was
immobilized with the adhesive fibronectin peptide fragment, glycine–arginine–
glycine–aspartic acid–serine (GRGDS), in selected volumes of the matrix using a
focused laser. The photobiochemical patterned hydrogel showed guidance effects in
the GRGDS oligopeptide-modified channels on the 3D cell migration and neurite
outgrowth. Using similar method, spatially controlled immobilization of different
growth factors in distinct volumes in 3D hydrogels and specifically guided differ-
entiation of stem/progenitor cells have realized [73]. The technique should be
broadly applicable to the patterning of a wide range of proteins. Stem-cell differ-
entiation factors sonic hedgehog (SHH) and ciliaryneurotrophic factor (CNTF)
were simultaneously immobilized using orthogonal physical binding pairs, barnase/
barstar and streptavidin–biotin, respectively [74]. Barnase and streptavidin were
sequentially immobilized using two-photon chemistry for subsequent concurrent
complexation with fusion proteins barstar-SHH and biotin-CNTF, resulting in
bioactive 3D-patterned hydrogels. This method for immobilizing biomolecules in
3D matrices can generally be applied to any optically clear hydrogel, offering a
solution to construct scaffolds with programmed spatial features for tissue engi-
neering applications [75]. Two-photon laser-scanning photolithography was also
applied into this system to increase the penetration of the light and more precise
control over the photochemical pattern [76].
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Reversible patterning of bioactive molecules into the hydrogel has also realized
through the combination of two bioorthogonal photoreactions which enabled the
reversible spatial presentation of a biological cue and the formation of complex,
well-defined, biomolecular gradients within a hydrogel, respectively [77]. One of
the bioorthogonal photoreactions was the thiol-ene reaction which was readily
initiated by visible light and an appropriate photoinitiator. The second reaction was
the photoscission of an o-NB ether leading to a nitroso compound and an acid
byproduct upon exposure to UV light. The biological molecule of interest was
modified to contain both the thiol group for photocoupling reaction and the
photolabile o-NB moiety which allowed the attachment and the subsequent
removal of the covalently bound bioepitopes in hydrogel networks, respectively.
The use of light allowed dynamic manipulation not only on the intrinsic cellular
regulatory machinery, but also on the external microenvironment of the cells
encapsulated.

34.3.4 Photomanipulatable Supramolecular Hydrogels

Supramolecular hydrogels have emerged as novel biomaterials with promising
applications in regenerative medicine. Most of the reported supramolecular
hydrogels were based on the self-assembling of biomimetic epitopes inspired by
the chemical structure of natural proteins of polysaccharides. For example, Hu
et al. has designed and synthesized a small library of supramolecular hydrogelators
inspired by the chemical structure of collagen and found that four of the hydrogels
were suitable for NIH 3T3 cell culture [78]. Hamachi screened and optimized low-
molecular-weight hydrogelators through combinatorial solid-phase synthesis of
glyco-lipid mimics and found that an N-acetyl-galactosamine-appended amino
acid derivatives displayed an excellent hydrogelation capability [79]. In these
supramolecular hydrogels, small molecules self-assembled into nanofibers and
then entangled each other to form macroscopic hydrogel. Supramolecular hydro-
gels with responses to external stimuli are considered as ‘‘smart’’ biomaterials and
have been of great research interests in the past decades [80–83].

