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Abbreviations
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AgNP Silver nanoparticle
AuNP Gold particle
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FDM Fused deposition modeling
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GelMA Carbon nanotube-gelatin methacrylate
GM Gelatin microspheres
GO Graphene oxide
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hASCs Human adipose mesenchymal stem cells
hESC Human embryonic stem cells
HIPE High internal phase emulsion
hNSCs Human neural stem cells
HSCs Hematopoietic stem cells
IGF Insulin growth factor
iPSC Induced pluripotent stem cells
KOSR Knockout serum replacement
LIF Leukemia inhibitory factor
LSPR Localized surface plasma resonance
LT-IC Long-term culture initiation assay
MI Myocardial infarction
miRNA Micro-RNA
MRI Magnetic resonance imaging
MSC Mesenchymal stromal cells
MWNT Multi-walled carbon nanotube
NFC-X Nanofibrillated cellulose
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NPs Nanoparticles
PBAE Biodegradable poly (β-amino-ester)
PCL Polycaprolactone
PEG-DA Polyethylene (glycol) diacrylate
PEI Polyethyleneimine
PGLA Polylactic-co-glycolic acid
PLA Polylactic acid
PS Protamine sulfate
QD Quantum dot
RBMSCs Rat bone marrow stromal cells
RGO Reduced graphene oxide
RNA Ribonucleic acid
SCNT Somatic cell nuclear transfer
SG Single-layer graphene
SL Stereolithography
SPIO Superparamagnetic iron oxide nanoparticle
SWNT Single-walled carbon nanotube
TCP Tricalcium phosphate
TGF Transforming growth factor
TiO2NP Titanium dioxide-based nanoparticle
UDSCs Urine-derived stem cells
VEGF Vascular endothelial growth factor
ZnONP Zinc-oxide-based nanoparticle

1 Definition of the Topic

This chapter outlines the main stem cell lines and nanomaterials utilized in tissue
engineering for regenerative medicine, with a distinct focus on the cardiovascular
system, which is our research area of interest.

2 Overview

In the modern biomedical research enterprise, three buzz words that have garnered
unforeseeable enthusiasm are regenerative medicine, tissue engineering, and nano-
technology. Each one of the concepts has seen a skyrocketing of available informa-
tion in the last decade, with seemingly unending quests for a revolution of available
medical tools. In this chapter, we aim to dwell at the intersection of these three
concepts, to explore available information and new directions within research that in
a compelling way brings forth advances within the joint field of nanotechnology-
based stem cell tissue engineering.

The chapter has been written in a way that can provide an introduction or an
overview of current technical and applied knowledge in the addressed field. The
chapter will discuss the most common types of stem cells and nanoparticles utilized
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in tissue engineering efforts, and provide examples of typical scaffolds or mediums
popular in current applications. The focus among nanotechnology-based stem cell
tissue engineering that is highlighted is the current knowledge in cardiovascular
research; however, other biological applications are discussed as well.

At the intersection of nanotechnology-based tissue engineering and regenerative
stem cell therapy, promising results continue to be reported on a monthly basis.
However, significant questions about effectiveness, safety, and sustainability of
therapeutics based on this approach are still in the early stages of exploration. The
wide variety of choices in terms of cell types, nanomaterials, supplementary mate-
rials, and biological constructs is bewildering, and pre-clinical testing platforms
include important limitations that must be acknowledged prior to translation of
these novel strategies. However, the potential is indisputable and titillating – at the
convergence of nanotechnology, stem cell science and tissue engineering may lay
the philosopher’s stone to human tissue regeneration.

3 Introduction

In the modern biomedical research enterprise, three buzz words that have garnered
unforeseeable enthusiasm are regenerative medicine, tissue engineering, and nano-
technology. Each one of the concepts has seen a skyrocketing of available informa-
tion in the last decade, with seemingly unending quests for a revolution of available
medical tools. In this chapter, we aim to dwell at the intersection of these three
concepts, as illustrated in Fig. 1.1, to explore available information and new direc-
tions within research that in a compelling way brings forth advances within the joint
field of nanotechnology-based stem cell tissue engineering.

The chapter has been written in a way that can provide an introduction or an
overview of current technical and applied knowledge in the addressed field. The

Fig. 1.1 Schematic about the
focus area of chapter
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chapter will discuss the most common types of stem cells and nanoparticles utilized
in tissue engineering efforts, and provide examples of typical scaffolds or mediums
popular in current applications. The focus among nanotechnology-based stem cell
tissue engineering that is highlighted is the current knowledge in cardiovascular
research; however, other biological applications are presented and discussed as well.

It is perhaps at this point intuitive that stem cell science combined with nano-
technology has the potential to revolutionize tissue regeneration and healing out-
comes [1]. With tissue loss and organ failure as the most life-devastating and
economically taxing problems in health care, the need for versatile biomaterials
that restore, maintain, and/or improve tissue function has been painstakingly evident
since the goals of tissue engineering were defined in 1993 by Langer and Vacanti
[1–2]. The recent nano-revolution has allowed scientists to manipulate the small-
scale architecture and topography of any tissue engineered construct, allowing for a
better understanding and more effective therapies as these platforms can now
enhance interaction between cells and their environment. Nanotechnology can better
mimic the intricate biological structures that determine the fate of cells in the body,
especially in the case of stem cells, whose appropriate differentiation as a part of any
targeted therapy in vivo has proven much harder than what was initially thought.

The goal of applications of any type of stem cell therapy is ultimately biomimicry,
with the hope of potentially recruiting the body’s own regenerative pathways to
initiate sustainable healing. Whether nanotechnology-driven tissue engineering can
achieve this “philosopher’s stone” in biomedicine, in a way that is safe for patients,
remains a question at this junction. However, increasing evidence in various appli-
cations in, for example, dentistry [3–4], nephrology [5–6], neurology [7–8], muscu-
loskeletal system [9–10], orthopedics [11–12], opthalmology [13], and cardiovascular
medicine [14–15], allows us to remain increasingly hopeful as we summarize these
encouraging findings.

While several excellent review articles have been written on each of the three
focus areas of nanotechnology and/or tissue engineering and/or stem cells [1,
16–19], this chapter is unique in focusing specifically at the intersection of these
core concepts, and broadly exploring real-world applications in cardiovascular
systems.

4 Experimental and Instrumental Methodology Utilized
in Nanotechnology-Based Stem Cell Tissue Engineering

4.1 Methodology and Techniques

Methodology and techniques discussed in this chapter include the following.

4.1.1 Electrical Stimulation
Cells seeded on biomaterials are subjected to measured and sustained electric current
using electrodes (e.g., graphite). The programmed electric pulses are delivered at a
particular frequency at regular time intervals to resemble the level required for
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exciting a normal ventricular tissue. This technique will be discussed in this chapter,
and more information is available in previously published literature by Mooney [20]
and Kai [21].

4.1.2 Electrospinning
The principle of electrospinning is that an electric field is used to overcome the
surface tension of a polymer solution to shoot a jet of liquid out of a needle toward a
conducting collector. The volatile solvent evaporates in the air leaving behind a
polymer fiber with a diameter that can range from tens of nanometers to microns.
Polymer properties, solvent properties, solution flow rate, voltage, distance from the
needle to the collector, and polymer concentration, among other parameters, affect
this process. While electrospinning will be discussed in the coming chapter, more
details are available in articles by Jiang [22], Nair [23], Ramesh Kumar [24], Deitzel
[25], and Jaworek [26].

4.1.3 Epicardial Surface Patch
Various nanostructured materials synthesized from either natural polymers (e.g.,
collagen) or electrospun synthetic materials (e.g., PLCL) have been implanted in
the form of a patch onto cardiovascular tissue to aid in tissue growth, regeneration, or
repair. Patch applications are discussed in this chapter, and more information is
available in articles by Jin [27], Rane [28], Karam [29], and Ruvinov [30].

4.1.4 Fluorescence Spectroscopy
Fluorescence produced by NPs is used for tracking the cell growth, migration,
proliferation, biosensing, immunohistochemistry, and bioimaging. Any change in
fluorescence can easily be detected using an epi-fluorescence microscope, confocal
microscope, fluorimeter, fluorescence spectrophotometer, and fluorescence-activated
cell sorter. These methodologies will be discussed in this chapter, and for more
details, the reader is directed to previously published literature [31–34].

4.1.5 Gene/Plasmid/miRNA Delivery
Various nanoparticles are tagged with genes/plasmids and miRNAs and injected into
the bloodstream to target the delivery site and release the cargo at the site of delivery.
The nanoparticle design enables the package to be protected from degradation by
serum DNAases and avoid being taken up by phagocytic cells or the reticuloendo-
thelial system. While these applications will be discussed in the forthcoming chapter,
for more details the reader is directed to works by Tu [35], Yang [36], Lee [37], and
Gomes [38].

4.1.6 Intra-myocardial Injection
Intra-myocardial injections are given directly into the heart muscle. The procedure is
performed by inserting a long spinal needle into the ventricular wall. The needle is
usually inserted in the fourth intercostal space between the ribs. While this procedure
is mentioned in this chapter, more details of the clinical procedure are available in,
for example, a recent previous publication by Mann and colleagues [39].
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4.1.7 Magnetic Properties and Techniques
Supramagnetic properties of NPs are used for remote and non-invasive imaging
(contrast agents), carrier molecules, enriching scarce molecules, smart actuators, and
mechanical or heat stimuli for modulating different cellular functions. In addition to
the information provided within this chapter, the reader is directed to previously
published material [40–42].

4.1.8 Near-Infrared Imaging (NIR-Imaging)
The near-infrared photoluminescence properties of NPs are used for bioimaging,
tracking, and identifying biomolecules inside the biological system owing to the low
autofluorescence and deep tissue penetration of the near-infrared wavelength. For
details beyond this chapter, please refer to works published by Frangioni [43], Guo
[44], Hilderbrand [45], and Smith [46].

4.1.9 Photoacoustic and Photothermal Techniques
A non-invasive hybrid technique uses the high contrast of optics and the high-
resolution acoustic properties of NPs for in vivo tracking of the stem cells, differ-
entiation, growth, proliferation, and identifying morphological, functional, or molec-
ular properties of biomolecules and cell ablation. More information is available in
articles by Kim [47], Wang [48], and Zerda [49].

4.1.10 Production of Nanoparticle-Hybrids
NPs conjugate with various natural and biomolecules. The process can be used for
creating biocompatible and multifunctional NPs composites or hybrids with tailored
functions and physiochemical properties for stem cells attachment, growth, migra-
tion, differentiation, and proliferation. Information beyond this chapter is offered in
previous works by Baron [50], Divya [51], and Portney [52].

4.1.11 Surface-Enhanced Raman Scattering (SERS)
Enhanced Raman activity in the presence of NPs is used for selective and sensitive
detection and investigation of the stem cell differentiation, including undifferentiated
single cells, embryoid bodies, and others. For more reading beyond this chapter, we
suggest previous publications by Brauchle [53], Ghita [54], and Kudelski [55].

4.1.12 Synthesis of Nanoparticles
Nanoparticles are particles between 1 and 100 nanometers (nm) in size with a
surrounding interfacial layer. There are several methods for creating nanoparticles,
including gas condensation, attrition, chemical precipitation, ion implantation,
pyrolysis, and hydrothermal synthesis, which will be described in this chapter.
Some further reading about nanoparticle synthesis can be found in publications by
Batista [56] and Ealias [57].

4.1.13 Surface Functionalization
NPs are modified to impart additional chemical functional groups on the surface.
Added functionalities provide an additional site and opportunity for the conjugation
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of different molecules, surface tuning, and topological manipulation. Beyond the
material discussed in this chapter, more details can be found in publications by
Daniel [58], Rana [59], and Sperling [60].

4.1.14 Three-Dimensional (3D) Bioprinting
Several bioprinting types have been newly established, including inkjet-based print-
ing, extrusion-based printing, and laser-based printing. There are processes for
patterning and assembling complex multi-functional living platforms through con-
trolling layer by layer of some of the biological materials with viable cells. Inkjet-
based printing has been employed to uniformly deposit 3D tissues with low-viscous
biomaterials. Likewise, extrusion-based printing can be printed layer by layer in the
form of solid filaments. The diameter of printed filaments is around the size of the
nozzle tip, while laser-induced printing patterns cells by the force of the pressure of
laser-induced vapor bubbles with high spatial resolution and precise control. These
methods will be discussed in more detail in the coming chapter, and more informa-
tion is available in comprehensive review articles by Sears [61], Do [62], and
Layani [63].

4.2 Stem Cell Types for Nanotechnology-Based Tissue
Engineering

The various stem cell types are broadly classified based on their origin. There are two
broad types of stem cells: embryonic stem cells and adult stem cells. Embryonic stem
cells (ESCs) originate from the inner cell mass of the embryo and are considered
“pluripotent” with the ability to differentiate into all somatic lineages that comprise
the entire body, including the germ line [64] and have an apparently limitless
capacity to self-renew in vitro, whereas adult stem cells in situ are considered
multipotent [64]. Only by studying all types of stem cells, namely ESCs, fetal
cells, induced pluripotent stem cells, adult stem cells obtained from various tissue,
as well as body fluids such as amniotic fluid, urine, and blood, we will be able to
completely understand their utility for regenerative medicine [64].

4.2.1 Embryonic Stem Cells
The embryonic stem cells normally exist in the human embryo for 3–6 days after
fertilization [65]. They can maintain their undifferentiated state for long periods of
time and are always allogenic cells for the recipient as each human ESC (hESC) line
has its own genome [65]. This makes them an excellent choice for various tissue
engineering and regenerative medicine purposes. The pluripotency of ESCs is
controlled at multiple levels by a core set of transcription factors that inhibit
differentiation, a unique cell cycle that promotes proliferation and inhibits differen-
tiation, a poised chromatin state with an open transcriptome, and extracellular
signaling molecules that stimulate or inhibit key signal transduction pathways
[66]. It has been established that three core transcription factors maintain the
undifferentiated state of ESCs: Oct3/4 [67], Sox2 [67–68], and Nanog [69, 70].
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The initial step in derivation of hESC lines is the ethical acquisition of supernu-
merary embryos from assisted reproductive technology clinics, which is the most
commonly appropriate starting material. These are either frozen or
non-cryopreserved embryos that have been judged to be genetically abnormal or
cryopreserved embryos donated by couples that are no longer pursuing family
building [71] for preimplantation genetic diagnosis [72] for single-gene disorders.
hESCs are usually maintained in Dulbecco’s Modified Eagle’s Medium with knock-
out serum replacement (KOSR) and basic fibroblast growth factor (bFGF). The
growth factor requirements for hESCs growth resemble those required for post-
implantation epiblast stem cells such as the absence of leukemia inhibitory factor
(LIF) and inclusion of FGF and activin [73–74]. A great deal of research has
centered on developing xeno-free, feeder-free, defined conditions to expand and
maintain hESCs and to enable adoption of good manufacturing practice standards
[75–78].

hESCs are passaged mechanically by cutting larger colonies into smaller clumps
though it is labor intensive and inhibitory to rapid expansion. During passage, the
differentiated cells can also be eliminated from cultures. Various chemical or enzy-
matic agents used to passage hESCs have been shown to increase the risk of
chromosomal instability [78–79], and hence, chemical and enzymatic passage
methods are being used only sparingly [80]. Thus, mechanical dissection is currently
the best way to maintain the bulk of an hESC line.

hESC lines need to be characterized to determine whether they are pluripotent
[81] by immunocytochemistry or fluorescence-activated cell sorting (FACS) tech-
niques to look for pluripotency markers such as Oct3/4 and Nanog as well as
expression of surface antigens such as SSEA-3, SSEA-4, and/or TRA-1-60,
TRA-1-81. Karyotyping is done to demonstrate chromosomal stability on early,
middle, and late passages. hESCs spontaneously differentiate into all three germ
layers: ectoderm, mesoderm, and endoderm when they are grown in suspension
culture as embryoid bodies, floating aggregates of cells.

HESCs have protected their stem cell features such as pluripotency, immortality,
and proliferation capacity after enhanced culture of 70 passages which is approxi-
mately 250 doublings [82–83]. Studies by Kehat et al. showed that human ESCs
could differentiate into cardiomyocytes spontaneously when cultivated in suspen-
sion [84]. Extrinsic signals as well as basic FGF and transforming growth factor
(TGF) family members are required for the self-renewal of hESCs [85]. The core
pluripotency factors Nanog/Oct4/Sox2 are required for the self-renewal of hESCs,
and modulators of the core transcriptional network are important to maintain self-
renewal and pluripotency of hESCs [85]. The IGF/PI-3K/AKT pathways and the
NF-kB pathway promote and regulate the survival of hESCs, respectively. The
genomic stability of hESCs is maintained by the tumor suppressor p53 gene [85].

Recent studies in the context of hESCs for cell-based therapies have aimed at
improving the vision of patients with Stargardt’s macular dystrophy and dry
age-related macular degeneration [86]. The trials involved the patients’ eyes being
injected with retinal pigmented epithelial cells derived from hESCs. Results showed
that after a period of 22 months, no evidence of rejection, adverse proliferation, or
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serious ocular or systemic safety issues related to the transplanted tissue was
observed [86]. Best-corrected visual acuity, improved in ten eyes, whereas the
untreated eyes did not show similar improvements in visual acuity [86]. However,
several questions still remain regarding immunosuppression dosage and extent of
macular regeneration [86], which needs to be addressed in future studies.

4.2.2 Induced Pluripotent Stem Cells
A major limitation of adult somatic stem cells is that they exist at a very low
frequency in almost all tissues of the body and are usually lineage-restricted to the
subset of cell types from their tissue of origin [64]. However, seminal studies by
Yamanaka and colleagues showed that the somatic cells can be “reprogrammed/
induced” to confer ES cell-like pluripotency by introducing a cocktail of genes
typically Klf4, Sox2, Oct4, and c-Myc [87]. Various types of somatic cells such as
blood, amniotic fluid, bone marrow, fat, liver, brain, pancreas, tooth, skin, umbilical
cord, and stomach have been reprogrammed to pluripotency to generate induced
pluripotent stem cells (iPSC) [64] (Fig. 1.2). Recently, fibroblasts from neonatal
foreskin tissues have been used for the generation of iPSCs. Studies have demon-
strated the creation of iPSCs from human foreskin fibroblasts with the same factors
as hESCs [4]. The concept of cell reprogramming has been applied to direct cell
conversion, such as converting fibroblasts into neural progenitors [88], neurons
[89–91], cartilage [92], hematopoietic progenitors [93], hepatocytes [94–95], and
cardiomyocytes [96] using a combination of transcriptional factors. The
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Fig. 1.2 Schematic representation of the journey of the ES, iPS, and SCNTcell genome. The black
arrows show the journey of the genome in the germ line. Red and green arrows show where iPSCs
and ESCs could acquire genetic alterations, respectively. The semicircle arrows show the self-
renewal/expansion of iPSCs and ESCs. Purple arrow represents the reprogramming after SCNT.
Abbreviations: ESCs embryonic stem cells, iPSCs induced pluripotent stem cells, SCNT somatic
cell nuclear transfer. (Figure reprinted with permission [107])

10 S. Sivaraman et al.



reprogramming was performed by using plasmids, lentiviruses, transposons, adeno-
viruses, and recombinant proteins to transfer candidate genes into somatic cells [97].

Studies by Zhang and colleagues have demonstrated the successful production of
beating cardiomyocytes from hiPSCs [98]. Hayashi and colleagues mimicked whole
eye development and presented a method of creating SEAM (self-formed ectodermal
autonomous multi-zone) of ocular cells [99]. Basically, hiPSCs progressively
formed a primordium spanning the ocular surface ectoderm, lens, neuro-retina, and
retinal pigment epithelium when they were cultivated in differentiation medium [99].

However, studies shows that iPSCs may be significantly different from other
kinds of stem cells because they retain residual DNA methylation patterns similar to
parental somatic cells [97]. Even in syngeneic hosts, aberrant gene expression in
iPSCs may generate an immune response [100]. The developmental potential of
iPSCs are restricted due to the variability in the pluripotency of iPSCs derived from
different cell types as they retain some “cellular memory” [101–102]. However,
there are several reports on deriving parental footprint-free iPSCs [103–105].

Thus, iPSCs are an excellent tool to further our understanding of pluripotency and
differentiation [106]. Equally important is the application of iPSCs to serve as model
systems for investigating diseases at the cellular level, based on derivation from
people with genetic diseases. The discovery of iPSCs was initially heralded as
justification for the elimination of funding and research with hESCs due to the
controversy surrounding perceived destruction of human embryos. Ideally, generic
iPSCs that have been optimally reprogrammed seem indistinguishable from ESCs in
molecular and functional terms. However, in cases when multiple iPSCs are derived
under suboptimal reprogramming conditions and from specific tissue types, epige-
netic variations can influence the use of these cells and represent safety concerns for
clinical applications [106]. Hence, future work should focus on (1) identification of
molecular epigenetic markers that are indicative of the differentiation capacity for
specific lineages and (2) application of high-throughput approaches to develop
robust directed differentiation conditions for iPSCs [106].