Integration of photoreactive moieties into the chemical structure of small
molecular hydrogelator has proved to be effective strategy to construct photore-
sponsive supramolecular hydrogels. The hydrogelation properties of the short
peptides (Fig. 34.10) linked with the conformational switch azobenzene have been
studied in detail by Huang et al. with respect to dependence on amino acid,
residue, pH, and salt effect [84]. Photoresponsive supramolecular hydrogels were
realized based on the E-/Z-transition of the conformational switch azobenzene
upon light irradiation. The hydrogel formed by azo-Gln-Phe-Ala gel has demon-
strated its potentials as photoresponsive soft material for controlled release of drug
molecules. The same group also reported a ‘‘smart’’ supramolecular hydrogel with
dual responses to both light irradiation and ligand–receptor interaction [85].
Integration of photosensitive spiropyran with dipeptide D-Ala–D-Ala in one small
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molecule resulted in a hydrogelator which can form supramolecular hydrogel with
responses not only to light but to ligand–receptor interaction between D-Ala-D-
Ala and vancomycin (Fig. 34.11). This novel example of photoregulatable
‘‘smart’’ supramolecular hydrogel suggested the possibility of developing various
multifunctional biomaterials through integration of photoresponse and specific
response to biomimetic interaction in a small molecule hydrogel. Li et al. also
showed an enzymatic formation of a photoresponsive supramolecular hydrogel
with an azobenzene-modified oligopeptide [86].

Haines et al. have developed a simple light-activated hydrogelation system that
employs a designed peptide whose ability to self-assemble into hydrogel material
is dependent on its intramolecular folded conformational state [87] (Fig. 34.12).
An iterative design strategy afforded MAX7CNB, a photocaged peptide remains
unfolded and unable to self-assemble in aqueous medium; a 2 wt% solution of
freely soluble unfolded peptide is stable to ambient light and has the viscosity of
water. Irradiation of the solution (260 \ k\ 360 nm) releases the photocage and
triggers peptide folding to produce amphiphilic beta-hairpins that self-assemble
into hydrogel. NIH 3T3 fibroblasts seeded onto the gel indicates that the gel
surface is noncytotoxic, conducive to cell adhesion, allows cell migration and have
equivalent proliferate rate compared with cells seeded onto a tissue culture-treated
polystyrene control surface. Stupp’s group reported a peptide amphiphile that
contains both the photocleavable 2-nitrobenzyl group as well as the bioactive
epitope Arg-Gly-Asp-Ser (RGDS) [88]. Photoirradiation at 350 nm cleaves the 2-
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nitrobenzyl group to form the b sheet which induces the formation of a transparent
hydrogel. This small structural change induced a significant change in the supra-
molecular structure from nanospheres to nanofibers, affecting the response of cells
surrounded by the nanostructures. They found that the vinculin expression levels
of the NIH/3T3 mouse embryonic fibroblasts encapsulated in the light-induced
hydrogel were 1.9 times higher than the cells in the control hydrogels or solutions.
Lately, Takashima et al. reported a photoresponsive supramolecular hydrogel by

Fig. 34.11 Structure of the spiropyran-D-Ala-D-Ala and its photoresponse and ligand–receptor
interaction with vancomycin

Fig. 34.12 a UV irradiation of MAX7CNB results in side-chain decaging and b-hairpin
intramolecular folding for the hydrogel formation. b The peptide sequences used for the control
and light-activated hydorgel formation. Recreated with kind permission of American Chemical
Society [87]

976 M. He and Y. Zhang



integrating host–guest interactions and photoswitching ability in a hydrogel [89].
A photoresponsive supramolecular hydrogel with a-cyclodextrin as a host
moleucle and an azobenzene derivative as a photoresponsive guest molecule
exhibits reversible macroscopic changes in both size and shape when irradiated by
UV light at 365 nm or visible light at 430 nm. The deformation of the supramo-
lecular hydrogel depends on the incident direction which allows plate-shaped
hydrogels to bend in water. Irradiating with visible light immediately restores the
deformed hydrogel. These stimulus-responsive expansion–contraction properties
are similar to that of muscle fibrils, such as sarcomere, which consists of actin
filaments. These stimulus-responsive stretching properties may eventually be used
in stents and drug delivery carriers to selectively release drugs for the translational
medicine.