4.2.3 Connective Tissue Stem Cells
Stem cells have been isolated from a long list of connective tissues and have been
collectively termed “mesenchymal stem cells” or more recently “mesenchymal
stromal cells” (MSCs), because of their fibroblastic morphology, adherence to tissue
culture plastic, and expression of stem cell surface markers [108]. The isolation of
stem cells from every connective tissue in the body generally fall into three types of
techniques: (1) enzymatic release, (2) explantation, and (3) aspiration and lavage
(bone marrow and bone) [109].

4.2.4 Fetal Stem Cells
Fetal stem cells are obtained from various fetal tissues, including amniotic fluid,
blood, bone marrow, liver, primordial germ cells, as well as extra-embryonic tissues
such as the placenta and umbilical cord (especially Wharton’s jelly) [110]. The use of
fetal stem cells elicits no ethical concerns since their isolation does not put a
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developing fetus at risk [111]. Fetal stem cells can be isolated in large numbers as
extra-embryonic tissues are relatively large and discarded en masse after birth [112].

4.2.5 Amniotic Fluid Progenitor Cells
Amniotic fluid progenitor cells (AFPS) are isolated from amniotic fluid obtained
from amniocentesis at the second trimester of pregnancy [113]. AFPS have been
shown to express common markers, differentiate into all three germ layers, and
preserve their telomere length [114]. Studies by Kaviani and colleagues showed that
2 ml of AF gives up to 20,000 cells with 80% viability [115]. The cells also have
shown a 100% success rate in differentiation into various lineages such as hepato-
cytes, adipocytes, endothelial cells, myocytes, osteocytes, neuronal cells, and renal
cells [114]. Unlike ES cells, AFPS are obtained without destruction of embryos and
are less likely to raise ethical concerns and take less than 24 h to double their
population [116]. AFPS have a low risk of tumorigenesis and do not differentiate
into teratomas [114]. Osteogenically differentiated AFPS were embedded in a
collagen/alginate scaffold and implanted subcutaneously in immunodeficient mice
for 18 weeks in a study by Atala et al. [114]. The receipt mice displayed highly
mineralized tissue and bone-like structures (with a density higher than mouse
femoral bone) [114]. Human AFPS when injected into isolated murine embryonic
kidneys have been shown to integrate into renal tissues [117] or that injection of
AFPS could mediate a protective effect into damaged kidneys of mice with
rhabdomyolysis-related acute tubular necrosis [118].

4.2.6 Urine-Derived Stem Cells
Urine-derived stem cells (UDSCs) are a noninvasive and easy-to-expand cell
resource that has been induced into endodermal, mesodermal, and ectodermal
lineages [119]. UDSCs have been applied in urological tissue engineering including
urethral reconstruction and urinary bladder tissue engineering [120–127].

4.2.7 Hematopoietic Stem Cells
Hematopoietic stem cells (HSCs) can be isolated from multiple sources such as bone
marrow, cord blood, and peripheral blood with bone marrow being the primary site of
HSCs in adult mammals [128]. HSCs can produce approximately 500 billion cells per
day in the bone marrow niche [129]. Three-dimensional (3D) cultures of HSCs have
been reported to increase the expansion of HSCs in vitro as cells are arranged in a 3D
structure in the HSC niche [130–135]. Some of these studies have included with
capillaries of endothelial cells, in porous biomatrix Cellfoam, culturing of HSCs on
collagen beads, on tantalum-coated porous biomaterial, in porous hydroxyapatite disks,
on silk fiber matrices, on porous bovine collagen microspheres, on collagen-coated
porous polyvinyl formal resin, and on 3D bone marrow spheroids [128, 131–132,
134–137].

HSC fate is regulated by several highly orchestrated pathways that determine the
cell cycle status and gene expression profile [128]. The genes involved in HSC self-
renewal are MPL, HOXB4, WNT proteins, p18, Notch-1, Sonic hedgehog, AML1,
GATA2, STAT5, and p21 [138]. Apart from CD34, the most positive identifier of
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human HSCs; HSCs can be enriched on the basis of CD49f [139], Thy1 (CD90)
[140–141], CD45RA [142], and CD38 [143] expression. The stem cell activity of
HSCs is detected by a variety of in vitro and in vivo assays, such as long-term culture
initiation assay (LT-IC), cobblestone area formation assay (CAFC), colony-
formation unit (CFU) assay, and competitive repopulating unit (CRU) assay, that
measure proliferation of cells and their differentiation potential [128].

5 Review and Analysis of Key Research Findings

5.1 Nanoparticles for Stem Cell-Based Tissue Engineering

In the natural milieu, cells are surrounded by a highly complex and dynamic
extracellular microenvironment constantly providing various biophysical and bio-
chemical cues to the cells. It is the integrated response from the microenvironment
including matrix-mediated signals, various growth factors, cytokines, and cell-cell
interactions that modulates the final phenotypic expressions and functions of the
stem cells [144]. The ultimate goal of the stem cell engineering is to replace the
damage or derive the functionality of the biological system which have been lost due
to any disease manifestations. However, the functionality to be achieved mostly
relies on the bioactive scaffolds that provide the physical and chemical cues to the
cells and guide their differentiation proliferation and assembly.

To construct a suitable and specific scaffold for explicit function is still a
challenging task. Nanotechnology is bringing a new hope to the stem cell research
and development. Because of the unique size-, shape-, and composition-dependent
properties, NPs can be used to design and construct complex functional nano-
structures. Such functional materials can be custom-made to exhibit significantly
improved physical, chemical, and biological properties relevant to a particular
condition. With tailored properties of nanomaterials, the integrated response of
the cells with its surrounding environment can be better controlled. It has been
found that morphological and mechanical properties of the matrix such as rigidity,
strain, shear stress, topography, and geometrical and spatial patterns have remark-
able effect on the growth, differentiation, and fate of the stem cells [145]. In this
case, nanomaterials can effectively be used to modulate the morphological and
mechanical properties of the respective matrices for tailored functions. Nanotech-
nology not only provides platform for effective and selective growth and differ-
entiation of various stem cell types, but can also be used as non-invasive tracking
or imaging system. The distribution, location, and persistence time of the trans-
planted cells can easily be evaluated with different kind of NP materials. While
these are few examples, many other functionalities and properties can be obtained
with different combinations of NPs (Fig. 1.3). The intimate combination of differ-
ent nanoparticles in collaboration with synthetic or natural materials, biomole-
cules, or alone will ultimately lead to major advances in prevention, diagnosis, and
treatment of diseases.
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This section will provide insight into some of the widely used nanotechnological
platforms in stem cell/tissue engineering. Each section gives a unique opportunity of
gaining basic and clear understanding about various NPs, their developments, and
use into stem cell/tissue engineering.

5.1.1 Graphene
Graphene is a two-dimensional (2D) sheet-like nanostructure made up of sp2-bonded
carbon atoms. The carbon atoms are arranged in a honeycomb-like lattice [146]. The
carbon atoms in graphene lattice are joined together by three σ and one out-of-plane
π-bond [147]. Graphene can be single, double, or multilayer based on the layers of the
carbon sheets. Single-layer graphene (SG) consists of one layer of carbon sheet; double
or bilayer layer consists of two layers of carbon sheets; whereas multilayer consists of
few layers of carbon sheets (layers 10 or less in number) [148]. Graphene can be
synthesized by many physical and chemical methods. The synthesis methods are
micromechanical or chemical exfoliation of graphite, epitaxial growth on an insulator
surface, solvothermal process, sonication, chemical vapor deposition (CVD), arc dis-
charge of graphite, and unzipping of carbon nanotubes [149–150]. Various interesting
physicochemical properties such as high specific surface area, high intrinsic mobility,
high mechanical stiffness, high optical transmittance, as well as high thermal and
electrical conductivity [151–152] are carried by graphene. These properties make
graphene a very attractive material toward numerous applications such as electronics,
sensors, high-end composite materials, transparent conducting films, energy generation
and storage, and catalysis [153–154].

Technically, pristine graphene is hydrophobic and inert to various chemical
reactions. On oxidation (with a mineral acid, ozone, or potassium permanganate),
graphene can become oxygen-rich by acquiring chemical functionalities (Fig. 1.4)
such as hydroxyl, carboxyl, carbonyl, and epoxides [157]. This oxygen-rich
graphene is called as graphene oxide (GO). GO is hydrophilic and contains both
sp2- and sp3-hybridized carbon atoms which further enlarge the scope of introducing
chemical functionalities on its surface [158].
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The flexibility of surface modification with various chemical functionality and
hydrophilicity provides GO a multipurpose platform for different biomedical applica-
tions (Fig. 1.5). GO has shown encouraging potential in drug delivery, gene therapy,
cancer therapy, biosensing, bioimaging, antibacterial materials, protein or biomolecule
binding, and biocompatible scaffold for tissue and stem cell engineering [159–160]. Spe-
cially in the field of tissue and stem cell engineering, graphene and its chemically
modified derivatives look promising. They can easily be attached with different bio-
molecules to tailor mechanical, physical, and electrical properties for customized
applications.

The vital source of tissue engineering or regenerative medicine is stem cells, with
applications requiring strict control over the cellular microenvironment. The physical
and chemical properties of the materials profoundly affect the microenvironment of the
surrounding and the cells, thus affecting overall differentiation, growth, and final fate of
the cells [161]. To efficiently utilize the potential of stem cells, precise control over the
biochemical and physical micro-environmental cues can be obtained with graphene due
to its tenable physicochemical properties [162]. Graphene and graphene oxide can be

Pristine graphene
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Fig. 1.4 Oxidation of pristine graphene. (Figure adopted and modified with permission from Fang
et al. and Geim et al. [155–156])
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Fig. 1.5 Biomedical applications of graphene. (Adopted from Shen et al. [160], and printed under
the terms of the Creative Commons Attribution (CC BY-NC) License [http://ivyspring.com/terms])
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used as preconcentration platform for the development and differentiation of stem cells
toward different tissue lineages through molecular interactions with specific growth and
differentiation factors [163]. Graphene was used as preconcentration platform for
dexamethasone and β-glycerolphosphate for osteogenic differentiation, whereas GO
can induce adipogenic differentiation of bone marrow-derived mesenchymal stem cells
due to high affinity toward insulin [163]. Graphene alone or its conjugated materials can
also be used for selectively guiding stem cell differentiation without any need of external
differentiation inducers. For example, graphene was found to be an excellent substrate
for long-term cell-adhesion and differentiation of human neural stem cells (hNSCs)
toward neuronal growth rather than glial cells [164]. Graphene and polycaprolactone
(PCL) hybrid scaffolds were found to offer instructive physical cues to neural stem cells
for selective differentiation into mature oligodendrocytes without adding any differen-
tiation inducers in the culture medium [165].

5.1.2 Carbon Nanotubes
Carbon nanotubes (CNTs) are hollow cylindrical molecules made up of a hexagonal
lattice of carbon atoms similar to the structure of graphite or graphene [166]. If we
roll a graphene sheet, a cylindrical tube-like shape can be crafted which will mimic
CNTs. The tube ends of the CNTs can be closed or open. The carbon atoms in CNTs
are joined together with sp2 bonds and have perfect hexagonal lattice except at the
end [168]. CNTs can be single walled (SWNTs), or multi walled; (MWNTs)
depending upon the number of graphene sheets involved in rolling (Fig. 1.6). If a
single graphene sheet is rolled into a tube, it forms SWNTs; however, if multiple
graphene sheets are rolled together concentrically, they will form MWNTs. Length
of SWNTs can be from 100 to few microns and width from 0.5 to >3 nm wherein
MWNTs shows a wider range of diameters (2–100 nm) due to multilayer composi-
tion [169–170]. Aspect ratios of CNTs are large due to the huge difference between
width and length ratio. CNTs can be synthesized using various methods such as

Fig. 1.6 Schematic presentation of (a) single-walled and (b) multi-walled carbon nanotube.
(Adopted and modified with permission from Alshehri et al. [167] Copyright (2016) American
Chemical Society)
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electric arc discharge, laser vaporization, chemical vapor deposition, pyrolysis of
hydrocarbons, and decomposition of CO, and metal carbides [171–172].

Due to rolled tubular structure, CNTs show unique physicochemical properties
such as high tensile strength, high Young’s modulus, high surface area per unit
weight, high electrical and thermal conductivity, and unique optical properties
[173–174]. Most of the physicochemical properties of CNTs are governed by their
aspect ratio and the chirality or the twist of the carbon tubes [175]. By nature, pristine
CNTs are hydrophobic but can be suitably functionalized with various chemical
groups to suit particular applications. These features make CNTs impressive for
various biomedical applications. Some of the major applications comprise but not
limited to designing of biosensors, bioimaging, targeted drug and gene delivery,
photothermal therapy, photoacoustic therapy, tumor or cancer therapy, and source of
extracellular matrix for tissue engineering and regenerative medicine [176].

In the context of tissue engineering, the unique mechanical, optical, and surface
modification properties of CNTs have shown lots of promising results. The mechan-
ical property of CNTs can be used for reinforcing the mechanical properties of the
conjugated materials. CNTs are mixed with various natural or synthetic polymers
(polylactic-co-glycolic acid; PGLA, polylactic acid; PLA, silk, and chitosan) to
improve the mechanic strength of synthetic tissue scaffolds [177]. Surface modifi-
cation, electrical conductivity, and alignment pattern of CNTs can be used for
controlling the release and transport of different growth factors for simulated cell
growth and differentiation. For example, the silk-CNT hybrid scaffold was used as
3D matrices for differentiation of hESCs into neuronal lineage [178]. This offers a
great hope and opportunity for the repairing of damaged nerves (Fig. 1.7).

A highly biocompatible and multifunctional SWNT-PLGA composite was pre-
pared and found to be promising in providing support and electrical stimulation to
human neural stem cells (hNSCs) obtained from iPSCs for its neural differentiation
and maturation [179]. MWNTs functionalized with fibroblast growth factor (FGF)
were studied for the bone augmentation in vitro and in vivo. The FGF conjugated
MWNTs enhanced the proliferation of rat bone marrow stromal cells (RBMSCs). In
addition, after 14 days of implantation of FGF-CNT-coated sponges (between the
parietal bone and the periosteum of rats), larger amount of newly formed bone was
observed [180]. Functional cardiac patches with excellent mechanical integrity and
advanced electrophysiological functions were successfully prepared by seeding
neonatal rat cardiomyocytes onto CNT-gelatin methacrylate (GelMA) hydrogels
[181]. As compared to myocardial tissues obtained from pristine GelMA hydrogels,
myocardial tissues cultured on 50-μm-thick CNT-GelMA exhibited three times
higher spontaneous synchronous beating rates and 85% lower excitation threshold.
This shows CNTs composites could be a good choice for making multifunctional
cardiac scaffolds for therapeutic use.

SWNTs also show very good optical activity in the near-infrared (NIR) region of
electromagnetic radiation [182–183]. This means SWNTs can be used for high
contrast detection of biomolecules or tracking the cells against biological optical
interferences [184]. SWNTs also show unique Raman activity [185]. Since Raman
activity lacks photo-bleaching and can avoid interference from background
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autofluorescence from the biological system, SWNTs can be used for long-term
imaging, tracking of differentiation processes, and abnormalities in different stem
cell types [186]. For instance, SWNTs-PEG-PRO were used for imaging the hMSCs
in living mice using Raman, photoacoustic, and magnetic resonance imaging tech-
niques [187]. In vivo experiments with Deutschland, Denken, and Yoken mice
(general purpose mice) provided evidence of induction of ectopic bone formation
in the dorsal musculature [188]. The in vitro study with MWNTs, chitosan, and
hydroxyapatite composite showed doubled cell proliferation of human osteosarcoma
(MG-63) cells [189].

5.1.3 Cellulose Nanocrystals
Cellulose nanocrystals (CNCs) are whisker- or rod-shaped, crystalline nanoparticles
extracted from the cellulosic elementary fibrils. The cellulosic elementary fibrils
have highly ordered crystalline and amorphous regions (Fig. 1.8). The amorphous
regions can be broken down by applying various mechanical, chemical, or enzy-
matic processes [190]. The remaining crystalline region is called CNCs. Cellulosic
elementary fibrils could be obtained from various renewable natural sources such as
algae, fungi, plants, bacteria, and even animals [191]. Depending upon the sources,
origin, maturity, extraction process, CNCs with variable structural and geometric
dimensions such as length, width, and aspect ratio can be obtained [192]. Typically
average length, width, and aspect ratio of CNCs vary from few nm to several μm (L),
3–50 nm (W) and 10–70 nm (L/W), respectively [193].

As a nanomaterial, CNCs exhibit unique physicochemical properties. It has an
impressive very high surface to volume ratio and mechanical properties similar to
Kevlar [194]. CNCs barrier, rheological, hydrophilicity, unique self-assembly, and
chiral nematic properties makes it a versatile material for different applications
[195]. Because of glucosic origin of the structure, CNCs have abundant hydroxyl
groups. Also, depending upon the synthesis procedures, CNCs can acquire negative
charges from sulfate esters or carboxyl groups [196]. The abundant hydroxyl groups
and high surface area provide an excellent combination for surface modification of

Fig. 1.7 Neuronal marker b-tubulin III expression of hESC during its differentiation into neuron
cells on different scaffolds. Poly-L-ornithine; (a) exhibiting long two-dimensional axonal develop-
ments with lower density, silk; (b) exhibiting some cell migration along with negligible axonal
projections, and silk-CNT scaffolds; (c) demonstrating 3D axonal elongation as well as cell
migration. Scale bar, 200 μm. (Adopted and modified from Chen et al. [178]. This figure is used
under the terms of the Creative Commons Attribution License [http://creativecommons.org/
licenses/by/2.0])
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CNCs with different chemical functional groups [197]. The ample opportunities of
modifying the surface with different chemical compositions can be harvested for
tailoring the properties of CNCs for arbitrary functions. Green source, carbon-
neutrality, biodegradability, biocompatibility, and non-toxic nature, make CNCs
promising nanomaterials for many useful applications. Catalysis, antimicrobial
activity, biosensors, bio-photonics, drug delivery, wound healing, tissue engineering,
nanocomposite films, and bio-imaging are some of the leading applications, but
there could be many more [198–200], particular, in case of tissue or stem cell
(autologous or allogeneic) engineering, where the microcellular environment greatly
influences the cell behaviour, fate, differentiation, and proliferation [201]. The
physicochemical properties of CNCs can be utilized for modulating the cellular
microenvironments and fabrication of bioactive 3D scaffolds similar to the tissue-
specific natural extracellular matrix (ECM) [198]. This will help in guiding various
types of cells attachment, migration, differentiation, and proliferation.

In an experiment with human adipose mesenchymal stem cells (hASCs), it was
observed that when hASCs were administered on glutaraldehyde cross-linked nano-
fibrillated cellulose (NFC-X), the cells adhered, migrated, and proliferated very well
without showing toxicity [202]. The hASC attached on NFC-X retained their
bioactivity, morphology, and undifferentiated state even after intradermal suturing.
Injectable hydrogels are believed to be very useful in tissue engineering; however,
weak mechanical strength has limited its applications. CNCs can be used for
fabrication of different types of hydrogels with modified mechanical strength,
gelation rate, swelling kinetics, and stability [203]. A new class of injectable
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Fig. 1.8 Schematic showing structural and hierarchical arrangement of cellulose chain leading to
the formation of CNCs. (Adopted and modified from Sinha et al. [200]. This figure is reprinted
under the terms of the Creative Commons Attribution Non-Commercial License [http://
creativecommons.org/licenses/by-nc/3.0/])

1 Nanotechnology-Based Stem Cell Tissue Engineering with a Focus on. . . 19

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


hydrogel composed of adipic acid dihydrazide-modified hyaluronic acid
(HA) (ADH-HA), aldehyde-modified HA (a-HA), and aldehyde-modified CNCs
(a-CNCs) was developed. Incorporation of a-CNCs increased the stiffness, and
organized and compacted the network structure of the hydrogel. In vitro culture
conditions, HA-CNCs nanocomposite hydrogels exhibited preferential cell support
toward hASCs and increased its proliferative activity. It was believed to be due to
higher structural integrity provided by CNCs and potential interaction of microen-
vironmental cues with CNC’s sulfate groups [204]. A biocompatible 3D scaffold in
situ was fabricated using nanofibrillar cellulose (NFC) hydrogels that helped in the
differentiation of human hepatic cell lines HepaRG and HepG2 even in the absence
of any external growth factors [205]. For the long-term release of growth factors in
angiogenic applications, CNC and its conjugated structures can effectively be used.
For example, gelatin microspheres (GMs) containing basic fibroblast growth factor
(bFGF) can be incorporated into a porous collagen/cellulose nanocrystals (CNCs)
scaffold [206], and used to augment cell proliferation of human umbilical vein
endothelial cells. In vivo experiments using Sprague-Dawley rats has shown that
the collagen/CNCs/bFGF-GMs scaffolds produced an expressively larger number of
new and matured blood vessels. Recently, using high internal phase emulsion
(HIPE) as a template, macroporous hybrid hydrogels were prepared using CNCs
and 2-ureido-4[1H]-pyrimidone (UPy). The hybrid hydrogel exhibited excellent
cytocompatibility and cell adhesion toward mouse bone mesenchymal stem cells
(mBMSC) [207]. All these examples show that CNC can open a versatile generic
platform for creating high-performance active biological scaffolds for tissue engi-
neering and stem cell applications. This will pave a way toward the realization of
creating artificial tissues or organs, such as nerve tissues, blood vessel, bones, skin,
and many more.