34.4 Summary and Perspective

Photomanipulatable hydrogels are emerging as important biomaterials in transla-
tional medicine. With photoreactive chemical moieties modified in the monomers
or macromers of synthetic or natural polymeric hydrogelators, it is now possible to
realize spatial- and temporal-resoluted control on the properties and function of
hydrogels used in regenerative medicines or tissue engineering. Except for the
traditional photopolymerizable hydrogels, new types of photoresponsive hydrogels
that allow cytocompatible photomanipulation have showed promising applications
in the controlled delivery of drug or biomacromolecules, and in the direction of
cell growth and differentiation for tissue engineering. The discovery of novel
photoreactive molecules and new types of hydrogelators is sure to promote the
engineering of new-generation photomanipulatable biomaterials. Construction of
photoregulatable supramolecular hydrogels with excellent biocompatibility and
mechanical properties for the applications in translational medicine will bring new
insight into the structural control at molecular level. The combination of photo-
reactive moieties with bioorthogonal functionalities is emerging as a powerful
strategy in dynamic tuning the physical and chemical properties of hydrogel which
forms the microenvironment for cell growth. With the discovery of more bioor-
thogonal reactions, it is possible to engineer photomanipulatable and multifunc-
tional biomaterials for translational medicine in the future.
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Chapter 35
Engineering AApeptides for Translational
Medicine

Haifan Wu and Jianfeng Cai

35.1 Introduction

35.1.1 Peptides

Peptides are essential to all aspects of life forms and have found increasing
attentions in scientific fields ranging from therapeutics [1–3] to biomaterials [4–7].
They are very attractive for the development of translational medicine, as their
synthesis and characterization is straightforward. Meanwhile, they can form
defined secondary structures such as helices, b-sheets, and turns and are able to
regulate signal transduction pathways and other biological processes. However,
there are significant obstacles for the development of peptide-based therapeutics
[8]. Despite their high specificity and activity, peptides are more costly than small
molecules in large productions, and have susceptiblity to protease degradation,
short half-live in vivo, and low oral bioavailability [9].

35.1.2 Peptidomimetics

The demand to identify peptide-based translational medicine has led to the creation
and development of non-natural peptide mimics, or so-called peptidomimetics,
which has become an emerging area in medicinal chemistry [10]. These pepti-
domimetics contain unnatural backbones and are capable of displaying diverse
unnatural side chains. In the last two decades, there have been a wide variety of
classes’ peptidomimetics that were developed, and many of which have shown great
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potential in biomedical applications and translational medicines [11]. Examples of
these sequence-specific oligomers (Fig. 35.1) include b-peptides [12–14], c- and
d-peptides [15–17], azapeptides [18, 19], oligoureas [20, 21], a-aminoxy peptides
[22], sugar-based peptides [23, 24], a/b-peptides [25, 26], polyamides [27], and
peptoids [28].

As they are not based on regular peptide backbones, they are often much more
stable against proteolysis and have improved bioavailability compared to peptide
counterparts [29]. In addition, peptidomimetics greatly enhance structure diversi-
ties by not only introducing novel backbones, but also displaying diverse side
functional groups with virtually limitless potential. Although peptidomimetics were
initially designed to mimic the primary structures of peptides, most classes of these
peptide mimics are also able to fold into well-defined discrete three-dimensional
structures such as sheets [30–32], helices [33], turns [34–36], and tertiary structures
[37–44]. As such, they can mimic structures and functions of peptides and proteins
and have begun to find potential applications in translational medicine [45, 46].
These classes of peptidomimetics have been extensively explored in the last two
decades and reviewed comprehensively [10, 14, 29, 45, 47–50].

35.1.3 AApeptides

We have recently designed a new class of peptidomimetics termed ‘‘AApeptides’’
based on chiral PNA backbone [51–61]. They are termed ‘‘AApeptides’’ as they
contain N-acylated-N-aminoethyl amino acid residues (Fig. 35.2). Depending on
the positions of side chains on the backbone, two related classes of AApeptides—
a-AApeptides and c-AApeptides—were developed.

Both a- and c-AApeptides were designed to mimic the primary structures of
canonical a-peptides so as to facilitate drug discovery. Each AApeptide residue is
comparable to a dipeptide residue. Although they have different backbones com-
pared to a-peptides, AApeptides project same number of side chains as regular
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peptides of same lengths do [51, 52]. In addition, AApeptides have limitless
diversity in their functional groups, as half of side chains are introduced to the
backbones through acylation by any carboxylic acids. Furthermore, due to their
unnatural backbone, they are highly resistant to enzymatic degradation [51, 52].
More importantly, the synthesis of AApeptides is modular and straightforward, by
utilizing solid-phase synthesis to assemble AApeptide building blocks together
[51, 52, 62, 63]. As such, AApeptides can be developed to mimic the structures
and functions of bioactive peptides. Indeed, certain AApeptide can bind to RNA
with high affinity comparable to the Tat peptide [64], and some AApeptides are
efficient cell-penetrating peptidomimetics which can translocate cellular mem-
brane, suggesting their potential for drug delivery [65, 66]. AApeptides also have
found great potential in material sciences as some of them are able to from novel
nanorods and nanoparticles [67]. In this chapter, we will focus on their application
as potential therapeutics for translational medicine, including their development as
novel antimicrobial and anticancer agents.

35.2 Antimicrobial Agents

35.2.1 Background

One of the biggest clinical and public concerns worldwide is the antibiotic
resistance [68], attributed to antibiotic abuse [69, 70]. The emergence of multi-
drug-resistant bacterial strains such as methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant enterococci (VRE), and methicillin-resistant
Staphylococcus epidermidis (MRSE) has largely abolish the efficacy of conven-
tional antibiotics [71–73]. There has been tremendous effort in the search of new
and effective antibiotics. Antimicrobial peptides (AMPs) are of significant interest
for such development. AMPs exist virtually in all organisms and are their first line
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of defense [69, 70, 74–76]. Although the exact bactericidal mechanisms of AMPs
may vary from one to the others [71], the hallmark of their structures is that they
form globally amphipathic conformations upon interaction with bacterial mem-
branes. In such amphiphilic structures, cationic and hydrophobic side groups
segregate into discrete regions. The cationic region first associates with negatively
charged bacterial membranes through electrostatic interaction [69, 70, 74–76], and
then, the hydrophobic side chains disrupt membranes through hydrophobic inter-
actions. Although such interactions lack defined membrane targets and rather
biophysical, the selectivity of AMPs is high because mammalian cell membranes
are largely zwitterionic. On the other hand, since antimicrobial activity of AMPs
lacks defined bacterial internal and membrane targets, the probability of inducing
antibiotic resistance is much lower. Additionally, the amphipathic structures of
AMPs are not relevant to precise sequences and defined secondary structures, and
in fact, the examples of AMPs embrace a-helices, b-sheets, and extended con-
formation. [70]

However, there are obstacles for the development of AMPs as new generation of
antibiotics. These include susceptibility toward protease degradation, low-
to-moderate antimicrobial activity, and limited diversity for optimization. Anti-
microbial peptidomimetics, developed to mimic the function of AMPs, can
potentially overcome these disadvantages. Many classes of antimicrobial pepti-
domimetics have been developed, including peptoids [33, 77–81], b-turn mimetics
[82, 83], arylamide oligomers [71, 84, 85], and b-peptides [86–88], which have
been comprehensively reviewed [69, 70, 89]. The development of these antimi-
crobial peptidomimetics has led to the recognition that defined secondary structures
such as helical or sheet-like structures are not required for antimicrobial activity
[62, 63, 90–92].

35.2.2 Design of Antimicrobial AApeptides

AApeptides are expected to be good candidates for the design of novel antimi-
crobial agents that mimic AMPs, as they possess backbones with limited con-
formational flexibility and [62, 90] high stability [51, 52, 93]. As such,
amphipathic AApeptides can be designed in a very straightforward way by joining
amphiphilic AApeptide building blocks, since AApeptides comprising of amphi-
philic building blocks (containing one hydrophobic and one cationic side chain)
are expected to adopt globally amphipathic structures upon interaction with bac-
terial membranes (Fig. 35.3). Their activity and selectivity can be further tuned
through the introduction of additional hydrophobic (containing two hydrophobic
side chains) building blocks, as well as changing the nature of the hydrophobic and
cationic groups.
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35.2.3 a-AApeptides as Antimicrobial Agents