5.1.4 Gold Nanoparticles
The attractive physicochemical properties of gold nanoparticles (AuNPs) have created
remarkable interest in harvesting its potential for developing various functional nano-
materials. AuNPs have unique electronic, optical, and thermal properties mainly
derived from its nanosize regime. Because of quantum size effect, AuNPs show
interesting light scattering and localized surface plasma resonance (LSPR/SPR)
phenomenon [208]. The physical origin of the LSPR in AuNPs is the interaction
between conduction band electrons and the electromagnetic field. LSPR is an optical
phenomenon caused when the incident photon frequency is in resonance with the
collective oscillation of the conduction band electrons [209]. During this phenomenon,
some of the incident photons are scattered and some of them cause vibrations of the
lattice or transformed into phonons referred to as absorption [210]. The relative
scattering and LSPR characteristics of AuNPs are greatly influenced by the shape,
sizes, composition, core charge, surface ligand, dielectric property of surrounding, and
the proximity of the other nanoparticles [208–209, 211], implying that the properties
of AuNPs can be tuned for custom-made applications. LSPR phenomenon seizes to
operate when the size of the AuNPs are either very small (d< 2 nm) or comparable to
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bulk size [212–213]. With the increase in size, the LSPR is red shifted (red to purple)
due to increased plasmonic coupling between the particles.

As the AuNPs becomes nonspherical, the surface plasmon resonance (SPR) band
splits into two (Fig. 1.9) (i) a strong longitudinal band in visible-NIR region due to
plasmonic oscillations along the long axis, (ii) and a transverse band in the visible
wavelength of light due to plasmonic oscillation along the short axis [214]. Spherical
AuNPs only show transverse LSPR and is dependent on the overall diameter of the
particles. As the diameter increases, the transverse LSPR red shifts with broadening
of the wavelength peak. The longitudinal LSPR depends mainly upon the aspect
ratio of the AuNPs (length to width ratio). When the aspect ratio is increased, the
longitudinal LSPR red-shifts from the visible to the NIR wavelength [215]. AuNPs
of different shape (shell, cubes, and cages) and size can be synthesized by various
methods such as Turkevich, Brust-Schiffrin, pulse radiolysis, seed-mediated, micel-
lar, microbial, and many more [216]. For nanoshells, hollow nanocages and nano-
cubes visible-NIR LSPR can be tuned by modifying the shell thickness, wall
thickness, void sizes, or the ratio of the core/shell radius [208, 217]. Other properties
such as redox activity, high surface area to volume ratio, surface-enhanced Raman
scattering (SERS), fluorescence quenching, photothermal effect, biocompatibility,
and freedom of modifying surface with different molecules provide suitable platform
for various state of art applications [58, 214, 218].

Due to biocompatibility, AuNPs have been a leading choice to explore its
potential in the field of biosensors, bioimaging, catalysis, photothermal therapy,
photoacoustic, immunoassay, single particle tracking, targeted drug, gene delivery,
and many more applications [58, 218–219]. For example, SERS property of AuNPs
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Fig. 1.9 Tunable SPR of gold nanorods. Gold nanorods of different aspect ratios (AR); (a)
different color; and (b) different longitudinal and transverse SPR wavelength (c). (Adopted and
modified with permission from Huang and El-Sayed [214])
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has been used to investigate the differentiation of mouse embryonic stem cells
(mESC), including undifferentiated single cells, embryoid bodies (EBs), and termi-
nally differentiated cardiomyocytes [220]. The study showed AuNPs can easily be
administered into the cells without affecting cell viability or proliferation and used as
fast and noninvasive molecular profiling technique for ES cell differentiation.
AuNPs functionalized with polyethylene glycol can enhance MSCs migration,
scaffold colonization, and regeneration. Internalized AuNPs by MSCs caused an
increase in actin and tubulin protein expression, fibrin colonization, and osteoblastic
differentiation [221].

Gold nanorods and spheres have also been used for in vivo tracking of theMSCs and
macrophages activity using photoacoustic technique [222]. AuNPs and MSCs conju-
gates can also be used for targeting and killing of tumor cells. Intravenous administration
of pH-sensitive gold nanoparticles (PSAuNPs) tagged with MSCs showed increased
tumor targeting and heat generation, resulting in enhanced anticancer activity
[223]. AuNPs can also promote and guide the differentiation of MSCs. In a study, it
was found that AuNPs selectively enhanced the differentiation of MSCs toward osteo-
blast cells over adipocyte cells [224]. AuNPs were increasing the osteogenic transcrip-
tional profile and decreasing the adipogenic transcriptional profile to achieve the
selective differentiation. AuNPs-decellularized matrix hybrids were found to be very
effective in cardiac tissue engineering. Hybrid scaffolds showed superior functions with
respect to contraction forces, lower excitation threshold, and faster calcium transients
than the pristine patches. The cardiac cells grown within the hybrid scaffolds showed
lengthened and aligned morphology, substantial striation, and orderly connexin 43 elec-
trical coupling proteins [224]. AuNPs can also be used for site-specific delivery of
different growth factors. AuNPs-conjugated vascular endothelial growth factor (VEGF)
was used for transdermal transport of VEGF, which could penetrate the skin barrier and
allow VEGF to exert its biological activity subcutaneously, an important step toward
wound repair or healing process [224].

5.1.5 Superparamagnetic Iron Oxide Nanoparticles
Superparamagnetic iron oxide nanoparticles (SPIOs) are nanosize iron-oxide particles.
They exhibit interesting superparamagnetic property. Superparamagnetism is the phe-
nomena of small crystallites (1–10 nm) wherein thermal energy changes the direction of
magnetization of the entire crystallite even if the temperature is below the Curie or Neel
temperature [225]. This causes the net average magnetic field to zero. These materials
are similar to paramagnetic materials but with some differences. In superparamagnetic
materials, instead of each discrete atomic magnetic dipoles being individually influenced
by an external magnetic field, the magnetic moment of the whole crystallite tends to
align with the direction of the external magnetic field [226]. SPIOs can be synthesized
using various methods such as coprecipitation, microemulsions, sonochemical, or
thermal decomposition of iron pentacarbonyl, reduction of iron salts, and oxides
[227]. The SPIOs particles consist of two parts (i) iron-oxide core (magnetite,
maghemite or hermatite) and hydrophilic coating [228]. The hydrophilic coating is
achieved by providing a layer of synthetic or natural polymers (such as chitosan,
dextran, gelatin, polyethylene-co-vinyl acetate, polyvinylpyrrolidone, polylactic-co-
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glycolic acid, and polyethyleneglycol) [226, 229]. Due to the superparamagnetic behav-
ior, SPIOs provide a unique multifunctional platform for modern functional nano-
materials. They can be remotely and non-invasively used as imaging probes, carrier
molecules, theranostics, enriching scarce molecules, smart actuators, and mechanical or
heat stimuli for modulating different cellular functions [230]. In stem cell or tissue
engineering, most of the applications are related to targeted delivery, imaging, separa-
tion, and scaffold development.

The hybrid magnetic scaffold can be developed for external magnetic field guided
in vivo applications of growth factors, stem cells, gene delivery, and other bio-
molecules [230] (Fig. 1.10). A multifunctional magnetic nanoparticle was fabricated
using polyethylenimine (PEI) and oxidized PEI/alginic acid; this hybrid system was
found to be very effective in gene delivery to NSCs [231]. After transfection, real-
time cell tracking of intracellular particles was carried out using magnetic resonance
imaging (MRI). SPIOs derivatized with HIV-Tat can be internalized into hemato-
poietic and neural progenitor cells [232]. Following intravenous injection cells can
easily be tracked and detected by MRI. Furthermore, magnetically labeled cells
could be recovered by magnetic separation techniques. In another experiment,
SPIOs tagged with specific monoclonal antibodies were used for separation of
CD105+ and CD73+ mesenchymal stem cells from synthetic cell suspension com-
prising peripheral blood, human bone marrow cells, and fibroblastic cells [233]. The
synergetic effect of magnetic nanoparticle hybrid scaffolds and magnetic field could
be a promising tool for simulated tissue engineering. Polycaprolactone-magnetic
nanoparticles conjugate system, when treated with the external static magnetic field,
influenced the osteoblastic differentiation of primary mouse calvarium
osteoblasts. Expression of bone-associated genes (Runx2 and Osterix), alkaline
phosphatase activity, integrin signaling pathways, bone morphogenetic protein-2,
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Fig. 1.10 Schematic showing applications of magnetic nanoparticles. (Adopted with permission
from Angelakeris [230])
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phosphorylation, and angiogenic responses of endothelial was found to be modu-
lated [234]. Using magnetic particles and MSCs, 3D tissue can be constructed
without using scaffolds. In a novel study, MSCs labeled with magnetite cationic
liposomes were used to create a multilayered sheet-like structure. MSCs in the sheets
preserved its ability to differentiate into osteoblasts, adipocytes, or chondrocytes.
When the MSC sheets were transplanted into the bone defected in the crania of nude
rat, new bone surrounded by osteoblast-like cells was formed after days of trans-
plantation [235]. Polymeric nanofiber and SPIOs hybrids can also be used for cell
differentiation and growth. In an experiment, poly-ε-caprolactone nanofibers and
magnetic particles hybrid system was found to be enhancing cellular adhesion and
proliferation of MSCs for osteogenic differentiation [231].

5.1.6 Quantum Dots
Quantum dots (QDs) are luminescent semiconductor nanomaterials. These nano-
materials are composed of 100–100,000 atoms per nanoparticle with an average
diameter in the range of 2–20 nm [236–237]. Normally, QDs are binary systems
made up of a core of semiconductor, surrounded by a shell of a different semiconductor
material [236]. This shell is further coated with capping molecules to provide hydro-
philicity and stability in the aqueous environment [238]. QDs can be synthesized by
various methods such as hydrothermal, microwave, refluxing, micellar, and high-
temperature colloidal synthesis process using group II (Zn, Cd, Hg)-VI (Se, S, and
Te), III-V and IV-VI or mixture of group I-III-VI elements of the periodic table
[239–240]. Due to nanometer size, QDs possess unique optical property arising from
interactions between holes, electrons, and their surrounding environments [241]. Some
of the interesting and unique properties of QDs are (i) size, shape, and composition-
dependent narrow Gaussian emission bands, which can be tuned from blue to NIR
region of the electromagnetic spectrum by varying the size and composition (Fig. 1.11);
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Fig. 1.11 Illustrative emission spectra of different QDs. Fluorescent color (a) and narrow emission
spectra (b). (Adopted and modified with permission from Zrazhevskjy et al. [243])
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(ii) high quantum yields of luminescence and molar extinction coefficients; (iii) high
thermal and photostability; and (iv) luminescence blinking or intermittency [238–239,
241]. Unique tunable fluorescent properties of QDs make them a promising material for
various biomedical applications including but not limited to multispectral imaging of
cells, tissues, organs, biomolecules, photoinduced therapy, immunohistochemistry, real-
time targeting, tracking, gene therapy, and biosensing [241–243].

In tissue and stem cell engineering, QDs used for tagging, tracking, and imaging of
biomolecules or cells are advantageous in many senses. For example, long-term labeling
of stem cells during self-replication and differentiation will help in understanding the
fate and mechanism of tissue regeneration. The biological or biochemical phenomenon
at the molecular or cellular level can be properly understood and elucidated. This can
lead to the correct and optimized selection of a methodology for a personalized
application. For example, QDs have been used for labeling hMSCs and remained active
for 22 days [244]. Even after differentiation into chondrogenic, osteogenic, and
adipogenic cells, QDs continued to exist in differentiated cells. This can be exploited
in understanding the fate of the proliferated and differentiated stem cells under different
conditions. In a study, hMSCs were found to be uniformly and completely loaded with
QDs. QD-loaded cells can be distinctly imaged in histologic sections even after 8 weeks
of delivery. Other important observations such as no negative effect on differentiation of
hMSCs in vivo, no transfer of QDs to adjacent cells, and ability of being transfected to
overexpress genes even after QDs treatment were also concluded [245]. Quantum dots
were used to label orbital fat-derived stem cells (OFSCs) for determining their fate of
differentiation toward corneal epithelial cells [246]. After 5 days of culture, expression
of epithelial specific antigen can be seen for QD-labeled OFSCs. The fate of the stem
cells, its proliferation, and differentiation profile can easily be imaged using different
fluorescent modalities like light/confocal/two-photon microscopy. The tissue distribu-
tion of MSCs labeled with CdSe/ZnS (tagged and capped with Tat peptide and PEG)
was visualized using fluorescence microscopy [247]. After subcutaneous administration
of QDs tagged murine embryonic stem (ES) cells into mice, it was imaged using flow
cytometry and fluorescent microscopy. QDs did not show negative effect on the cell
viability, proliferation, and differentiation [248]. QDs tagged with adipose tissue-derived
stem cells (ASCs) using the octa-arginine peptide (R8) cell-penetrating peptide (CPP)
were found to be actively differentiating into adipogenic and osteogenic cells. The
labeled ASCs were tracked using the Maestro in vivo imaging system after subcutane-
ous transplantation into the mice [249]. Undoubtedly, QDs tagging seems to be prom-
ising in identifying and imaging the fate of different biomolecules in both in vivo and
ex vivo. However, its cytotoxicity and biocompatibility need more careful and system-
atic evaluation.

5.2 Tissue Engineering Constructs and Scaffolds for Regenerative
Nanomaterial Applications

Micro- and nanoscale technologies are emerging as powerful enabling tools for tissue
engineering and drug discovery. In tissue engineering, micro- and nanotechnologies
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can be used to fabricate biomimetic scaffolds with increased complexity and vascu-
larization. Furthermore, these technologies can be used to control the cellular micro-
environment (i.e., cell–cell, cell–matrix, and cell–soluble factor interactions) in a
reproducible manner and with high temporal and spatial resolution [250]. Tissue
engineering approach is one of the key approaches for the treatment of damaged
tissues and organs without limitations of the conventional therapies including techni-
cal, economic, and social obstacles. Artificial three-dimensional (3D) implantable
nanomaterials composed of specific cells are employed to generate new tissues with
natural histology and functions [251]. Therefore, this chapter treats the convergence of
research at the interface of nanostructured bio-nanomaterials and tissue engineering for
emerging biological technologies such as scaffolding/nano-platforms and tissue regen-
eration based on recent developments in the field of micro- and nanoscale
technologies.

5.2.1 Nanostructured Tissue Engineering Constructs and Scaffolds
for Bone Tissue Engineering

The use of nanostructured biomaterials in bone regeneration is an important issue. It
is of great interest to develop biomimetic nanostructured scaffolds to mimic native
bone [252]. Several researches showed that nano-CaP biomaterials exhibited phys-
icochemical and biological characteristics better than conventional-sized CaPs, due
to nano-CaPs being more similar to bone nanocrystals [253]. The fibers of the ECM
and basement membrane (10–300 nm in diameter), their interconnecting nanopores,
and hydroxyapatite crystals (4 nm) found in natural bone typically have nanoscaled
dimensions (Fig. 1.12) [254].

5.2.2 Biomimetic Efforts in Bone Tissue Engineering
Bone is a remarkable organ playing key roles in critical functions in human phys-
iology including protection, movement, and support of other critical organs, blood
production, mineral storage and homeostasis, blood pH regulation, multiple progen-
itor cell (mesenchymal, hematopoietic) housing, and others [256]. Bone defects such
as osteogenesis imperfecta, osteoarthritis, osteomyelitis, and osteoporosis represent
a medical and socioeconomic challenge [257]. Different types of bone tissue engi-
neering research are raising interest. The traditional biological methods of bone-
defect management include autografting and allografting cancellous bone, applying
vascularized grafts of the fibula and iliac crest, and using other bone transport
techniques [258].

Bone scaffolds are typically made of porous degradable materials that provide the
mechanical support during repair and regeneration of damaged or diseased bone
[259]. Promising results have already been obtained with this approach, not only for
bone tissue, but also for other organs and tissues [260]. One common approach is to
isolate specific cells through a small biopsy from a patient to grow them on a three-
dimensional (3D) scaffold under controlled culture conditions [261]. Subsequently,
the construct is delivered to the desired site in the patient’s body with the aim to
direct new tissue formation into the scaffold that can be degraded over time [260,
262–263]. 3D internal geometry, similar to bone morphology, and the retention of
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mechanical properties after implantation are required for scaffolds in order to
maintain a tissue space of prescribed size and shape for tissue formation [264]. In
the case of ceramic scaffolds, a macroporosity of 200–400 μm is needed to promote
bone cell attachment, and a microporosity of less than 10 μm should promote ion and
liquid diffusion [265]. Especially, Keaveney and Hayes reported that cancellous
bone ranged in compressive modulus from 10 to 2,000 MPa [266]. In contrast to
most man-made sandwich cores, trabecular bone has an optimized structural anisot-
ropy due to the trabecular orientation along the principal stress trajectories
[267–268]. On a nanometer scale bone is a composite consisting of 20–30% collagen
fibers, about 1% of other proteinaceous material bonding about 70% of calcium
phosphate in the form of hydroxyapatite which provides stiffness and strength
[269]. As materials applied in bone grafting as well as guided tissue regeneration,
highly porous microstructures with an interconnected, communicating network and
a large surface area are desirable [270].

The scaffolds for bone tissue engineering should be fabricated from a biocom-
patible polymer, which does not have the potential to elicit an immunological or
foreign body reaction [271]. One of the requirements is that the degradation products
of scaffold should not be toxic and must be easily excreted by metabolic pathways.
Polymers can serve as a matrix to support cell growth by having various properties
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Fig. 1.12 (a) Hierarchical organization of bone over different length scales. The microstructure
and nanostructure of bone and the nanostructured material used in bone regeneration [254]. (b) At
the macroscopic level, bone consists of a dense shell of cortical bone with porous cancellous bone at
both ends. (c) Repeating osteon units within cortical bone. In the osteons, 20–30 concentric layers
of collagen fibers, called lamellae, are arranged at 906 surrounding the central canal, which contain
blood vessels and nerves. (d) Collagen fibers (100–2 000 nm) are composed of collagen fibrils. The
tertiary structure of collagen fibrils includes a 67 nm periodicity and 40 nm gaps between collagen
molecules. The hydroxyapatite (HA) crystals are embedded in these gaps between collagen
molecules and increase the rigidity of the bone. Nanostructures with features of nanopattern (e),
nanofibers (f), nanotubers (g), nanopores (h), nanospheres (i), and nanocomposites (j) with struc-
tural components with a feature size in the nanoscale [255]
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such as biocompatibility, biodegradability, porosity, charge, mechanical strength,
and hydrophobicity [272]. Polymers can be easily modified and altered by changing
the constituents of monomers, controlling polymerization conditions, or introducing
functional groups to the polymers [273]. The poly-α-hydroxy-esters, namely poly-
lactic acid (PLA), polyglycolic acid (PGA) and copolymers, poly(lactide-co-
glycolide) (PLAGA), approved by the FDA for use in a number of applications
have been widely investigated for tissue engineering applications [274]. High-
molecular-weight poly(L-lactide) have been successfully investigated on the
in vivo and in vitro degradation for bone fixation pins [275]. The composite sintered
with poly-DL-lactide (PDLLA) and tricalcium phosphate (TCP) ceramic particles
healed the fractured bone and fixed on the fracture area during the implanted period,
which provided a breeding environment for normal bone remodeling [276].
Hydroxyapatite/chitosan–gelatin network (HAp/CS-Gel) composite scaffold indi-
cated that osteoblasts become securely attached to the material surfaces, express their
functions, and maintain a good proliferation trend in the HAp/CS-Gel composite
scaffolds [277]. Nano-HA/collagen/PLA composite scaffold has promise for the
clinical repair of large bone defects according to the showing some features of
natural bone both in main composition and hierarchy microstructure [278]. Recently,
natural polymer-based composites such as polysaccharides (starch, alginate, chitin/
chitosan, hylauronic acid derivatives) and proteins (soy, collagen, fibrin gels, silk)
have been focused with more attention than synthetic polymer composites for bone
tissue engineering applications [272]. Consequently, a variety of polymers have been
reported for their applications in bone tissue engineering.