35.2.3.1 Linear Antimicrobial a-AApeptides

Following the design strategy, a small library of linear a-AApeptide sequences was
prepared, which led to the identification of two lead sequences a1 and a2
(Fig. 35.4) [62]. These linear sequences contain amphiphilic a-AApeptide building
blocks and were expected to adopt globally amphipathic structures upon interac-
tion with bacterial membranes so as to kill bacterial pathogens. The amphiphilic
sequence a1 is active against Bacillus subtilis and Staphylococcus epidermidis, and
addition of one more amphiphilic building block led to the identification of the
more potent antimicrobial agent a2 [62]. Fluorescence microscopy and TEM
studies suggested that a2 exert bactericidal activity by damaging bacterial mem-
branes [62]. The preliminary data of linear a-AApeptides antimicrobial agents
demonstrate that a-AApeptides are good candidates to mimic the structure and
mechanism of AMPs. The design seems straightforward: Amphiphilic building-

Amphiphilic AApeptide
Building block

Cationic group

Hydrophobic group

Globally amphipathic 
conformation

Membrane 
interaction

Flexible conformation

(a)

(b)

Fig. 35.3 Illustration of the design of antimicrobial AApeptide. a The structure of amphiphilic
AApeptide building block. b The formation of amphipathic structure of AApeptides on bacterial
membranes. Adapted from Ref. [90]
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block-based a-AApeptides tend to selective kill bacteria pathogens, and longer
sequences are more active as they contain more hydrophobic and cationic groups.

35.2.3.2 Lipo-Antimicrobial a-AApeptides

Some natural lipopeptide antibiotics have been used as antibiotics to treat bacterial
pathogens [95], although they are different from host-defense peptides in their
antimicrobial mechanisms. As they are produced as metabolites in bacteria and
fungi [95, 96] and are either anionic [97], cationic [98], and neutral [99], many of
these natural lipo-antibiotics are narrow spectrum in their activity. Although their
antimicrobial mechanism may vary, lipid tail is generally believed to largely
contribute to the antimicrobial activity. Therefore, lipo-sequences with small
number of hydrophobic and cationic groups could be very active [100].

It is expected that cationic lipo-a-AApeptides should mimic AMPs because
their overall structure is still cationic, and as such, they are active against both
Gram-positive and Gram-negative bacteria. Indeed, with just two amphiphilic
building blocks, lipidated a-AApeptide a3 shows potent activity against Gram-
positive bacteria [94]. The antimicrobial activity is further enhanced for a4, which
contains two more hydrophobic building blocks and one amphiphilic building
block, possibly due to the stronger interaction with bacteria membranes [94].

35.2.4 c-AApeptides as Antimicrobial Agents

35.2.4.1 Linear Antimicrobial c-AApeptides

Similar design strategy was used to develop antimicrobial c-AApeptides. Two most
potent linear c-AApeptides c1 and c2 are shown in Fig. 35.5 [90]. The amphiphilic
sequence c1, containing seven amphiphilic building blocks, are active against
several Gram-positive bacteria. Replacement of two amphiphilic building blocks in
c1 with two hydrophobic building blocks led to the identification of c2 [90], which
are broadly active against a range of Gram-positive and Gram-negative drug-
resistant bacterial pathogens. Subsequent drug-resistant studies and fluorescent
microscopy supported that c2 kill bacteria through membrane disruption [90].