In the light of the complexity of bone properties, various requirements must be
met to produce a scaffold. Firstly, determining how or even if designer scaffolds can
improve tissue-engineering treatment requires that these scaffolds can be first fabri-
cated and then tested for mechanical function and tissue regeneration
[279]. Hutmacher et al. [280] should have the following characteristics for ideal
scaffold: (i) three-dimensional and highly porous with an interconnected pore
network for cell growth and flow transport of nutrients and metabolic waste;
(ii) biocompatible and bioresorbable with a controllable degradation and resorption
rate to match cell/tissue growth in vitro and/or in vivo; (iii) suitable surface chem-
istry for cell attachment, proliferation, and differentiation; and (iv) mechanical
properties to match those of the tissues at the site of implantation. An important
property of scaffolds for replacement of bone tissue engineering was strength. If the
scaffold cannot provide a mechanical modulus in the range of hard (10–1,500 MPa)
[281] or soft tissues (0.4–350 MPa) [282], then any nascent tissue formation will
probably also fail due to excessive deformation [279].

5.2.3 Nanoscaffolds in Dental Tissue Engineering Applications
It is perhaps unsurprising that curiosity in novel technologies in dental implant
treatments is on the rise, as the American Academy of Implant Dentistry estimates
half a million more Americans are getting dental implants each year for aesthetic and
functional reconstruction. The most dire need for nanostructures and scaffolds lies
within regeneration of missing or damaged oral tissues [3], as large defects due to
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trauma or tooth loss limit the effectiveness of prosthodontic treatments [283]. How-
ever, regenerative medicine is not only targeting teeth and alveolar bone, but aiming
to provide a platform to regenerate other oral tissues such as the salivary gland [284],
tongue [285], and craniofacial skeletal muscles [286], as well as the cartilage of the
temporomandibular joint [283, 287–288].

The stem cells most commonly used for bone regeneration in dental patients are
still bone-marrow-derived multipotent mesenchymal stromal cells from the iliac
crest [283]. However, it is becoming increasingly evident that stem cells obtained
from the craniofacial area for autologous bone grafting provide better results and
significantly higher resultant bone volume than bone generated from cells harvested
from the iliac crest – indicating that skeletal donor tissues indeed have site-specific
regenerative properties [283]. However, the collectable volume of orofacial bone
marrow is much less than that of iliac crest; necessitating a reliable and safe cell
expansion protocol if and when orofacial BMSCs are used for clinical trials [283].

The field of dentistry is very experienced in material/growth-factor-based
approaches with several commercial scaffolds on the market with a wide variety of
recombinant growth-factor approaches; for details, the reader is directed to a com-
prehensive review of the tissue engineering aspect by Egusa and colleagues
[289]. Nanotechnology has entered the field primarily through the antimicrobial
properties of silver nanoparticles (AgNPs), zinc-oxide-based nanoparticles
(ZnONPs), titanium dioxide-based nanoparticles (TiO2NPs), and chitosan nano-
particles; as well as polymeric nanoparticles and nanocomposites facilitating drug
delivery, restoration, and biomodulation of dental tissues – as described in detail in a
review by Padovani et al. [4]. The synthesis of nanoparticles with specific surface
topography and biological properties, and their incorporation into composites and
injectable biomaterials, afford a promising approach to repair dental tissues through
biological responses [4].

At the intersection of nanotechnology-based tissue engineering and regenerative
stem cell therapy, promising results have been published indicating, for example,
that chitosan can be used as an effective calcium chelating agent for implants,
facilitating the differentiation BM-MSCs [290]. Furthermore, it appears as though
dental cements conjugated with nano-hydroxyapatite exhibit better biocompatibility
when in contact with MSCs and more effectively induce mineralization-associated
gene expression in osteoblasts, compared to conventional ceramic cements
[291–292]. As tools and methodologies advance both in the field of nanodentistry
and stem cell applications, it is evident that the combination of the two can be
translated into highly impactful therapies within the oral cavity.

5.2.4 Main Types of Nano-scaffolds for Tissue Engineering

Nanopattern
The construction of synthetic ECMs inspired by tissue-specific niches for pro-
grammed stem cell fate and response, such as proliferation and differentiation, is a
topic of interest in the field of tissue regeneration [255]. At the microstructure level,
tissue exhibits both morphological and mechanical heterogeneity and varies greatly
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at different anatomical and structural levels [293]. Using feature primitive approach,
each primitive discrete volume can be represented by a specific design feature, such
as different internal architecture patterns used in common tissue scaffold design, for
example, the standard weave, braided, and knit geometric feature of textile fiber
patterns can be used as scaffold architectures or muscular pattern in soft tissues
[293]. Figure 1.13 shows diverse patterns of scaffold based on different feature
primitives.

Using nanogrooved matrices mimicking the native tissues, Kim et al. found that
the body and nucleus of human mesenchymal stem cells (hMSCs) with the sparser
nanogrooved pattern elongated and orientated more along the direction of nano-
grooves than those with the relatively denser nanogroove patterns [294]. In contrast,
the effect of nano-topographical density on the osteo- or neurogenesis of hMSCs was
significant at the 1:1 and 1:3 nanogrooved patterns, but not significant at 1:5
nanogrooved pattern compared to that at the flat substrate [255]. It is demonstrated
the effects of nano-topographical density on the morphology and differentiation of
mesenchymal stem cells [255].

Fig. 1.13 A library of designed scaffold unit cells based on different feature primitives
[295]. (Reprinted with permission)
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Electrospinning
The principle of electrospinning is that an electric field is used to overcome the
surface tension of a polymer solution to shoot a jet of liquid out of a needle toward a
conducting collector [22–24]. The volatile solvent evaporates in the air leaving
behind, under the right conditions, a polymer fiber with a diameter that can range
from tens of nanometers to microns [255]. Many parameters affect this process
including polymer properties, solvent properties, solution flow rate, voltage, distance
from the needle to the collector, and polymer concentration, among others [25–26].

The wide range of polymers capable of being electrospun is appealing to bone
tissue engineering and gives researchers flexibility in designing nanofibrous scaf-
folds [255]. Generally, there are two types of polymers that are chosen: synthetic
polymers or natural polymers [255]. Synthetic polymers, such as poly(L-lactic acid)
(PLLA), poly(glycolic acid) (PGA), and polycaprolactone (PCL), among others,
provide great flexibility in synthesis, processing, and modification [255]. However,
these polymers lack bioactivity and special care needs to be taken to ensure that
newly synthesized polymers are biocompatible [255]. Many natural polymers, on the
other hand, have inherent bioactivity with peptide sequences that affect cell adhe-
sion, proliferation, and differentiation [255]. Since both synthetic and natural poly-
mers have advantages and disadvantages, research has progressed to fabricate hybrid
scaffolds in an effort to maximize the benefits of both [255].

Li et al. developed a new nanoparticle-embedded electrospun nanofiber scaffold
for the controlled dual delivery of BMP-2 and dexamethasone (DEX) [296]. The
in vitro studies showed that the bioactivity of DEX and BMP-2 was preserved in the
dual-drug-loaded nanofiber scaffold, and a sequential release pattern in which most
of the DEX was released in the original 8 days and the BMP-2 release lasted up to
35 days was achieved [296]. The in vitro osteogenesis study demonstrated that the
drug-loaded groups exhibited a strong ability to induce differentiation toward
osteoblasts [296].

Nanocomposites
Nanobiomaterials and nanocomposites represent promising platforms in bone tissue
engineering with a capacity to recapitulate the organization of natural ECM and the
generation of functional bone tissues through osteo-mimetic architecture [255]. The
inherent properties of nanocomposites, such as increased wettability, roughness, and
surface area, can also promote biomaterial-driven bone regeneration through
increased protein adsorption, nutrient exchange, and porosity relative to macroscale
biomaterials [255].

Nanoscale features have been shown to have regulatory effects over multiple
aspects of osteoblast and bone derived stem-cell behavior including adhesion,
migration, proliferation, cell signaling, genetic expression, and stem cell fate
[255]. Consequentially, biomaterial design has focused on the introduction of nano-
scale elements that elicit directed cellular behavior while imparting structural and
mechanical advantages to the bone construct to induce the formation of functional
tissues [255]. Current methodologies employed in the fabrication of nanocomposites
include electrospinning and molecular self-assembly [255].
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3D Printing of Nanomaterial Scaffolds
Three-dimensional printing is an emerging technique in the tissue engineering field
[297]. The unique control offered by designed scaffolds opens up additional avenues
for tissue engineers to take advantage of that were until recently not realistic [297]. In
any form of 3D printing, the desired structure is precisely designed using computer-
aided design (CAD) software [297]. The 3D design is then passed to a slicing
program that parses the solid object into a stack of thin, axial cross sections
[297]. Figure 1.14 and Table 1.1 show examples on application of 3D printing
methods for tissue engineering.

Inkjet printers (also known as drop-on-demand printers) are the most commonly
used type of printer for both nonbiological and biological applications [298]. Inkjet
bioprinting (Fig. 1.14) uses a modified consumer grade inkjet printer to deposit cells
and biomaterial, dubbed “bioink,” onto a substrate, dubbed “biopaper.” [297]
Bioinks have poor mechanical strength [299]. In order to provide a suitable mechan-
ically strong scaffold with nanofeatures suitable for stem cell performance, an inkjet
bioprinter was used in conjunction with an electrospinning needle to simultaneously
print scaffold and multiple cell populations into the three distinctive layers of the
bladder [297].

Resin

Stereolithography

Bioplotting or
Inkjet bioprinting

Selected cells and and hydrogel bioink

Thermoplastics

Heat

Fusted Deposition
Modeling

UV

Desired cells

Cellularized
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Fig. 1.14 Several 3D printing modalities discussed in this article with examples of the resulting
scaffolds. The stereolithography printed scaffold is PEG-DA, and the FDM printed scaffold is poly-
lactic acid. 3D three dimensional, FDM fused deposition modeling, PEGDA poly(ethylene glycol)
diacrylate [297]. (This figure is reprinted under the terms of the Creative Commons Attribution
Non-Commercial License [http://creativecommons.org/licenses/by-nc/3.0/])
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Table 1.1 Several examples of 3D printing for various tissue and organ regeneration [297]. (This
table is reprinted under the terms of the Creative Commons Attribution Non-Commercial License
[http://creativecommons.org/licenses/by-nc/3.0/])

Tissue types
Printing
methods Printing materials Description References

Bone FDM Polymer and
ceramic

PCL/CaP was printed into
a 3D scaffold and seeded
with MSC hydrogel. The
scaffold can support MSC
attachment and
osteogenic differentiation

[300]

SLS TCP Microwaves were used in
a novel device to sinter
particles into a
biomimetic, porous
scaffold that increased
bone formation

[301]

Cartilage and
osteochondral
tissue

Inkjet
bioprinting

Collagen-fibrin
hydrogel

In conjunction with
electrospun PCL,
cartilage scaffolds were
fabricated that supported
the development of
collagen-like structures
both in vitro and in vivo.

[302]

Bioplotting Alginate hydrogel Two layers of an
osteochondral scaffold
were fabricated, and
evaluated both in vitro
and in vivo. The scaffold
developed distinctly
different ECM
morphologies in the
corresponding bone and
cartilage layers.

[303]

FDM Poly-lactic acid
polymer and
collagen

An osteochondral
construct conjugated with
collagen was created to
enhance MSC growth and
differentiation

[304]

Neural Inkjet
bioprinting

Fibrin hydrogel NT2 neural cells were
printed between layers of
3D fibrin hydrogel to
create a neural mat. The
cells adhered well,
proliferated, and began to
extend neuritis after
12 days of culture

[305]

SL Hyaluronic acid
hydrogel

Biomimetic nerve
conduits were fabricated
and found to support

[306]

(continued)
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The main technologies used for deposition and patterning of biological materials
are inkjet, microextrusion, and laser-assisted printing (Fig. 1.15) [298]. Different
features of these technologies (Table 1.2) should be considered in light of the most

Table 1.1 (continued)

Tissue types
Printing
methods Printing materials Description References

neuronal growth and
axonal extension in vitro

Vascular Bioplotting Hyaluronangelatin
hydrogel

Cellular constructs were
fabricated that formed a
vascular construct with
excellent cellular
viability. Aortic root sinus
cells and aortic valve
leaflet cells were printed
in the same construct, in
biomimetic form

[307]

Complex
tissue and
organ

Bioplotting Alginate spheroids Stem cells were printed in
an organ mimetic fashion.
Cell viability was high,
and spheroids fused in
time to a continuous
geometry.

[308]

Inkjet
bioprinting

Calcium chloride/
sodium alginate
hydrogel

Three cell types were
printed concurrently into
a single scaffold. All cell
types maintained viability
and proliferative capacity,
as well as phenotypic
expression and
physiological function. In
vivo, vascularization was
observed

[309]

Thermal

Inkjet bioprinter Microextrusion bioprinter Laser-assisted bioprintera b c

Heater

Vapor
bubble

Piezoeletric

Piezoelectric
actuater

Pneumatic Piston Screw

Valve

K
at

ie
 V

ic
ar

i/
N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

upEnergy-
absorbing

layer

Laser
pulse

Donor
slide

Fig. 1.15 (a) Thermal inkjet printers electrically heat the printhead to produce air-pressure pulses
that force droplets from the nozzle, whereas acoustic printers use pulses formed by piezoelectric or
ultrasound pressure. (b) Microextrusion printers use pneumatic or mechanical (piston or screw)
dispensing systems to extrude continuous beads of material and/or cells. (c) Laser-assisted printers
use lasers focused on an absorbing substrate to generate pressures that propel cell-containing
materials onto a collector substrate [298]. (Reprinted with permission)
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important factors in 3D bioprinting, which are surface resolution, cell viability, and
the biological materials used for printing [298].

5.3 Stem Cells in Research and Applications in the Cardiovascular
System

Cardiovascular diseases such as myocardial infarction (MI) or coronary artery
complications account for over 40% of deaths and are among the major causes of
morbidity and mortality in the developing and developed nations [310]. In the
United States alone, an estimated $555 billion was spent on cardiovascular disease
treatment and medication in the year 2016 and the cost is estimated to reach 1.1
trillion by 2035 [311]. Myocardial infarction is a condition where interruption to the
heart’s blood supply leads to the death of resident cardiomyocytes (CMs) in a short
period of time and subsequently leads to remodeling and dilation of ventricular wall,
and the formation of non-contractile scar tissue [312]. Since the adult myocardium
has limited regenerative capacity, MI ultimately results in catastrophic heart
failure [21].

5.3.1 Nanofibrous Cardiovascular Scaffolds
Nanofibrous cardiovascular scaffolds (Fig. 1.16) have several advantages such as
nanoscaled morphology mimicking the hierarchy of native ECM, high porosity
which accelerates blood vessel formation, and high surface area for cell attach-
ment and proliferation [21]. Most nanofibrous scaffolds are synthesized by
electrospinning, which is a process to create nanofibers through an electrically
charged jet of polymer solution/melt [21]. Electrospinning allows control of the

Table 1.2 Comparison of bioprinter types with different factors [298]. (Reprinted with permission)

Bioprinter type

Inkjet Microextrusion Laser assisted

Material
viscosities

3.5–12 mPa/s 30 mPa/s to >6 � 107 mPa/s 1–300 mPa/s

Gelation
methods

Chemical, photo-
crosslinking

Chemical, photo-crosslinking,
sheer thinning, temperature

Chemical, photo-
crosslinking

Preparation
time

Low Low to medium Medium to high

Print speed Fast (1–10,000
droplets per second)

Slow (10–50 μm/s) Medium-fast
(200–1,600 mm/
s)

Resolution or
droplet size

<1 pl to >300 pl
droplets, 50 μm wide

5 μm to millimeters wide Microscale
resolution

Cell viability >85% 40–80% >95%

Cell densities Low, <106 cells/ml High, cell spheroids Medium,
108 cells/ml

Printer cost Low Medium High
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diameters, mechanical properties, and even orientation of fibers, which all are
significant for cardiac TE [21].

Scaffolds for cardiac TE (Table 1.3) should possess the features such as (1) the
ability to deliver and foster cells, (2) biodegradability, (3) suitable mechanical
property that suits the contraction of native myocardium, and (4) porous structure
for vascularization. Several studies focused on developing nanofibrous cardiovas-
cular scaffolds (Table 1.4).

Studies by Shin et al. showed that when cultured rat cardiomyocytes were cultured
on electrospun PCL nanofibers, the cells attached on the scaffolds, started to beat after
3 days, and cardiac-specific proteins such as connexin 43, α-myosin heavy chain, and
cardiac troponin I were expressed after 2 weeks [319]. The group also created thick
cardiac grafts by overlapping up to five layers of the cell-nanofiber membranes [320],
and demonstrated that after 1 week of culture in vitro, morphologic and electrical

Stem cell

Scaffold

BioreactorsO2Convection

Electrical stimulation Mechanical stimulation

F F

Functional Engineering Tissue

Fig. 1.16 Current approaches of using cells and scaffolds for cardiac tissue engineering [21]

Table 1.3 Myocardial tissue engineering with stem cells

Biomaterials
Physical
form

Chemical/physical
stimuli Cells Reference

Gelatin Microsphere – ESC-
CMs

Akasha et al. [313]

PU + gel/lam/
coll

Film – ESC-
CMs

Alperin et al. [314]

PLCL Solid
scaffold

Mechanical loading ESC-
CMs

Gwak et al.
[314–315]

PGA Patch – ESCs Ke et al. [316]

ABP Porous
patch

– MSCs Wei et al. [317]

SF + chitosan/
HA

Solid
scaffold

5-Azacytidine MSCs Yang et al. [318]

PU polyurethane, gel gelatin, lam lam, col collagen, PLCL poly(lactide-co-caprolactone), PGA
polyglycolic acid, ABP acellular bovine pericardium, SF silk fibroin, HA hyaluronic acid, CM
cardiomyocytes
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communication between the intimately adhered layers was established, and synchro-
nized contraction was also observed. Studies by Li et al. with electrospun PLGA-
gelatin-elastin nanofibers found the scaffolds promoting rat cardiac myoblasts (H9c2)
proliferation and assisting bone marrow-derived stem cells (BMSCs) to penetrate into
the center of scaffolds [321]. Zong et al. were able to fabricate aligned biodegradable
non-woven PLGA nanofibers membranes and cultured neonatal rat cardiomyocytes,
and cell orientation and elongationwere enhanced on aligned nanofibers [322]. Several
such studies indicate that surface topography affects cell behavior and aligned nano-
structure guides cell orientation.

Alignment of fibers on nanofibrous patches plays a major role in cardiac repair.
Cardiomyocytes cultured on aligned nanofibrous electrospun patches displayed a
higher amplitude and beating frequency compared to those cultured on randomly
oriented fibrous patches [340].The cardiomyocytes-seeded aligned cardiac patch
improved cardiac function, unlike the cardiomyocytes-seeded randomly oriented
patch which resulted in serious deterioration in the cardiac function upon implanta-
tion in vivo [341]. MSCs cultured on a directionally nanopatterned substrate have
also significantly improved their cardiac differentiation and their functional integra-
tion with cardiomyocytes in the MSC-cardiomyocyte co-culture in a study by
Pijnappels et al. [332]. The nanopatterned alignment increased MSC’s conduction
velocity and expression of connexin 43 (Cx43-gap junction protein) indicating cell
behavior regulation and synchronous integration of MSCs with the surrounding
cardiac tissue.

5.3.2 Cardiac Patches and Injectable Nanomaterials
Nanostructured cardiac patches and injectable nanomaterials were studied to
improve stem cell retention after implantation in vivo [28–30]. Collagen has a
nanofibrillar structure which mimics native cardiac extracellular matrix and studies
by Simpson et al. demonstrated that collagen patches seeded with MSCs restored
cardiac function after implantation [327]. MSCs delivered with collagen patches
achieved a 23% cell engraftment and resulted in improved cardiac function. How-
ever, limitations such as an inflammatory microenvironment at the infarct region and
the leakage of the implanted cells from the injection site still affect such cardiac
patches. Studies also showed that when MSCs were seeded onto an elastic nano-
fibrous PLCL-based cardiac patches and implanted onto infarcted hearts, both MSC
survival and cardiac function were significantly improved compared to the direct
injection of MSCs [27] as the cardiac patch served as a mechanical extracellular
matrix for MSC survival and allowed MSCs to differentiate into functional
cardiomyocytes [27].

Cui et al. demonstrated that growth, survival, and differentiation of MSCs are
enhanced by peptide nanofibers in vitro [329]. Nanopeptides have spontaneously
assembled into nanofiber scaffolds that mimic the extra cellular matrix post-
implantation. The MSCs mixed with self-assembling nano-peptides exhibited
increased cell survival, retention at the infarct size in vivo, and improved cardiac
function [329]. Guo et al. constructed self-assembling peptides tethered with the
cell-adhesion motif RGDSP [330], implanted with CSCs and bundled into nanofiber
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scaffolds which were successful in providing a suitable microenvironment for CSC
adhesion and survival as it protected CSCs from apoptosis and necrosis (caused by
anoxia). The combination led to enhanced cardiac differentiation, reduced collagen
deposition, and resulted in better cardiac repair, compared to the groups treated with
either CSCs or self-assembling peptides alone.

5.3.3 Advantageous Properties of Nanobiomaterials
for Cardiovascular Applications

The anisotropic properties of nanobiomaterials have improved the paracrine action
of stem cells. This was demonstrated by Kang et al. who cultured MSCs on
anisotropic fibronectin-immobilized PCL nanofibers which significantly improved
the cardiac function in rat MI model. Furthermore, fibronectin immobilization
significantly improved angiogenesis, anti-inflammation, stem cell homing, and
anti-apoptosis in MSCs [342].

Cx43 expression is of great significance for MI repair because it is essential for
arrhythmic risk reduction, intercellular coupling, and functional cardiomyogenic
differentiation of stem cells [310, 343–345]. Carbon nanofibers/nanotubes integrated
with polymer scaffolds promoted the expression of Cx43 in cardiac cells and
stimulated the electrical coupling between the cells as well as adhesion and prolif-
eration of cardiomyocytes [346] and cardiac progenitor cells [347].

Cardiomyocytes seeded on a conductive nanobiomaterial-hybrid scaffold
(chitosan matrix incorporated with carbon nanofibers [348] or poly (glycerol
sebacate): gelatin scaffolds embedded with carbon nanotubes [349], respectively)
increased expression of cardiac-specific genes involved in cardiac muscle contrac-
tion, exhibited a synchronous beating behavior and electrical coupling in studies by
Kharaziha et al. and Martines et al. Thus, the studies demonstrated that conductive
nanobiomaterials induced synchronous beating of the cardiac tissue due to enhanced
the electrical coupling between the cells with Cx43 upregulation.

Gold nanomaterials have been used in several studies to improve the therapeutic
effects of cell therapy. The integration of gold nanoparticles [350] or gold nanowires
[351] with cardiomyocytes cultured in hydrogel scaffolds showed an increased Cx43
expression compared to cardiomyocytes cultured in hydrogels without gold nano-
materials. Other studies by Dvir et al. focused on bridging non-conducting alginate
pore walls with conductive gold nanowires and demonstrated enhanced electrical signal
propagation, and enabled electrical communication between the cardiomyocytes seeded
on the scaffolds. Consequently, cardiomyocytes showed a better aligned tissue structure,
and exhibited higher levels of the myogenic proteins when cultured on the conductive
nanocomposite. Finally, the cells also demonstrated synchronous contraction under
electric stimulation of the conductive nanocomposites [46].

In studies by Mooney et al., electrical stimulation augmented the expression of
cardiac-specific biomarkers such as Cx43 and reoriented the cells perpendicular to
the direction of the current [20]. However, electrical stimulation did not promote
cardiac protein expression in MSCs in the absence of nano-materials. Crowder et al.
observed that the electrically conductive nanobiomaterials alone promoted cardiac
differentiation of the stem cells and their Cx43 expression without any electrical
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stimulation [352]. Ravichandran et al. demonstrated that MSCs seeded onto con-
ductive bovine serum albumin (BSA)-polyvinyl alcohol (PVA) nanofibrous scaf-
folds embedded with gold nanoparticles greatly stimulated the MSC differentiation
toward cardiomyogenic lineage and enhanced Cx43 expression with 5-azacytidine
treatment [334]. Thus, various studies could show that the electrical conductivity of
nanobiomaterials can exert synergistic effects with conventional cardiac differenti-
ation methods to provide a superior therapy for MI.

Peptide nanofibers that capture stem cell paracrine factors have been utilized for
the treatment of MI [337] in a study by Webber et al. The presentation of heparin on
the surface of self-assembling peptide nanofibers via heparin-binding domains
enabled the binding of growth factors secreted from the stem cells in cell cultures
[337]. The heparin-presenting self-assembling peptides were incubated with hypoxic
stem cell conditioned medium and captured more than 58% of bFGF present in the
medium. The growth factor-bound nanofibers successfully restored the hemody-
namic function of the heart when implanted into the damaged heart by modulating
the cardiac metabolism [337]. Integration of stem cells and nanobiomaterials for the
treatment of MI is outlined in Fig. 1.17.

Several studies recently showed that graphene stimulated the MSC differentiation
toward cardiomyogenic lineage [335]. The unique chemical nanostructure of
graphene with a single layer of carbon atoms stimulated the expression of the
extracellular matrix and signaling molecules related to cardiomyogenic differentia-
tion, enhanced cardiomyogenic gene expression in MSCs and promoted the cardiac
differentiation of ESCs [335, 338]. Compared to ESCs cultured on glass or matrigel,
ESCs cultured on graphene exhibited significant changes in the focal adhesion
kinase signaling and the extracellular signal-regulated kinase. Genetic analysis
indicated ESCs cultured on graphene showed great increase in the expression of
genes associated with early cardiomyocytes, late cardiomyocytes, cardiac transcrip-
tion, and gap junctions [338].

Various in vivo studies by park et al. demonstrated the therapeutic effect of
conductive nanomaterials, in the presence of reduced graphene oxide (RGO)
[353], which is composed mostly of carbon atoms. The incorporation of RGO flakes
in MSC spheroids enhanced the Cx43 expression of MSCs due to the electrical
conductivity and cell-extracellular matrix interactions via stacking and hydrophobic
interactions generated by RGO flakes leading to reduction in tissue fibrosis and
improvement in cardiac function (Fig. 1.18). Collectively, these studies showed that
the integration of stem cells with nanobiomaterials improves the therapeutic out-
comes of conventional stem cell therapy for MI treatment.

5.3.4 Nanocarriers for Cardiovascular Applications
NPs as protein carriers can deliver angiogenic growth factors into damaged cardio-
vascular tissue, reducing off-target effects and undesirable degradation, lowering the
dosage requirements and increasing the effective drug concentration [35]. NPs as
gene carriers can overcome the cell membrane barrier effectively and release their
cargo inside cells with fewer safety concerns as compared to viral vectors.
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The nanocarrier needs to navigate through the bloodstream, protect the DNA from
degradation by serum DNases, avoid being taken up by phagocytic cells or the
reticuloendothelial system (RES), target to the specific cell type at the specific site,
enter the target cell through internalization, escape from the endosome into the cyto-
plasm, and eventually translocate into nucleus and release the cargo [35]. Additionally,
other design targets also need to be met, including inexpensive synthesis, low toxicity,
and ease of manufacturing [354].

Yang et al. delivered VEGF plasmids using biodegradable poly (β-amino-ester)
(PBAE) NPs into MSCs. Compared to injection of non-transfected cells, intramus-
cular injection of these high VEGF expressing cells into a mouse hind limb ischemia
model led to a markedly decreased tissue fibrosis and muscle degeneration and a
two- to fourfold increase in vessel densities [36]. In vivo studies in a hind limb
ischemia model showed that myoblast cell sheets that were genetically engineered
with PBAE-VEGF plasmid NPs prevented the development of necrosis and suc-
cessfully protected 5 out of 7 mice from limb loss [37].

Fig. 1.17 Integration of stem cell with nanobiomaterials for the treatment of MI [339]. (Reprinted
with permission)
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Nanobiomaterials can also be used for in vitro transfection of cells prior to
implantation. Self-assembling peptide nanofibers were used for transfection of
insulin growth factor-1 (IGF-1) into cardiac progenitor cells (prior to implantation)
which promoted heart repair and enhanced cell survival in the infarcted heart
[355]. Studies have shown that when PEI was used to transfect VEGF genes into
skeletal myoblasts, implantation of these transfected cells into the infarcted myocar-
dium showed significantly improved cardiac repair and better cell survival at the
infarcted region compared to naïve skeletal myoblasts [356]. Other studies have
shown promotion of angiogenesis via transfection of the angiopoietin-1 gene into
adipose-derived stem cells using baculovirus nanocomplex prior to implantation the
infarcted heart [325]. Overall, these studies show the promotion of efficient gene
transfection of the cells via nanobiomaterials and aid in cardiac tissue engineering.

Several studies have looked at miRNA delivery with nanoparticles to enhance the
angiogenic effects of cellular therapy. Gomes et al. formulated multilayered NPs
(consisted of PLGA and per fluoro-1, 5 crown ether (PFCE) and the surface was
coated with protamine sulfate (PS), a cationic peptide for miRNA adsorption) that

Fig. 1.18 (a) Schematic representation of fibronectin-functionalized PCL nanofibers seeded with
MSCs and transplanted in a MI rat model. (b) Heart sections stained with Masson’s trichrome
demonstrating the wall thinning and fibrosis within the infarcted area. (Viable myocardium in red
and fibrotic areas is colored in blue). (c) Schematic illustration of PVA nanofibrous constructs
consisting of BSA crosslinked with Au nanoparticles. (d) FESEM and (e) TEM images of
nanofibrous BSA/PVA/Au (2/1/0.4). (f) Immunocytochemical analysis showed enhanced expres-
sion of gap junction protein Cx43 on BSA/PVA/Au (2/1/0.4) compared to BSA/PVA scaffolds.
(Scale bars = 20 μm). (Reprinted with permission [15])
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could be used simultaneously for miRNA delivery and cell tracking [38]. Pro-
survival/angiogenic miRNAs (miR132 and miR424) were effectively delivered by
these multifunctional NPs (up to 90% transfection efficiency) of into endothelial
cells (ECs). Compared to limbs treated with cells alone, endothelial cells engineered
with NP-miRNAs exhibited a 3.5-fold increase in blood perfusion of ischemic
mouse limb and threefold increase in cell survival. Other studies have looked at
using nanomaterials to guide the injected cells to the ischemic site. Polystyrene-
copolymer NPs containing iron oxide engineered with intravenously injected EPCs
could target to ischemic site under external magnetic forces and augment blood
perfusion by 40% [357]. Similarly, transfection with magnetic NPs (isolated from
Magnetospirillum magneticum strain AMB-1) led to an 80% improvement in in vivo
homing of EPCs to ischemic site [358] leading to a 25% improvement in blood
perfusion compared to untreated cells.

Piezoelectric materials such as Poly (vinylidene fluoride-trifluoroethylene)
(PVDF-TrFE)) are used in tissue engineering to stimulate cell proliferation and
also in combination with nanoparticles such as Zinc oxide (ZnO) which possess
antibacterial activity [359]. ZnO nanostructures are also endowed with piezoelectric
features as well as the capacity to generate reactive oxygen species (ROS)
[360–362]. In vivo research in rats using electrospun PVDF-TrFE)/ZnO nano-
composite tissue engineering scaffolds pre-seeded with hMSCs confirmed the non-
toxicity of the P(VD-TrFE)/ZnO scaffolds, enhanced angiogenesis (due to the
presence on ZnO nanoparticles), and favored more successful integration of the
scaffold [363].

One- and two-dimensional (1D and 2D) carbon-based organic conductive nano-
materials [22] such as graphene and carbon nanotubes (CNTs) have been used in
several cardiovascular tissue engineering studies. The unique chemical nanostruc-
ture of graphene was able to stimulate MSC cardiomyogenic differentiation via
culturing MSCs on the graphene monolayers by providing signaling cues
[335]. The incorporation of reduced graphene oxide (RGO) flakes with hMSCs
spheroids by Park et al. [353] improved cardiac repair by changing the expression
of cell signaling molecules and enhancing the expression of cardiac specific markers
such as Cx43 (Fig. 1.19). The enhanced behavior of cardiac spheroids due to the
high affinity of RGO toward fibronectin led to the improvement in cell-ECM
interactions. When the hybrid RGO-hMSC spheroids were implanted in an in vivo
mouse model of MI, the implantation led to improved cardiac repair and function
compared to either hMSCs or RGO alone. Furthermore, the implantation of hybrid
RGO-MSC spheroids [353] significantly enhanced therapeutic efficacy as only
10-folds lower dose of MSCs) was required [338] to enhance the cardiomyogenic
differentiation of (hESCs). Incorporation of graphene within the vitronectin
(VN) deposited on glass slide substrate to culture hESCs promoted the gene expres-
sion of cardiac-specific ECM components in a study by Lee et al. [338].

Inorganic nanomaterials such as metals (e.g., silver and gold) and their oxides
(e.g., iron, zinc and cerium oxides) synthesized using either liquid-solid or gas-solid
transformations [364] are being increasingly used in cardiovascular tissue engineer-
ing [338]. In a study by Han et al., the IONP made from nanocubes sorted MSCs and
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H9C2 co-cultures, improved paracrine profile and cardiac phenotype ultimately
leading to enhanced functional recovery and myocardial repair in an in vivo MI rat
model [339]. In another study, superparamagnetic iron oxide (SPIO) nanoparticles
were infiltrated into the ECSs to detect the functionalities of the cardiac patch [365]
and subsequently ESC differentiation to cardiac lineage was revealed after 6 weeks
within the fibrin matrix [365]. Cerium oxide (nanoceria) metal in studies by Pagliari
et al. could protect cardiac progenitor cells from reactive oxygen species and its
induced cytotoxicity and demonstrated prolonged activity without affecting cell
growth and function [366]. Among the widely applied metallic materials in cardiac
tissue engineering is gold (Au) and in particular its forms such as nanoparticles,
nanowires, and coating [338, 367]. Studies coating Au on microspheres and incor-
poration within hESC-derived EBs [338] led to improvement in the expression of
cardiac-specific genes along with cardiomyogenic differentiation markers.
Au-coated microspheres also promoted electrical coupling of the hESC-derived
EBs through enhanced Cx43 expression with recipient myocardial cells
[338]. Other inorganic nanoparticles made of europium [79], lanthanide [80], and
graphene oxides [82] also have played a significant role in cardiovascular therapeu-
tics through therapeutic angiogenesis [368].

5.3.5 3D Nanoengineered Hybrid Scaffolds
To overcome the electrically resistant structure of alginate, a study by the Langer
group incorporated Au nanowires within alginate hydrogel for cardiac tissue engi-
neering applications [351]. The nanowires were able to create conductive bridges
across the scaffold matrix and subsequently connected neighboring pores, leading to

Fig. 1.19 (a) Schematic representation of electrically conductive RGO flakes incorporated in MSC
spheroids for treatment of MI. (b and c) RGO could enhance cardiac function restoration via
implantation in a MI animal model. (Sph-5: MSC-RGO hybrid spheroids Sph-0: MSC spheroids).
(b) Enhanced capillary formation in Sph-5 compared to Sph-0 and (c) Reduced cardiac fibrosis
(blue areas) as a result of incorporating RGO in the spheroids. (Scale bars = 100 μm). (Reproduced
with permission [15])
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improved electrical communication of adjacent cardiac cells (i.e., Cx43) within the
matrix. These results are highly conducive in engineering cardiac patches [351]. In a
recent study, Li et al. reported that the single-wall CNTs (SWCNTs) promoted BASC
attachment, spreading, proliferation, and cardiac differentiation incorporated within
PNIPAAm (SWCNTs/PNIPAAm) [369]. Furthermore, the enhanced nanoroughness,
within the hydrogel in the presence of SWCNTs significantly improved the engraft-
ment and the survival of the cells within MI region [369].

5.3.6 Nanostructured Surfaces for Controlling Stem Cell Behavior
Electrospinning technique has been used to develop nanofibrous constructs, to create
suitable matrices to control cell function [349, 370]. PCL scaffolds incorporated with
Au nanoparticle and vitamin B12 with appropriate stiffness (2.56 MPa) to direct
MSCs into cardiac lineage [371]. In another study, the anisotropic properties of
aligned nanofibrous fibronectin immobilized PCL constructs could enhance the
angiogenic and cardioprotective gene expression in umbilical-cord-blood-derived
MSCs (UCB-MSCs) [333].

Cardiac differentiation of hMSCs was promoted by electrically conductive nano-
composite fibrous scaffolds of PCL-CNTs [352]. The electrical stimulation (5 V cm�1
for 5 ms duration, 1 Hz) of fibrous scaffolds resulted in upregulation of early cardiac
markers (Nkx2.5). The promotion of cardiogenic differentiation of hMSCs using
applied nanocomposites of PANI ultrafine short-fiber blended with PCL was shown in
a study by Borriello et al. [372]. Orza et al. demonstrated enhanced growth and cardiac
differentiation of hMSCs seeded on the scaffolds by coating collagen nanofibrous
scaffolds with Au [373]. Furthermore, MSCs exposed to an electrical field improved
expression of cardiac specific genes (troponin I, Nkx 2.5, and GATA-4) and displayed
changes in cell morphology.

A composite scaffold composed of poly (methylglutarimide) (PMGI) nanofibers,
PEGylated Au nanoparticles, RGD peptides, and heparin binding protein (HBP) was
developed by Jung et al. demonstrated successful differentiation of PSCs to CMs
[374]. Ex vivo pretreatment of hMSCs using 5-aza and Au nanoparticles (AuNPs)
loaded novel hybrid nanofibrous albumin from bovine serum (BSA)/PVA scaffold led to
functional improvements of infarcted myocardium and enhanced cardiomyogenic
differentiation [334].

5.3.7 Recent Patents in Cardiovascular Therapeutics and Under
Clinical Trial Investigation

There have been several nanotechnology-based patents filed for cardiovascular bio-
materials in the past decade, few of which will be discussed in this section. A
hydrogel based cardiac patch (Patent# US20170143871 A1) embedded with gold
nanorods developed upon ultraviolet cross linking of gelatin methacrylate possessed
high surface area with enhanced electrical conductivity [368]. The functional
cardiomyocytes adhered and retained viability for a long duration in culture when
seeded on these scaffolds. Another patent on the incorporation of gold nanowires in
the tissue engineered scaffolds (US20170072109 A1) could control the cellular
function through electronic circuits. Neonatal rat ventricular cardiomyocytes were
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monitored remotely for its rhythmic contraction and relaxation when cultured in the
nano-electronic scaffold (US20170072109 A1) [368]. Due to the severe regulations
involved, only few cardiovascular therapeutics that have been patented undergo
clinical trial investigation. Various bioengineered patches such as XenoSureVR
biologic vascular patch (developed by LeMaitre Vascular, Inc. (NCT03176225)),
and CorMatrixVR-ECM patch (developed from the small intestinal submucosa of
porcine NCT02887768) have been selected for clinical trial investigation for treating
cardiac repair and epicardial infarct treatment, respectively [375]. Autologous stem
cells were used to prepare multi-layered cell sheets (UMIN000003273) and clini-
cally tested in 27 patients to treat dilated cardiomyopathy and ischemia. The phase I
clinical study showed safety of autologous stem cells for clinical testing and the
recovery of cardiac function [375].

Thus, a lot of progress in research on nanotechnology based stem cell tissue
engineering techniques has been happening throughout this past decade. However, a
thorough understanding of the regulation of stem cell differentiation toward cardiac
lineage has not been achieved. More specifically, the inability to robustly generate
mature ventricular CMs (vCMs) from PSCs and the relative phenotypic immaturity of
these resultant cell populations is a pressing research problem [376]. Furthermore, there
is a need for the development of new methodologies to minimize or eliminate compli-
cations associated with allogenic immune responses in the use of PSC-derived CMs for
regenerative medicine therapies [377]. Finally, there is urgent need in scaling up the
cardiomyogenic differentiation of stem cells to industrial levels. Various emerging
bio-fabrication techniques such as textile [378, 379] and 3D-printing [380] methods
can be used to address these shortcomings. Further studies are also needed to investigate
the integration of nanostructured patches/matrices within the host myocardium [381]. In
particular, in vivo analysis is needed to assess whether the implantation of nano-
engineered matrices leads to adverse outcomes within the host myocardium such as
arrhythmic responses or fibrillation. Further studies are to be performed on the fate of
nanoparticles upon injection/implantation. Future research using automated robotic
interventions will be able to reduce time delay and production cost involved in the
synthesis of biomaterial scaffolds. The next generation of cardiovascular therapeutics is
expected to focus on custom-made nanotherapeutics with unique range of biomaterials/
stem cells formulation to treat wide range of cardiovascular diseases.

6 Conclusion and Future Perspectives

At the intersection of nanotechnology-based tissue engineering and regenerative
stem cell therapy, promising results continue to be reported on a monthly basis.
Nanoparticles have played a significant role in the modification of biological and
artificial scaffolds, and have boosted their capacity to simulate the intricate proper-
ties of bone and offer a suitable microenvironment for cell proliferation, adherence,
and differentiation [16]. However, there are hurdles to cross before clinical transla-
tion of the combination of emerging nanotechnology and stem cell science, such as
controlled and uniform stem cell seeding within nanofabricated scaffolds and
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controlling subsequent cell survival, migration, and differentiation, and development
of desired tissue type [1]. The complexity of the task to accurately recapitulate the
spatial and temporal components of the extracellular environment including ECM,
cell adhesion molecules, growth factors, and cytokines, particularly the stem cell
niche, is a major challenge faced by regenerative engineering [1].

Standardizing culture techniques and conditions for the expansion and differentiation
of stem cells, as well as narrowing down to a fewmaterial substrates from the plethora of
material choices is a gargantuan task [12]. In vitro models, even dynamic ones, have a
limited capacity of accurately mimicking the in vivo conditions often further compli-
cated by individual variability among different patients. In addition, the obvious ques-
tion of safety regarding the use of nanomaterials in the human body persists with no
clear answers to date. The potential cyto- and genotoxicity of nanomaterials is a
significant issue requiring thorough examination prior to translation of nano-
regenerative tissue engineering. Similarly, any concerns regarding the intended or
unintentional biodegradation of tissue-engineered constructs necessitate long-term con-
trolled in vivo studies before their effectiveness in therapy can be established.