35.2.4.2 Lipo-Antimicrobial c-AApeptides

Cationic lipo-c-AApeptides were also investigated for their antimicrobial activity.
As shown in Fig. 35.5, both c3 and c4 have broad spectrum activity. The differ-
ence between c3 and c4 is that c4 has an unsaturated bond in its alkyl tail.
Interestingly, c4 is more selective against bacteria than c3. Although mechanistic
studies are required to elucidate the behavior, the findings might be significant for
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the development of new antimicrobial peptidomimetics. Further mechanistic
studies including membrane depolarization, fluorescence microscopy, and drug-
resistant assays suggested that lipo-c-AApeptides can also mimic bactericidal
mechanism of AMPs by killing bacterial pathogens through the disruption of
bacterial membranes [63].
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35.2.4.3 Cyclic Antimicrobial c-AApeptides

Cyclic peptide antibiotics such as tyrocidine and protegrin I are common in nature.
These cyclic AMPs have semi-rigid backbone conformations due to cyclization [83],
which is believed to improve antimicrobial activity than linear sequences without
any constraints, as they may possess more stable amphipathic structures. Similar
strategy to design other classes of antimicrobial AApeptides was applied to generate
focused cyclic c-AApeptide library that mimics the mechanisms of AMPs [101].
This is achieved by cyclizing c-AApeptide amphiphilic building blocks on the solid
phase [101]. By varying the ratio of cationic/hydrophobic groups, their antimicrobial
activity and selectivity can be fine-tuned [90]. Two cyclic c-AApeptides c5 and c6
were identified from the library [101], and they show much improved antimicrobial
activity against a range of multi-drug-resistant Gram-positive and Gram-negative
bacterial pathogens than linear ones. Moreover, bearing more hydrophobic groups,
c6 is found to be more potent than c5, suggesting that hydrophobic groups are
important for the disruption of bacterial membranes.

35.3 Anticancer Agents

35.3.1 Disruption of MDM2-p53 Protein–Protein Interaction

The p53 protein is a tumor suppressor that integrates cellular stress signals and
functions as a transcription factor with many target genes involved in DNA repair,
cell cycle arrest, and activation of apoptosis. MDM2 (murine double minute two
protein) is a p53-specific ubiquitin E3 ligase and thus promotes the proteasomal
degradation of p53. It binds to the a-helical transactivation domain near the
N-terminus of p53 and blocks the DNA-binding activity of p53 [102–104]. The
disruption of p53/MDM2 protein–protein interactions can regulate apoptosis and
therefore is of significant interest in the development of anticancer agents for
translational medicine.

A co-crystal structure of the complex between the MDM2 protein and a peptide
corresponding to p53 residues 17–29 was resolved more than a decade ago [102].
The structure reveals that the N-terminal transactivation domain of p53 adopts an
amphipathic a-helical conformation and occupies a hydrophobic cleft on the sur-
face of MDM2 (Fig. 35.6). Three hydrophobic side chains from residues Phe19,
Trp23, and Leu26 of p53, aligning along one face of the amphipathic a-helix, insert
deeply into a compact hydrophobic binding pocket. It is therefore hypothesized that
a synthetic molecule displaying three hydrophobic groups in an orientation that
mimics the presentation of the Phe19, Trp23, and Leu26 side chains by p53 is able
to occupy the MDM2 cleft and thereby disrupt p53/MDM2 interactions. Indeed,
both traditional and non-traditional approaches have been adopted to develop new
scaffolds that can mimic the a-helical segment of p53 involved in the interaction
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with MDM2. These antagonists range from small molecules such as syc-7 [105],
nutlins [106], sulfonamides [107], benzodiazepinediones [108], to oligomers
including peptides [109] and peptidomimetics such as peptoids [110, 111] and
b-peptides [112–115].

Both short a-AApeptides and c-AApeptides have been synthesized and studied
for their capability to inhibit MDM2/p53 interaction. As shown in Fig. 35.7, two
most potent AApeptides, a-AApeptide a5 and c-AApeptide c7, are capable of
disrupting the interaction, with IC50 of 38 and 50 lM, respectively [51, 52]. Both