At the time of writing of this chapter, the United States Clinical Trial database
shows 205 active clinical studies that incorporate the use of nanoparticles; the vast
majority of them operating within the fields of dentistry, cancer, and cardiovascular
disease. While only a fraction of them incorporate an element of regenerative
medicine, it is evident that the near future will provide us more information about
the potential, effectiveness, and safety of nanotherapeutic strategies. At this time, the
intersection of nanotechnology, regenerative medicine, and tissue engineering holds
exciting promises and clearly demonstrated potential and significant questions that
we are thrilled to see so many attempting to clarify.
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1 Overview

The possibility to fully heal damaged or failing tissues and organs is one of the
major challenges of modern medicine. Several approaches have been proposed,
either using tissue engineered functional substitutes or inducing the body to self-
repair, exploiting its innate regenerative potential. In any case, a crucial step for
the success of therapy is provided by the design of a suitable scaffold, capable to
sustain cellular growth and induce the differentiation towards the lineage of
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interest. A growing body of evidence suggests that the most affordable way to
design an effective scaffold is to exploit a biomimetic approach, trying to emulate
the characteristics of the natural environment. Moreover, it has been pointed out
that not only the chemical nature of the material is relevant to this process but also
its physical and, in particular, mechanical properties. Mapping the elasticity of a
living tissue is becoming more and more relevant in the rational design of next
generation biomimetic scaffolds, and the exploitation of advanced tools is
required to achieve sub-μm resolution, comparable to the length scale probed
by a single living cell.

2 Introduction

Living beings are studied in the context of life science from different points of view,
but they can also be observed from an engineering perspective. Having survived
millions of years of evolutionary pressure, living organisms have developed very
specialized and effective behaviors and structures that can be regarded as an efficient
template for the rational design of advanced engineering solutions. Smart textiles
[52], visionary buildings [44], or locomotion strategies for swimming robots [42], all
are examples of such a biomimetic approach, but the field of science that more
inherently benefits of this strategy is probably biomedical engineering and, in
particular, tissue engineering and regenerative medicine (TERM) [63].

The aim of TERM is to assemble functional constructs able to recover failing
tissues or whole organs. After more than 30 years of intense research activity over
the world [116], some engineered tissues have been fully translated to medicine and
approved for human application [51]. Nevertheless, complex organs, such as liver,
pancreas, or kidney, are still out of reach for current approaches and an extremely
vital community is working to address the main issues of current methodologies in
TERM [56].

The main experimental approach, emerging as a de facto standard in TERM,
requires the development of biomimetic materials able to harness the self-healing
potential of the organism [28]. Engineered scaffolds mimicking the natural physical
and chemical environment can be designed to induce a local recruitment of
undifferentiated cells and to elicit the formation of neotissue of the desired type
[90]. Single cells, in particular stem cells, are extremely dynamical, continuously
adapting to the matrix they are embedded in, deciphering and reacting to the
mechanical and chemical cues provided by the material [49]. To guide their behav-
ior, effectively inducing the desired response, it is of paramount importance to finely
control the properties of the local microenvironment [11, 120].

The technological challenge posed by modern TERM is the development of
characterization tools able to measure the material properties of the original
(healthy) tissue and the corresponding engineered scaffold on a sub-μm length
scale. This is particularly true when the biomechanical properties of the scaffold
are concerned. Stem cells feature a panel of sensors to interpret the mechanical
environment, either exploiting mechanisms occurring at the boundary of the cell,

70 S. Caponi et al.



the membrane [7], or involving the whole cell body [106]. These cellular
machineries are able to trigger several transduction pathways, influencing the
cell phenotype and eventually inducing stem cells differentiation towards a
specific lineage, depending on the local elasticity [37]. In order to design an
optimal scaffold for TERM application, specifically tailored to direct stem cell
phase, it is mandatory to accurately know and control the mechanical properties
of the material [62].

The availability and effectiveness of nanotechnology tools to characterize
mechanical properties of biological materials has been widely reviewed during
last years [13, 14, 82] and the potential application to biomimetic materials has
also been investigated [49]. In this chapter, we recapitulate the main state-of-the-
art methods to physically map the mechanical properties of biological materials,
emphasizing approaches able to achieve sub μm resolution (Sect. 3.1) and
concentrating on some key research findings in the context of rational design of
biomimetic materials (Sect. 3.1). Moreover, we will also present new and emerg-
ing noncontact mechanical imaging technology (Sect. 3.2), able to achieve
unprecedented resolution and thus provide a potentially breakthrough contribu-
tion to the field (Sect. 4.2).

Finally, current limitations and future perspectives of in vitro biomechanical
mapping will be presented, with a special attention to the translational potential
towards biomedical applications (Sect. 5).

3 Experimental and Instrumental Methodology

Measuring the mechanical properties of a soft biological material can be generally
obtained either exploiting contact mechanics or measuring the effect of local mate-
rial properties on the propagation of a physical wave (remote mapping). Both
approaches have been extended to achieve single-cell high-resolution sub-μm reso-
lution, and they will be discussed in the next sections.

Indenting a material with a tip of known geometry while measuring the
corresponding force is the starndard approach to measure mechanical properties
(either static or dynamic) of a material, and a robust literature exists to model and
analyze the resulting experiments [80]. This approach has been translated to biolog-
ical applications and scaled down to nanometer size by means of the so-called atomic
force microscope (AFM). Section 3.1 will present the measuring principle and the
specific implementation nowadays available on the market, while key applications of
AFM mechanical mapping on living cellular systems and biological materials are
reported in Sect. 4.

While the scaling down of standard nanoindentation approaches to the nanoscale
mainly involves technological issues, the identification of a remote mapping method
with sub-μm resolution also implies to overcome some physical limitations. In fact,
remote elastometry, as deployed in medical context, is based on acoustic imaging
that, even using recent super-resolution advancements, hardly goes under 1 mm
[40]. Nevertheless, not only the propagation of sound is influenced by the material
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properties of the medium but also light can be used to probe the local elasticity, and
this is the topic of Sect. 3.2 in which the use of Brillouin spectroscopy to achieve
high resolution elasticity mapping is presented.

3.1 Scanning Probe Microscopy

Atomic Force Microscopy (AFM) is the second born member of the Scanning Probe
Microscopy (SPM) family. The first scanning probe microscope, the Scanning
Tunneling Microscope (STM), was invented in 1981 by Binnig e Rohrer
[16]. Despite its extremely high spatial resolution, STM is not suitable for the
analysis of biomaterials since it requires conductive samples. This limitation was
overcome by the introduction in 1986 of the AFM [17] which can be used on
insulating samples and is therefore well suited for the analysis of biological samples
and bio-inspired materials. Other members of the SPM family followed over the
years, like, to cite a few, Magnetic Force Microscopy (MFM) [48], Near-Field
Scanning Optical Microscopy (NSOM) [12], and Scanning Thermal Microscopy
(SThM) [130]. The key point of scanning probe microscopes is the use of a sharp tip
which is placed in close proximity of the sample surface. The interaction between the
tip and the sample is recorded while the tip scans over a selected area of the sample
and the signal is used to build up a 3D image of the sample surface. In the case of
AFM the signal of interest is the interaction force between the tip and the surface. As
discussed below, AFM can be used not only as an imaging tool but also as a
spectroscopic tool able to provide information on the mechanical properties of the
samples under investigation.

3.1.1 The Microscope
A schematic of a typical AFM setup is shown in Fig. 2.1. The probe is based on a
flexible μm-size cantilever fixed from one side and featuring a sharp tip at the free
end. While the cantilever is scanned over the sample, the interaction force between
tip and sample causes a deflection of the cantilever. The most commonly used
method to measure the deflection of the cantilever is the so-called optical beam
deflection method (OBDM). A laser beam is focused on the backside of the
cantilever and the reflected beam is sent to a four quadrant photodiode. In this
configuration, a deflection of the cantilever will cause a tilt of the reflected beam.
Upon a proper calibration of the system, from the difference between the beam
intensity on the upper and lower half of the photodiode the cantilever deflection can
be evaluated, while from the difference between the beam intensity on the left and
right half of the photodiode, the cantilever torsion can be evaluated. The high
sensitivity of the optical method derives from the fact that the tip-photodiode
distance is usually three order of magnitude larger than the cantilever length (mil-
limeters vs micrometers), which greatly magnifies the tip displacements. When AFM
is operated as an imaging tool, the tip is raster scanned over the sample (or the
sample is raster scanned under the tip, depending on the microscope configuration)
by using a piezoelectric scanner, which allows an extremely accurate motion of the
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tip relative to the sample. The tip to sample distance, and therefore the interaction
force, can be measured and controlled during scanning thanks to a feedback loop
which tunes the position of the piezoelectric by changing its polarization.

3.1.2 AFM Operation Modes
The AFM can be operated in different modes, i.e., contact or DC mode and
resonance or AC mode. In contact mode, the feedback system scans the AFM tip
relative to the sample, with the tip kept in closest proximity with the surface and the
static deflection of the cantilever is detected. In resonance modes, the cantilever is
forced to oscillate at its resonance frequency and changes in its oscillation due to the
interaction between the tip and the surface are detected. A schematic plot of the
interaction force between tip and surface is reported in Fig. 2.2. In contact mode,
short-range repulsive forces are involved in the interaction, while in resonance
mode, long-range attractive forces come into play. In contact mode, the AFM is
usually operated at constant force: the feedback loop modulates the z polarization of
the piezo scanner in such a way to keep constant the cantilever deflection, i.e., the
interaction force. The image is formed by recording the z polarization as a function
of the (x,y) position of the tip and quantitative information on the surface morphol-
ogy can be extracted from image analysis. The applied force, which can be modu-
lated by the cantilever spring constant, can critically affect the image contrast,

Fig. 2.1 Schematic diagram
of a probe-scanned AFM
including the main
components
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especially when soft samples like biological specimens are investigated. In this case,
the use of very soft cantilevers and the possibility to image samples in liquid
environment (to eliminate the effect of meniscus forces present in air imaging) can
be successfully combined to achieve stable imaging on soft biological samples. By
properly tuning the applied force it is even possible to switch from not perturbative
soft imaging to high-load nanolithography modes [112].

Complementary information to sample morphology can be obtained in contact
mode when the lateral force signal is recorded. As previously mentioned, the use of a
four quadrant photodiode allows to monitor the torsion of the cantilever which is due
to the friction between tip and surface. In this way, topographically uniform regions
endowed with different chemical properties can be discriminated, as it is the case, for
instance, of phase separated samples [122]. For the analysis of soft samples like
biological ones, contact mode imaging can be advantageously complemented by
resonant operational modes. In AC modes, the cantilever is oscillated close to its
resonance frequency, depending on the cantilever oscillation amplitude and on the
tip to surface distance intermittent or noncontact contact modes can be distinguished.
As shown in Fig. 2.2, in intermittent contact mode, the tip oscillates from the contact
region where it experiences repulsive forces to the noncontact region where it
experiences attractive forces. The intermittent contact avoids the shear forces that
the tip can exert on the sample in contact mode [27]. Images are formed by recording
the piezo polarization signals set by the feedback loop in order to maintain selected
cantilever oscillation amplitude. Very good vertical and lateral resolution can be
achieved. Additional information on sample properties, like stiffness, viscosity, or
adhesion, can be obtained by recording in a separate acquisition channel the phase
difference between the cantilever oscillation and the driving signal [65]. Intermittent
contact can be used in liquid, a favorable condition for biological or biomimetic
samples. Noncontact mode differs from intermittent contact because during cantile-
ver oscillation, the tip never touches the sample and experiences only long-range
attractive forces; the oscillation amplitude is smaller than in intermittent contact. The
interaction force between tip and sample is very low; this imaging mode is therefore

Fig. 2.2 Schematic plot of
the forces between tip and
sample as a function of their
distance. The regions of
operation of the different
imaging modes are shown
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highly non perturbative, but the lateral resolution is lower compared to other modes.
Further, noncontact can be operated only in air and, even on dry samples; because of
the small-oscillation amplitude, the tip can be trapped by the thin condensed vapor
layer on the surface.

3.1.3 Force Spectroscopy
Even if initially introduced as an imaging tool, over the years AFM has shown a
huge potential as a spectroscopic tool, able to investigate at a very high-force
resolution the interaction between the tip and the surface [25]. AFM spectroscopy
can be exploited to get information on local chemical and mechanical properties like
adhesion [81] or elasticity [83] as well as to investigate at the single-molecule level
the interaction between specific molecular systems [79]. In the spectroscopic
scheme, AFM is operated in a point mode, which means that the tip is not scanned
over the surface, but, at a fixed lateral position, the cantilever deflection is recorded
while the distance between tip and sample is changed from a large distance to contact
and back to a large tip-sample separation. In this way a so-called force-distance
curve is obtained. A general scheme is reported in Fig. 2.3. At large tip-sample
separations, i.e., no interaction between tip and sample, the cantilever deflection is
zero. Approaching the sample to the cantilever a point is reached when the gradient
of the attractive force becomes larger than the cantilever elastic constant and the tip is
captured by the sample, in the jump-to-contact point. The interaction force enters the
repulsive regime and further approaching the sample results in larger cantilever
deflections, with eventual sample indentation depending on the relative stiffness of
the sample with respect to the cantilever. When reversing the sample displacement
direction, the retraction curve is recorded. The sample is withdrawn until the tip is
released from the surface, in the jump-off-contact point. Further retracting the
sample from the jump-off-contact point, the tip-sample interaction vanishes and

Fig. 2.3 Ideal Force-Distance (F-D) curve on a rigid sample. In the approach curve, starting from
the right, the interaction between tip and surface is negligible until the jump-to-contact point, where
the tip is captured by the surface. Moving further on, the deflection increases linearly in the contact
region (rigid substrate). In the retract curve, the piezo is retracted until the tip is released from the
surface in the jump-off-contact point
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the deflection is zero. In order to derive quantitative data on interaction forces from the
force distance curve, it is necessary to carefully calibrate the output of the photodiode
system used to measure the cantilever deflection. To this end, a preliminary force curve
has to be acquired on an ideally stiff sample (i.e., on a sample much stiffer of the
cantilever used for the measurements). Under these conditions, the contact region of the
curve must be linear with a unitary slope. Provided the piezoelectric scanner is properly
calibrated, form the analysis of the preliminary curve, the photodiode signal can be
converted into cantilever deflection calibrated values. In order to convert deflection
values into force values through the Hooke’s law:

F ¼ �kΔz (2:1)

the cantilever spring constant k has to be known. Nominal cantilever spring con-
stants are provided by manufacturers, but for more accurate force evaluation, a direct
measurement of the spring constant is desirable. Among the different methods, the
thermal noise approach can be used to evaluate k [50] .

3.1.4 Determination of Solid Elasticity by AFM Indentation
Experiments

In the last two decades, the AFM in force spectroscopymode has been widely employed
in the analysis of the elastic/mechanical properties of biomaterials. By using soft
cantilevers, materials with elastic moduli below 1 kPa can be tested. The AFM is able
to discriminate variation of the local elasticity with a lateral resolution imposed by the tip
size, hence, close to the molecular scale. In a typical indentation experiment, the AFM
probe is pushed on the tested materials until the cantilever deflection reaches a pre-
defined value (deflection setpoint). Increasing the applied force, the AFM probe grad-
ually starts inducing a deformation of the sample (indentation). The shape of the
resulting force versus distance curve contains information on the mechanical properties
of the sample that should be further unravelled and quantified. After a tricky filtering and
preprocessing phase (see [61] and Sect. 3.1.3), the force versus indentation experiment
can be fitted on the expectations of a relevant descriptive model, to identify the
corresponding material properties. Although different approaches have been proposed
for AFM data interpretation [60], so far the most adopted model is based on the simple
Hertz contact mechanics [123], eventually in the generalized Sneddon form that takes
into account nonspherical indenters [111]. The Hertz model is theoretically valid under
very special conditions, so that the sample could be treated as an isotropic and linear
elastic body (viscous or plastic effects must be minimized), occupying an infinitely
extended half plane (far larger than the tip size). Even though these requirements are
considerably stringent, the Hertzian mechanics provides a reliable and effective first-
order approximation of the mechanical properties of a biomaterial and special cases
(such as thin layers or patterned substrates) can be treated as corrections to the general
formulation (see Sect. 4.1 and [33]).

If the force F is measured as a function of the vertical displacement Z, as in an
AFM experiment, it is possible to obtain the force versus indentation curve F(δ) by
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taking into account the position Z0 at which the tip contacts with the sample (contact
point) and the resting deflection x of the cantilever during the penetration:

F Zð Þ ! F δð Þ (2:2)

δ ¼ Z � Z0 � x ¼ Z � Z0 � F Zð Þ
κ

(2:3)

where κ is the elastic constant of the cantilever (see Sect. 3.1.3). A generalized
mechanical response can be expected in the form:

F ¼ E�ρδβ (2:4)

where E� is the reduced Young’s modulus accounting for the Poisson ratio:

E� ¼ E

1� ν2ð Þ
and ρ and β broadly depend on the indenter geometry; in the original Hertz theory of
a spherical indenter of radius R, these parameters can be calculated as:

ρ ¼ 4

3

ffiffiffi
R

p
; β ¼ 3=2

while, in the conical approximation (more suitable for an AFM tip) if α is the apex
aperture angle, the same parameters read as [111]:

ρ ¼ 2

π
tan α; β ¼ 2

3.1.5 AFM-Based Mechanical Mapping
In the previous paragraph, we show how the AFM can be employed in the determi-
nation the local elastic properties of new materials for biomedical applications. In
particular, we show how it is possible to work on small objects or to focus the
analysis on a confined portion of the material. In spite of this, we didn’t present any
map of elasticity with a lateral resolution comparable with the typical lateral
resolution of the AFM imaging mode. In the last decade, new technological
approaches allowed for the acquisition of maps of elasticity formed by hundreds
of thousands of points in a reasonable acquisition time. By using this new modalities,
it is possible to obtain a distribution of elasticity that perfectly correlates with the
topographical view of the sample, this means, on the exactly same area and with the
same number of points. This technique paves the way for a new correlative approach
in which all the feature displayed in the topography are also describe in terms of
elasticity.

Among all the mechanical mapping approaches, one of the most successful
implementations is the so-called PeakForce Tapping mode, marketed by Bruker since
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2010. Here this technique will be briefly described and some application presented.
PeakForce QNM is the further development of the pulsed force mode introduced some
years in advance [92]. In PeakForce QNM mode, and similarly to Tapping mode, the
AFM tip and the sample are intermittently brought in contact for a short period,
minimizing the lateral forces (Fig. 2.4, see also Sect. 3.1.2). PeakForce is a dynamic
mode, but unlike the traditional AC mode, PeakForce controls the position of the piezo
to keep constant the maximum force (Peak Force) on the probe, instead of the vibration
amplitude.

PeakForce QNM AFM mode allows the acquisition of maps of elastic modulus of a
sample surface working as fast as standard tapping AFM imaging, i.e., acquiring a
512 � 512 points map in some minutes. The elastic modulus is calculated from the
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force-indentation curves by using the Derjaguin-Muller-Toporov (DMT) model
(Fig. 2.4) [113]. The PeakForce mode is capable of working with very small load
forces, up to 0.1 nN, applying very small indentation depths, up to 1 nm. This unique
feature of PeakForce makes the modality particularly suitable in the study of thin
materials. PeakForce QNM is able to quantify Young’s moduli in the range between
0.7 MPa and 70 GPa. To better exploit its capability, the choice of the cantilever is
fundamental. In nanomechanical investigations, the maximum sensitivity is reached
when the spring constant of the cantilever is equal to the effective spring constant of the
sample [113]. When the spring constant of the cantilever is one order of magnitude
higher or lower than that of the sample, the sensitivity is three times lower. For this
reason, a rough estimate of the sample stiffness is important to set the correct experi-
mental configuration. Here two examples on sample characterized by significantly
different stiffness are reported.

Smolyakov and co-workers [110] investigated the nanomechanical properties
of chitin-silica hybrid nanocomposites, employing stiff cantilever with a nominal
spring constant k = 200 N/m to optimize the sensitivity of their experimental
setup for Young’s moduli in the order of the GPa.

Moreover, Sweers et al. [113] used cantilevers with a k = 27 N/m to test
amyloid fibrils from α-synuclein, a biological material, but characterized by high-
mechanical resistance (see Fig. 2.4a). In Fig. 2.5, the typical elasticity map of
chitin nanorods deposited on silica substrate is shown. However, measuring the
elasticity of objects with a cross-section in the order of few tens on nanometers is
still challenging. In particular, the modulus significantly changes across the
nanorod. An example of this variation is reported in Fig. 2.5b, while a cartoon
explanation is provided in Fig. 2.5c. When the tip comes in contact with the
nanorod side (in Fig. 2.5a the scan direction is from right to left), the contact is
not spherical, and the DMT model is not applicable. Furthermore, the radius of
contact is not correct in this case. Generally, these deviations from the ideal
conditions bring to a overestimation of the elastic modulus. This artifact is called
“edge effect.” On the opposite side of the nanorod, an area is not accessible to the
tip, due to the specific direction of its movement. This area is not tested; the
authors called this area “shadow effect.” Edge and shadow effects are present also
inverting the scan direction, confirming the validity of the geometrical interpre-
tation proposed by Smolyakov et al. [110]. The minimum value of the modulus,
corresponding to the central area of the nanorods (see Fig. 2.5), was considered as
the nanorod modulus, assuming that this value is less affected by geometric
artefacts. The authors found a different behavior in the mechanical properties
of textured chitin and chitin-silica films, measuring in both cases elastic moduli in
the order of the GPa and optimizing the experimental condition in the study of
these kind of samples.

Edge and shadow effects are also present in the elasticity maps acquired by Sweers
et al. and clearly displayed in Fig. 2.5e, f. In this image, the mica background elastic
modulus is underestimated, being about 1.5 GPa. This is likely due to the limited range
of elastic moduli which can be explored by the cantilever employed in the work,
demonstrating again the key role played by the probe in the PeakForce QNM mode.
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3.2 Brillouin Spectroscopy

Brillouin light scattering (BLS) is a spectroscopic technique able to access the
viscoelastic properties of the materials in the GHz frequency range.

For many years, this technique has been largely exploited in material science and
condensed matter physics [26, 30, 32, 108, 118], but recently, thanks to its nonin-
vasive character, new applications fields started to be explored [19, 54, 73].

100 shadow effect

edge effect

correct value
for a nanorod

80

60

40

20

0
0

3.0

2.5

2.0

1.5

1.0

0 50 100
Position (nm)

M
od

ul
us

 o
f e

la
st

ic
ity

 (
G

P
a)

150 200

50 100 150 200

Distance, nm

C

f

b

scanning direction

shadow effect
edge effect

AFM
tip

nanorod

D
M

T
 m

od
ul

us
, G

P
a

250 300

Fig. 2.5 (a) Maps of Young’s modulus of chitin nanorods on silica substrate. The modulus image
by PeakForce QNM (3 � μm2) was obtained by using a peak force of 150 nN. (b) Modulus
variation along nanorod cross-section along the scan direction. (c) Graphical explanation of the
artifacts induced in the modulus determination by edge and shadow effects.

80 S. Caponi et al.



BLS is based on the inelastic scattering of photons from the long-wavelength
acoustic phonons (~200 nm) naturally present at thermodynamic equilibrium in any
material [32].

The interaction between light and the sound waves gives rise to the so-called
Brillouin scattering, in honor to Leon Brillouin who first described this effect at
theoretical level, almost a century ago [21].

In a typical BLS experiment, as schematized in Fig. 2.6a, a monochromatic beam
of a given frequency ωi and wave-vector ki is incident on a medium, whose spatial
and temporal fluctuations of the local dielectric constant are responsible of light
scattering processes [10, 29]. In particular, the light diffuses changing its wavevector
when it goes through an optically heterogeneous material, if the material’s hetero-
geneities are also time dependent, the light will change also its frequency.

Let us consider, for example, the inelastic light scattering generated by a 3D
crystalline material; if p is the number of ions in the unit cell, we expect 3p normal
vibrational modes: three of them are acoustic modes, one longitudinal (LA), and two
mutually perpendicular transverse (TA1, TA2), the others 3(p – 1) are optical modes.
All of these vibrations can induce dielectric constant fluctuations able to cause light
scattering. In particular, if the scattering is generated by the propagating acoustic
waves the process is called Brillouin Light Scattering, while if it is generated by
optical modes, the process is called Raman scattering. Although these two spectro-
scopic techniques do not differ from the conceptual point of view, probing different
frequency ranges, they have been developed as separate experimental methods able
to obtain complementary information on mechanical and chemical properties of the
materials, respectively.

Fig. 2.6 (a) Schematic picture of inelastic light-scattering process. The incoming beam of given
wave-vector ki and frequecy ωi interacts with the internal normal modes of the sample and diffuses
in the space changing its frequency ωs and wave-vector ks. The position of the analyzer fixes the
scattering geometry. (b) Schematic picture of spontaneous Brillouin scattering process. The pres-
ence of sound wave in the sample of wave-vector q and frequency Ω, shown as a series of parallel
lines, induces the diffusion of the incoming monocromatic beam. In the scattered light, besides the
incident frequency, two other components with frequency ωs = ωi � Ω and wave-vector ks are
present. The scattering geometry is defined by the scattering angle ϑ, the angle between the vectors
ki and ks on the scattering plane.
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In the following, we will focus on the Brillouin Light Scattering process, analyz-
ing how it can represent a powerful tool to characterize the elastic constants in
materials of biological strategic interest.

Let’s consider a normal vibrational mode of wave-vector q and frequency Ω.
Avoiding the description referring to the microscopic structure of the material, the
normal vibrational mode can be described as a wavelike modulation in a continuous
medium. As schematized in Fig. 2.6b, at any given time, a density modulation with a
periodicity d = 2π/q is associated to the considered vibrational mode and can be
regarded as a diffraction grating. The incoming light beam of frequency ωi and wave-
vector ki will diffuse approaching this grating with a well-defined wavevector given by
the Bragg’s law 2d sin (ϑ/2) = 2πm/ks = 2mπ/ki (with m an integer), i.e., for
m = 1 q = 2ki sin (ϑ/2) since |ki|~|kf|.

In the case of propagating acoustic modes, the density modulation moves in time
with a constant phase velocity given by

v ¼ Ω=q (2:5)

So the collective vibrations have to be considered as a moving diffraction grating
in the material. The time evolution of the diffraction grating maintains unaltered the
orientation and the distance d between two successive planes, conserving the relation
2.5 on the wavevector. On the contrary, the frequencies of the scattered light, ωs will
be affected by the grating motion undergoing to the Doppler effect, i.e.,

ωs ¼ ωi �Ω (2:6)

Brillouin light scattering process can be also explained from quantomechanical
point of view, using corpuscular description. Considering the “photons” and the
“phonons” as virtual particles corresponding to the normal modes of radiation field
and ionic displacement field, respectively, the scattering process can be schematized
as a photon-phonon collision. Imposing the conservation of energy, the relations in
Eq. 2.6 are again obtained. Moreover imposing the conservation of the momentum,
the relation

ki � kf ¼ �q (2:7)

can be written.
Being |ki|~|kf|, the triangle highlight in Fig. 2.6b is nearly isosceles and the

exchange wave-vector of the process will be q = 2ki sin (ϑ/2) where ϑ is the angle
between ki and kf . It is worth to notice that the existence of the sign � in Eqs. 2.6
and 2.7 are linked to the phonon creation or annihilation.

Analyzing the frequency of the scattering light, two contributions have to be
expected, i.e., the Stokes and anti-Stokes components of the Brillouin doublet,
symmetrically shifted with respect to the elastic line at frequency � Ω,
respectively.
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Moreover, considering that the modulus of the exchange wavevector q is of the
order of 0.02 nm�1, value very small compared to the typical dimension of the
Brillouin zone (~10 nm�1), the process gives information only for the long wave-
length phonons for which (i) the linear dispersive relation as well as (ii) the approx-
imation of the sample to continuous medium are well verified. Thus, by measuring
the frequency shift of a scattered light, it is possible to achieve the local speed of
sound v of the collective vibration which generated the scattering process.

Of course, the described effect occurs for each collective acoustic vibration
present in the material. So, for example, the Brillouin spectrum of a 3D cubic crystal
will be composed by three Stokes and three Anti-Stokes peaks. Measuring their
frequency position, it is possible to estimate the longitudinal and the two transversal
sound velocities characterizing the elastic tensor of the sample [117].

3.2.1 Elastic Constants Probed by BLS
If three independent monochromatic plane waves describe the collective oscillations
in a 3D cubic crystal, in isotropic crystals (or amorphous materials), the symmetry
relations reduce the number of independent elastic constants.

The transverse modes collapse one to the other, so the expected characteristic
Brillouin spectrum is composed by two Stokes and two anti-Stokes peaks, symmet-
rically shifted with respect to the elastic line at frequencies:

ΩL ¼ qvL ¼ q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ 4

3
μ

� �
ρ

vuuut ¼ q

ffiffiffiffiffi
M

ρ

s

and

ΩT ¼ qvT ¼ q

ffiffiffi
μ

ρ

r

where ΩL and ΩT are the frequency position of the longitudinal and the transversal
Brillouin peak, respectively, ρ is the mass density, B the bulk, and M the longitudinal
and μ the shear modulus. The shape of the Brillouin spectrum will change due to the
presence of particular selection rules related to the scattering angle ϑ, to the polar-
izations of both photons and phonons and to their relative orientations with respect to
the scattering plane.

In general, the Brillouin scattering process is characterized by a low cross section.
Furthermore, considering the low-frequency shift of the scattered light respect the
elastic one Ω = ωs � ωi (in the range between 3 to 30 GHz in soft matter), high-
resolution and high-contrast spectrometers are necessary to detect the tiny inelastic
Brillouin signal. Different experimental set-ups are nowadays designed to achieve a
good signal quality and in the following we describe their main features considering
advantages and disadvantages of the more common types.
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3.2.2 Experimental Set-up for Brillouin Scattering Experiments
After lasers advent, inelastic light scattering set-ups have been developed using
spectrometers or interferometers able to detect the small-frequency variation (tens
of GHz) and the weak intensity of the Brillouin signals (typically several orders of
magnitude weaker than the elastic Rayleigh peak). In material science and con-
densed matter physics, the widest used instrument is the tandem Fabry-Pérot
interferometer (TFP), in particular the 6-pass tandem Fabry-Pérot developed in
the 1970s by John R. Sandercock [19, 26, 30, 108]. Its performance increased
during the last two decades, and the last upgrade named TFP-2 HC, developed a few
years ago, has drastically improved the set-up performance, widening the range of
investigable samples. The internal optics of the instrument has been deeply mod-
ified obtaining an unprecedented contrast together with a high-frequency resolution
(around 100 MHz). The contrast is the key parameter which defines in interfero-
metric systems the peak-to-background ratio. The TFP-2 HC yields an instrumental
contrast better than 150 dB [70, 103] opening the way for Brillouin scattering to
study highly opaque or turbid media such as tissues of medical biopsies [68],
biofilms grown on a metallic substrates [69, 103], or single living cells adhering
to silicon slabs [70].

A recent proposed alternative to the TFP interferometer is offered by the VIPA
(virtually imaged phase array) apparata (a picture is shown in Fig. 2.7).

Using a nonscanning method for the light dispersion, VIPAs doubtless increase
the acquisition speed of the spectrum allowing fast Brillouin imaging. However,
several limitations characterize their use: the thickness of the etalon determines the
spectral resolution which is limited to ~ 0.7 GHz and the spectral range restricted to
some tens of GHz. Nevertheless, the most severe limitation is the low contrast which
reaches the value of 30 dB in the single-pass setup. Different strategies have been
developed to increase the VIPA contrast in order to detect the Brillouin signals: the
use of equalization technique [5] or the multipass configurations [99], also in
combination with a triple-pass Fabry-Pérot interferometer as a bandpass filter [41]
or notch filters [71]. With these approaches, the spectral contrast reaches values good
enough to allow the Brillouin scattering measurements of transparent or moderately
turbid media [5, 41].

Anyway, whatever device is chosen, the most used experimental configuration is
the backscattering geometry, i.e., ϑ= 180

�
in which, even if the selection rules avoid

the presence of the transverse mode in the spectrum, the light absorption of non-
transparent samples does not prevent the focalization and the detection of the
scattered light. Moreover, a relevant advantage of the back-scattering configuration
is the possibility to use a microscope as focalizing and collecting optic. At ϑ = 180

�
,

the maximum exchanged wave-vector |q| is reached. In this condition: (i) the
Brillouin peak associated to the longitudinal acoustic mode reaches the greatest
frequency shift from to the elastic line, ΩL = vLq, becoming more easily measurable
also in the presence of high elastic scattering and (ii) the error in the evaluation of the
exchanged wavevector, q, due to the finite dimension of the collection lens reaches
its minimum value. This last condition allows the use of collection optics with high
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numerical aperture, as microscope objectives, because the lineshape deformations
are minimized [3]. However, also in backscattering condition, to analyze the
Brillouin peak and in particular to correctly extimate its width, the asimmetric
broadening related to the use of high numerical aperture objectives has to be taken
into account [70].

The recent developments of Brillouin microscopes allow to measure the elastic
properties of heterogeneous materials with a sub-micrometric spatial resolution,
paving the way for high resolution mechanical imaging [5, 36, 53, 98, 104]. An
innovative all-opical approach has been recently optimized in order to obtain the
micro-mechanical analysis correlated with the local chemical composition [70, 73,
103, 115]. This approach has proved particularly useful for characterizing spatially
heterogeneous materials such as biological cells and tissues. The inelastic light
scattered from the same scattering volume is collected by a microscope and simul-
taneously analyzed by a Brillouin and a Raman spectrometers. The experimental
set-up composed by a High-Contrast tandem Fabry-Pérot interferometer and a
Raman spectrometer is reported as an example in Fig. 2.8.

Fig. 2.7 VIPA-based optical setup: (a) Experimental setup of a single-stage VIPA spectrometer.
(b) Schematic of the confocal Brillouin microscope system. (Reprinted with permission from [98])
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3.2.3 Key Time and Length Scales Probed by Brillouin Scattering
While planning a Brillouin experiment or comparing its results with those obtained
by other techniques, a particular attention has to be paid to the relevant length and
time scales probed by the spectroscopic approach.

In fact, being BLS an optical tool which directly probes material phonons, three
different length scales have to be considered to explain the spectral shape and to
extimate the effective spatial resolution obtained in the mechanical characterization
[68, 70].

As schematically reported in Fig. 2.9, the smallest relevant length scale is
represented by the wavelength of the probed acoustic modes, L1, which, in a typical
light scattering experiment, is of the order of ~ 0.1 μm.

Elastic inhomogeneity much smaller than L1 are not measurable from the
acoustic field, which instead is sensitive to a mean value over the phonons wave-
length. However, the presence of elastic spatial inhomogeneities of the order of L1/
10 or larger gives rise to the acoustic scattering effect, which in turn affects the
propagation of the phonons and the Brillouin spectral shape. Their effect is well
characterized in amorphous and porous glassy systems [22–24]: it originates atten-
uation processes of the acoustic field and anomalous dispersion of the acoustic
modes [67].

Fig. 2.8 Layout of the experimental setup composed by a High-Contrast tandem Fabry-Pérot
interferometer (TFP-2 HC) and a Raman spectrometer. The laser beam is focused onto the sample
by the same microscope objective used to collect the backscattered light. A short-pass tunable edge
filter transmits the quasi-elastic scattered light (green beam) to the Brillouin spectrometer and
reflects the inelastic scattered light (red beam) towards a Raman monochromator. Reprinted with
permission from [70]
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The second intermediate length scale to consider is the so-called mean free path of
the acoustic modes. In fact, in non-crystalline materials, phonons cannot be consid-
ered as propagating plane waves any longer, but they are damped oscillations with a
characteristic life time. The propagation length of acoustic phonons, L2, principally
depends on two different factors: (i) the morphological disordered structure of the
investigated material, responsible of the “static attenuation process” and (ii) the
microscopic processes active in the materials associated to energy exchanges with
the vibrational modes (dynamical attenuation processes). Due to the different origin
of attenuation processes, L2 can vary significantly among different materials, even
spanning several orders of magnitude [9, 23, 74, 119]. However, as far as the
investigation of biological samples is concerned, it has to be mentioned that the
characteristic L2 values measured in dry tissues [68], in living cells immersed in their
buffer solution [70], or in extracellular matrix structures [85] are of the order of
~ 1 μm. So we refer to this value for L2 in the following.

Finally, the last length scale L3 takes into account the sizes of the scattering volume,
i.e., the part of the sample enlightened by the laser beam and from which the scattered
light is analyzed by the interferometer reaching the photo-detector. In the usual Brillouin
configuration, L3 is ~ 10 μm, but it can be reduced by almost one order of magnitude
L3 ~ 1 μm in the more stringent confocal condition of the Brillouin microscopy. In
spatially heterogeneous materials, such as cells or tissues, the scattering volume can be
composed by homogeneous sub-regions with characteristic size greater than L2 and
characterized by different elastic constants. In this case, the measured spectrum is
composed by the sum of the Brillouin peaks originating from the different subregions.
As measured in living fibroblast immersed in their buffer solution, if the spectral spacing
between the Brillouin peaks is larger than their width, the different contributions can be
separated [70] obtaining the mechanical characterization of each subregion. Otherwise,
the frequency position of the Brillouin peak will be a mean value between those of the
subunits and an heterogeneous broadening characterize the width of the peak as
measured in dry brain tissues [68]. From this simple analysis, it appears that the spatial
resolution limiting the Brillouin mapping is L2 since the acoustic modes would make an
average of the mechanical properties over such a distance.

The second pivotal parameter for the understanding of the elastic moduli obtained by
BLS is the frequency range analyzed by the technique. In fact, in the case of viscoelastic
materials, the time scale plays a key role in the evaluation of their mechanical response.

Fig. 2.9 Schematic
representation of the
characteristic length scales in
BLS. (Reprinted with
permission from [68])
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Being a GHz spectroscopy, Brillouin probes the materials at higher frequency
respect to AFM, quasistatic tensile testing or ultrasonic measurements. Comparing
the high and the low frequency behavior for different biological materials such as
collagen and elastin for the extracellular matrix proteins [31, 35], living fibroplast for
cells [102] and the crystalline lenses and cornea for tissues [101], the existence of a
dual biomechanical scale emerges from the measurements. In the GHz frequency
region, the characteristic values of the elastic moduli are in the GPa range, while
investigating these systems in the lower frequency range their value drastically
decreases.

The reason for these apparently conflicting results is twofold.

(i) From one hand, the different techniques probe different elastic moduli. In fact,
Brillouin spectroscopy probes M, the longitudinal elastic modulus, defined as
the ratio of axial stress to axial strain in a uniaxial strain state, i.e., the material
deformation is limited only on the unique axis considered. On the contrary,
probing the Young’s modulus, the material deformations are allowed also in the
others directions respect to one of the axial stress. It is worth to notice, however,,
that a strict correlation between the elastic moduli obtained in the high (GHz)
and low frequency (quasi-static or kHz) range has been obtained both in tissues
and cells [35, 101, 102] proposing the existence of a scaling law (see Fig. 2.10).
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Fig. 2.10 Right panel: M(ω) behavior for the real (blue line) and an imaginary part (red line). The
first one is related to the dispersion while the second to the absorption of the acoustic modes. ωB
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This experimental observation, which deserves an in-depth phenomenological
and theoretical investigation, confirms that both the techniques are sensitive,
even if differently, to the same elastic modulations validating both as powerful
tools for the biomechanics characterization.

(ii) On the other hand, the elastic response of any viscoleastic material is strongly
frequency dependent. This effect is largely characterized, for example, in glass
forming materials [30, 57]. When a system undergoes the glass transition, its
dynamics changes from the liquid-like behavior to the solid one increasing by
orders of magnitude its viscosity and elastic moduli. Depending on the probed
frequency range ω, the glass forming system appears as a liquid or as a solid.
The characteristic frequency separating the two regimes is given in terms of the
structural relaxation time τα, which is characteristic of any given material and
changes its value as a function of temperature, pressure, or chemical modifica-
tions of the investigated sample. The structural relaxation defines the time scales
which regulate the cooperative rearrangement processes by which the local
structure reaches a new equilibrium after being perturbed.

Applying an external force or following the response to the spontaneous fluctu-
ations in the low-frequency regime ωτα � 1, the liquid-like behavior dominates: the
system is able to follow the perturbation and it is in the so-called relaxed condition.
On the contrary, when ωτα � 1, the system is no more able to follow the time
evolution of the perturbation. In this “unrelaxed state,” it shows a solid-like dynam-
ics characterized by high viscosity and high elastic constants. A widely used
approach to describe this behavior is introducing frequency dependence in the
stress-to-strain relation which in the appropriate limits converges to the standard
equations for a solid and a fluid [133].

In the generalized hydrodynamics framework, a complex frequency-dependent
viscoelastic modulus is considered. The characteristic frequency behavior normal-
ized to that of the α–relaxation is reported in Fig. 2.10 for the longitudinal elastic
modulus M(ω) [18, 30]. To keep the model as simple as possible, we limit our
discussions to the effect of the structural (or α-) relaxation process, neglecting the
other relaxations eventually present in the system whose effect is described else-
where (see for example [30]).

From the mechanical point of view, cells and tissues have been recently modelled
as soft condensed matter near the glass or jamming transition [38, 64, 93, 94, 128]:
the frequency dependence of their elastic moduli is a further confirmation of their
similarity to glass forming materials.