Fig. 35.6 The crystal
structure of the p53/MDM2
interaction (PDB 1YCR)
[102]. Residues 17–29 of p53
are shown as ribbon. MDM2
is presented as gray surface.
The three residues of p53
(F19, W23, and L26)
involved in the interaction are
shown with solid sticks
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sequences contain side chains identical to those three critical residues (Phe, Try,
and Leu) from p53, and interestingly, these residues are on the same side of
backbones. It is probably because these sequences are too short to form any
defined fold structures, and as such, they tend to be extended linear structure when
interacting with MDM2 hydrophobic pocket. This is also the reason why their
activity is modest. However, they are the first examples that AApeptides can have
the potential to mimic peptides and disrupt protein–protein interactions, and their
activity actually is comparable to other classes of peptidomimetics [110–115]. It is
highly possible that with the presence of longer sequences, or introduction of
constraints such as cyclization, more potent AApeptides that disrupt p53/MDM2
protein–protein interaction can be identified.

35.3.2 RGD Amimetics

Integrin avb3 is a cell surface receptor that is tightly involved in tumor angiogen-
esis. It is frequently overexpressed on many cancer cells (e.g., lung/prostate/breast
cancer and glioblastoma), as well as tumor vasculature and therefore is an attractive
target for both cancer diagnosis and therapeutic development [116]. As Integrin
avb3 binds very tightly to the Arg-Gly-Asp (RGD) tripeptide epitope existing in
many extracellular matrix proteins, a wide variety of peptides/
peptidomimetics have been developed to mimic RGD motif so as to be used for
anticancer drugs and/or cancer imaging [116, 117]. However, RGD peptides are
susceptible to enzymatic degradation, even when cyclization and the use of
unnatural amino acids are introduced [117]. To explore the ability of AApeptides to
mimic RGD motif, a c-AApeptide c-AA1 was designed (Fig. 35.8) [93]. The
additional phenyl moiety was introduced to confer the molecule with balanced
hydrophilicity and hydrophobicity [116]. Subsequently, DOTA (1, 4, 7, 10-tetra-
azacyclododecane-1, 4, 7, 10-tetraacetic acid) was linked to c-AA1 to give c-AA2
(Fig. 35.8) to enable 64Cu-labeling and PET imaging. Both c-AA1 and c-AA2 show
very similar biding affinity to c(RGDyK), despite their shorter sequences and linear
nature [93]. Next, c-AA2 was labeled with 64Cu tested with PET for its targeting
specificity using a glioblastoma tumor-bearing mouse model. 64Cu-labeled c-AA2
shows ability to specifically target the tumor site in vivo; however, it is much more
resistant to enzymatic degradation, augmenting its potential as the novel targeting
ligand for cancer imaging and therapeutic applications.

35.4 Future Perspective

Engineering peptidomimetics for the development of translational medicine is an
attractive and vibrant research area. It is considerably significant as it can
potentially circumvent the drawbacks of peptide-based therapeutics. Exploration

992 H. Wu and J. Cai



of new classes of peptidomimetics is necessary to identify new sequences, folding
structures, and therefore new functions. AApeptides described here are one of such
examples. Although the secondary structures of AApeptides have not been
resolved, their unique backbone, modular and amendable synthesis, stability
against protease hydrolysis and diverse functional groups has led to some
important biological applications. It is envisioned that their potential will further
expand with continuous development. To fully realize their application for
translational medicine, the following approaches will be adopted. First, although
many therapeutic peptides do not have secondary structure, it is helpful to
understand the folding of AApeptides, so as to facilitate rational design and
optimization of lead AApeptides for translational medicine. In this endeavor,
2D-NMR and X-ray crystallography can be employed to investigate their solution
and solid 3D structures. Secondly, the synthesis should be further simplified.
Current approach needs the preparation of building blocks, which can be laborious
even if a small library of AApeptides is prepared. It also limits the potential of
mass production and commercialization of AApeptides. Furthermore, to facilitate
the therapeutic development for translational medicine, combinatorial chemistry
should be explored for AApeptides. As AApeptides have limitless potential for
derivatization, the development of combinatorial library is expected to greatly
advance peptidomimetics-based translational medicine. With current synthetic
organic chemistry development, and state-of-the-art instrumentation, the above
questions are expected to be resolved in the near future.
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