4 Key Research Findings

Modern tissue engineering is exploiting the capability of new biomimetic materials
to mediate cell response. An ideal biomimetic material is obtained by tuning not only
the chemical and morphological but also mechanical properties of the material itself.
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In particular, the development of soft tissue regeneration demonstrated that an
effective physiological-like environment also requires the presence of physiological
like mechanics. For example, the tuning of physical properties such as stiffness and
topography has been used to control adsorption of specific proteins [75], driving the
adhesion of monocytes and the polarization of macrophages. For drugs release
purpose, the deformability of polymeric carriers is associated with a decreased
recognition and interactions with specific cells of the immunosystem, thus to a
reduction of their internalization and degradation [83]. Working on stem cells,
field has been demonstrated that the mechanical properties of the extracellular matrix
(ECM) regulate not only cell spreading but also the change of phenotypes in stem
cells [127]. This limited number of examples, among the thousands in literature, is
enough to demonstrate that the mechanical properties of a material are important, as
much as the chemical and morphological properties, to define its interaction with
biological cells. The characterization of biomimetic materials required the use of
sensitive techniques, able to evaluate the mechanical properties of the material over a
large range of elastic moduli, spanning from the GPa to the few hundreds of Pa,
depending on the application, and possibly working in a physiological environment.

4.1 Indentation Experiments on Hard/Soft Materials

As already pointed out, single cells are able to sense local modulations of the
mechanical properties, and the length scale on which this process occurs is compa-
rable with single cell size (few μm) or even smaller. For this reason, in the last
decades new materials have been proposed in which the mechanical properties were
finely controlled at the microscale [45] or even at the nanoscale [109]. The leading
characterization tool in this context is by fat the AFM, being able to image the
sample and test the mechanical properties with an unprecedented resolution
(Fig. 2.11). In the following sections, few relevant examples of the AFM capabilities
in this field are reported.

4.1.1 Assessing the Mechanics of Microparticles for Drug Delivery
A perfect example of the AFM potentiality is represented by the recent work of
Palomba et al. [83] that developed and characterized a new class of polymer micro/
nano-particles for drug-delivery applications. It was previously proposed that the
stiffness of the drugs carrier could influence significantly the macrophages uptake of
the carrier itself and, hence, influence the effectiveness of the treatment. In particular,
the cellular uptake, by bone marrow-derived monocytes, of particles with different
shapes (circular, elliptical, and quadrangular) and with two typical sizes (1,000 and
2,000 nm) was characterized as a function of the particles stiffness. Discoidal
particles were obtained in a multistep process via replica molding [55]. Different
experimental techniques can provide the morphological characterization of micro-
size particles. In particular, the authors employed confocal microscopy and trans-
mission electron microscopy to have a fast characterization of a high number of
samples. The elasticity of the polymer disks is the key parameter in this
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Fig. 2.11 A schematic representation of the experimental conditions is shown (top images). The
soft disks, represented as red circular particles, are randomly distributed on the glass substrate. The
sharp AFM tip can test the stiffness locally, and the analysis can be limited on the softer particles
only. Two typical F-D curves and the correspondent F-I curves acquired on glass (�, left column)
and on polymer disks (��, right column) are shown. A significant indentation is only present in ��.
The Young’s moduli of CPN with three different composition (s, soft; r, rigid; and rr, very rigid) are
shown in the bottom panel. The elasticity of soft square particle is also shown
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investigation, and its experimental determination is fundamental, since the mechan-
ical properties of the bulk polymer can be modified by the fabrication process and by
the particle geometry itself. This characterization cannot be obtained using standard
indentation methods that provide reproducible results only on extended samples and,
generally, applying indentation forces that are not suitable for the study of a thin
layer of soft material.

By using the AFM, the authors were able to identify the particles deposited on a
standard glass slide, from the topographical reconstruction of the sample and to
perform indentation experiments only on selected area (on the disk surface), apply-
ing a force load of 1 nN. All the analysis was performed in liquid environment, hence
avoiding the stiffening effect induced by polymer dehydration. One of the main
problems in the analysis of thin layers of soft materials lying on a rigid substrate is
related to the influence of the stiffer substrate. In order to minimize the substrate
contribution to Young’s modulus determination, the authors applied small indenta-
tion depths, below the 10% of the particles thickness, also for the softer particles.
The typical aspect of force vs. distance (F-D) curves obtained on soft, rigid, and
overrigid substrates is shown in Fig. 2.11. F-D curves were corrected for the bending
of the cantilever (36) to calculate the vertical tip position and to build force
vs. indentation (F-I) curves (Fig. 2.11). Since the Hertz’s model of contact mechanics
is valid for spherical symmetry, the authors used the Bilodeau formula for pyramidal
indenter [15], a generalization of the Hertz’s model 4 that adapts it for square-shaped
indenter putting ρ = 0.7453tgα and β = 2. F-I curves were thus fitted by using the
following expression (Bilodeau’s formula) 2.8,

F ¼ 0:7453tgα
E

1� v2
δ2 (2:8)

where F is the force load, E is the Young’s modulus, δ is the indentation depth, α is
the face angle of the pyramid. Some manufacturer are not providing the angle α, but
the angle measured at the corner edge, in this case, α can be deduced from
trigonometric relations. Figure 2.11 shows an example of F-D curves acquired on
the polymer disks and on the rigid subtrate, and the correspondent F-I curves.

Palomba et al. demonstrated that the particle stiffness is not significantly affected
by the particle shape, while changing the composition the stiffness can be reproduc-
ibly controlled (Fig. 2.11). The Young’s moduli of circular (sCPN) and square
(sQPN) particles with the same composition are shown in Fig. 2.11, as well as the
elasticity of circular particles with a different composition (rCPN and rrCPN) are
shown in figure (Fig. 2.11). For further details, also on other shape and composition
particles, see [83]. The analysis performed by Palomba et al. [83] demonstrated
particle stiffness can be tuned by varying the composition, in particular, softer disks
are produced by increasing the PEG concentration. On the contrary, this work
indicated that the geometry is just slightly affecting the mechanical properties of
the particles. It was confirmed that, independently from the shape, softer particles
interact less with macrophage, hence, they posses better biomimetic properties,
being ideal candidates in drugs release applications.
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4.2 Mechanical Properties of Porous Materials for Tissue
Engineering

In the last decade, several applications focused on the use of soft porous and fibrous
materials as cell scaffold for tissue regeneration [6, 63, 86, 109]. These materials are
a valid 3D model of the extracellular matrix. They have interesting mechanical
properties in terms of elasticity and stability upon compression. Furthermore, the
presence of large and interconnected empty spaces provides an optimal environ-
ment for the ingrowth of cells and tissue formation and for an efficient vasculari-
zation. A great attention must be put in the characterization of porous and fibrous
3D materials since their mechanical properties depend on the spatial scale that is
considered. Welzel et al. [126] investigated the elastic modulus of porous materials
for cell scaffold application prepared by freezing glycosaminoglycan–poly(ethyl-
ene glycol). In particular, they employed AFM-based nanoindentation, by using a
standard AFM tip as indenter. The AFM offers the possibility to test the stiffness of
selected parts of the sample (Fig. 2.12). Starting from thin slices of materials,
Welzel et al. concentrated the investigation on the scaffold wall, obtaining the
elastic modulus of the material and avoiding the softening effect induced by
porosity. Comparing these results with that obtained on the bulk hydrogel, they
found that the process of pore formation induced by cryo-concentration signifi-
cantly increased the elastic modulus of the material. This result was expected but
still not confirmed experimentally.

Offeddu et al. [78] show a very explicative case by studying the multiscale
mechanical properties of collagen scaffolds obtained through freeze-dried technique
[78]. Freeze-drying is a consolidated technique for the fabrication of 3D polymer
scaffold with controlled pore size and wall thickness [77, 87]. Previous work
demonstrated that the scaffold pore size influence significantly adhesion, growth,
and phenotype of cells [95, 124, 132].

Similarly, it has also been shown that Young’s modulus of the bulk porous
material increase with the concentration of collagen, i.e., with the concentration of
solid in the material [47]. For tissue engineering and regeneration, the global
stiffness of the porous 3D scaffold is essential, since this has to adapt to the stiffness
of the host tissue/organ. On the other hand, the single cells are feeling the local
stiffness, interacting with a limited portion of a pore wall with an area in the order of
hundreds of μm2. The bulk stiffness is measured by standard indentation methods,
by using large spherical indenter with a diameter of 1.2 mm and applying indentation
of 0.5 mm (Fig. 2.12 c). The bulk stiffness increased quadratically by increasing the
concentration of collagen, and this is due to the presence of a higher number of pores
and an increased amount of material forming the walls (i.e., thicker walls). An
interesting AFM approach was employed to evaluate the elasticity of single mem-
brane of the material that forms the pore.

The analysis indicates that the mechanical properties of the single scaffold
membranes, i.e., the mechanical environment felt by single cells seeded on this
kind of scaffold, is the same, independently from collagen concentration
(Fig. 2.12 f), on the contrary, the global stiffness of the device is influenced by
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Fig. 2.12 (a) Schematic representation of the experimental design. A thin slice of porous material
is prepared and deposited on a rigid substrate. By using a standard AFM tip only the walls are tested.
The analysis is performed on hydrated sampels. (b) Istantaneous Young’s moduli calculated for the
cryogel struts (open circles) and the corresponding bulk hydrogels (closed circles), modified form
Welzel et al. [126]. The material that forms the wall of freezing-induced pores is stiffer than the bulk
material. The stiffness is also dependent on the composition. Two approaches are proposed by
Offeddu et al. [78], first, (c) large indentation with a standard indenter probe. The presence of the
empty pores space decreases the stiffness of the bulk (d, modified from Offeddu et al. [78]).
Dehydration is severely affecting the scaffold stiffness (d). The same kind of porous material is
prepared differently for the AFM inspection. A this slice is deposited on a copper grid with large
pore (2.12 e). A microsize bead is pushed on the wall of a scaffold pore that stand above a grid pore.
In this way not only the indentation but also a bending of the membrane of polymer is induce. The
results derived from this experiment are shown in Fig. 2.12 f (modified form Offeddu et al. [78]
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the concentration (Fig. 2.12 d), due to an increase of the scaffold wall thickness and
this factor is important to adapt to the stiffness of the hosted organ.

Both papers here presented use standard AFM indentation methods, based on the
acquisition of force-distance curves acquired in static mode (the AFM probe is not
oscillating during the force-distance cycle), but the different experimental designs
impose a different data treatment. Welzel et al. neglected the bending of the material
and they applied the Bilodeau formula 2.8 for a pyramidal indenter, with α is the
half-angle-to-face of the indenter (17.5� in this case).

On the contrary, Offeddu et al. tested the elasticity of relatively thin membranes
that stand over the free space of a copper grid, hence, allowing membrane bending.
In this case, the contribution of the deflection of the membrane must be considered,
since it contributes, to define the correct elastic modulus of the membrane. A
different model was chose to fit the experimental data, in particular, the author
applied the model previously developed by Scott et al. [107], here shown in 2.9.

E ¼ Epenetration þ Edeflection ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9P2 1� v2ð Þ2

16rh3
3

s
þ 3Pa2 1� v2ð Þ

4ϕt3
(2:9)

where E is the Young’s modulus of the material, P is the measured load, t the
thickness of the membrane, and ν the Poisson’s ratio of the material.

Some of the primary results are summarized in Fig. 2.12. In particular, the
discrepancy in the elastic moduli registered on collagen scaffolds (Fig. 2.12 d, f) is
due to the different scale of analysis. The E of bulk porous materials results smaller,
less than 10 KPa when hydrated, indicating that the scaffold is a very soft material,
suitable for soft tissue regeneration purpose, while the local elasticity is more than
one order of magnitude higher (Fig. 2.12). The interplay between local and bulk
elasticity is an important parameter that can be controlled to create a good biomi-
metic environment.

4.3 Noncontact Mechanical Analysis

A complementary nondestructive, non-invasive and label free approach for the
mechanical characterization of biomaterials is provided by Brillouin spectroscopy,
which discovered in recent years new breakthroughs in instrumentation (see para-
graph 2.2.1), enabling new applications areas [19, 73].

In the following we will focus our attention on two different application methods
of the technique, exploiting BLS either to characterize the visco-elatic properties of
homogeneous natural and/or artificial bio-materials, or as an imaging tool able to
resolve bio-mechanical modulations with sub-cellular spatial resolution.

4.3.1 Brillouin Spectroscopy of Biomaterials
The first Brillouin applications for the bio-materials investigation appeared in the
seventies, characterizing the elastic moduli of collagen, muscle [31, 46], eye
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tissues such as crystalline lens and cornea [91, 121], aligned multilamella lipid
samples [59] and DNA fibres [66].

After these pioneering studies which, for the first time, demonstrated the ability of
the technique, many other studies have been addressed over time, analysing the link
between morphology, composition, temperature and pressure conditions and elastic
properties in bio-materials.

As a first relevant example, BLS has been succesfully applied to study biomi-
metic materials with tunable elastic parameters, helping to design innovative
bio-inspired samples aimed at mimicking different tissues stiffness. In brief, a
platform based on chemically modified hydrogels from denaturalized collagen
(GelMA) was adopted obtaining a photo-crosslinkable polymeric system responsive
to UV exposure [76, 129]. Brillouin spectroscopy demonstrated its ability to follow
the viscoelastic modulation obtained changing the concentration of the covalently
crosslinked hydrogels. In fact, a good positive correlation has been found between
the Brillouin frequency shift and the storage/loss modulus measured by shear-
rheology in the different samples [73] (Fig. 2.12).

Moreover, BLS resulted to be effective also to characterize the interaction of
biomembranes models with molecules potentially able to modify the lipid phase
transitions. To analyze at molecular level the role of sugar in the protective action
during drying or freezing in model membranes, the multi-lamellar lipidic assemblies
has been studied as a function of temperature by infrared, Raman and Brillouin
spectroscopies [96]. The collective dynamics measured by BLS evidenced the
different temperature dependence measured in hydrated and dry samples with and
without trehalose crossing the gel to liquid-crystalline phase transitions. The com-
parison with Raman and infrared spectroscopies links the collective dynamics with
the molecular interactions.

BLS has been widely used also for natural biomaterials characterization, as
occurred for example in the case of spider silk. This system has unique mechanical
characteristics and analysing by BLS the different directions along the fibers, five
independent elastic constants were determined [58]. Moreover, an intriguing and
complex scenario of its dynamical properties has been revealed discovering the the
presence of a hypersonic phononic band-gap and a negatively dispersive region. The
origin of these peculiar dynamical properties has been attributed to the link between
non linearity in the mechanical response and the multilevel structural organization of
the silk fiber [105]. These studies can give an important insight for the design of new
bio-engineered meta-materials.

Recently, Brillouin studies has been performed using the innovative scattering
geometry reported in Fig. 2.13 [34, 35, 85] which deserve a separate description. The
experimental configuration has been used for the characterization of elastin and
collagen, the principal fibrous, load-bearing components of the extracellular matrix.

Being the main components of bones, muscles and tendons the Extra Cellular
Matrix (ECM) has a key role in the body functionality. It has a multidomain structure
which starting from the nano-and micro-meter length scale develops on the macro-
scopic scale. The sophisticated ECM architecture and its role in the transmission of
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the mechanical stimuli to the cells attracted enduring interest of the scientific
community [125].

In the new proposed experimental configuration the fibres, mainly aligned along a
given direction, are in contact with a reflective silicon substrate which acts as a
mirror for the incoming laser beam. In this way, two scattering processes occurs. The
former is due to the usual interaction of the phonons with the incoming laser beam,
giving rise to the so called bulk peak. The latter is due to the scattering of the
phonons with the beam virtually generated by the reflective substrate. This second
process probes the phonons travelling parallel to the substrate surface generating a
second peak in the Brillouin spectrum (parallel-to-surface, PS mode) see Fig. 2.14a.
Thanks to this configuration, it is possible (i) to evaluate the fibres elastic moduli
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regardless of the accurate estimation of the refractive index of the medium and
(ii) rotating the sample, to reveal both longitudinal and transverse acoustic waves
travelling at different angles along the fiber axis assuring the complete acoustic
characterization of the system. As suggested in the earliest studies [31], the fibres can
be modelled as hexagonal symmetric elastic solid. The frequency position of the PS
Brillouin peak measured at different angles changes as shown in Fig. 2.14b, and,
from this modulation, four of the five elastic constants that characterize its elasticity
tensor can be obtained. Imposing the relation between the elastic moduli, the axial
and transverse Young’s, the shear and the bulk moduli of the fibres has been
evaluated finding 10.2, 8.3, 3.2 and 10.9 GPa, and 6.1, 5.3, 1.9 and 8 GPa for
dehydrated type I collagen and elastin, respectively. These values, especially in the
elastin case, are much higher than those obtained by the low frequency investiga-
tions [20, 97].

Moreover, the well known difference [20, 43] of two orders of magnitude
between the elastin and collagen fibres elastic modulus is no more present analysing
the system in the GHz frequency range. As already noted by Cusack and Miller in
their pioneering work [31], the data disclose the presence of relaxation process with a
characteristic time much slower than the time scale probed by BLS. In fact, this
behaviour can be explain, as previously introduced in the paragraph 2.2.3, in term of
the visco-elastic nature of the materials and to the different elastic moduli probed by
the techniques.

4.3.2 Bio-Mechanical BLS Imaging
In the analysis of spatially heterogeneous materials such as cells and tissues, the
evaluation of mechanical properties has to be addressed passing from single point
analysis to a scanning mode approach. The increased spatial resolution obtained
coupling Brillouin spectroscopy with microscopy, the drastic reduction in acquisi-
tion time and the increase of the experimental contrast obtained by the implemen-
tation of the spectrometers, as reported in paragraph 2.2.2, paved the way to new
application possibilities.

BLS spectroscopy has been recently used to map the elastic heterogeniety in
tissues [1, 4] recugnising distinct anatomical structures living organisms [104]. The
first studies of the in-situ 3D mechanical mapping of a mouse eye [98] further
developed achieving the ability to obtain the in vivo Brillouin map of the full
human eye in 2012 [100] anticipate the potential impact in ophthalmology [54,
131]. The modifications of the tissues elasticity in human pre-cancerous epithelial
tissue studied in in Barrett’s oesophagus biopsies [84] or in Sinclair miniature swine,
an accepted animal model for the human melanoma [71], highlighted the possibility
to use BLS for the cancer diagnostics or therapeutics.

A correlative Brillouin and Raman approach has been also used to study the
hippocampal part of the brain of transgenic mouse affected by amyloidopathy [68].

Both the experimental techniques proved to successfully differentiate the amy-
loid plaques and the healthy tissue highlighting the strict relation between the
modifications of mechanical properties and chemical composition with the devel-
opment of this pathology. In fact, the Brillouin imaging of the brain reported in
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Fig. 2.15 shows an increase in the Brillouin shift investigating the core of the
plaque. This region is more rigid than the surrounding tissue: the increase of about
10% found in the Brillouin frequency corresponds, neglecting density and refrac-
tive index changes, to an increase of about 20% in the longitudinal elastic modulus.
The comparison with the Raman maps obtained investigating the same tissue
region, shows that chemical modifications correspond to mechanical changes. In
particular, the amyloid plaques structure presents a rigid core rich of protein in β-
sheet conformation surrounded by a softer region rich in lipid and proteins in other
conformational structures. In fact, it has been already observed that different types
of protein aggregates correspond to different rigidity in particular random coil
structures are softer than α-helix, which in turn are softer than aggregates in β-sheet
conformation [88].

An other interesting aspect to underline in this study is the clear relationship
between the width, Γb(Ωb), and the frequency,Ωb, of the Brillouin peak as showed in
Fig. 2.15. Leaving the core of the plaque, the Brillouin frequency shift decreases,
reaching its minimum value in the region of the lipid ring while the opposite
behaviour has been found for the width of the Brilouin peak. The reduction of Ωb,
related with the real part of the longitudinal elastic modulus

M 0 Ωbð Þ ¼ ρΩ2
b=q

2

(where ρ is the density and q the exchanged wavevector, defined in Eq. 2.5),
correlates quite strictly with an increase of Γb(Ωb), related with M00(Ωb), the imag-
inary part of the longitudinal elastic modulus, and with ηL(Ωb) the longitudinal
apparent viscosity as

ηL Ωbð Þ ¼ M 00 Ωbð Þ=ω ¼ ρΓb=q
2

A part from the key role played by the different chemical compositions in the
modulation of the elastic properties, this experimental result could hide a possible
viscolelastic origin. In fact, in the framework of the viscoelastic description in
presence of relaxation phenomena, the direct correlation between the real and the
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Fig. 2.15 (a) Image of the hippocampal section of a transgenic mouse brain containing two
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using a 1.5 μm step-size. (b) Maps of the frequency shift and (c) linewidth of the Brillouin peak.
(Reprinted from [68])

2 Characterization Tools for Mechanical Probing of Biomimetic Materials 99



7.
5

–4
0

36 25 10
7.

0

7.
1

7.
2

7.
3

7.
4

7.
5

Brillouin shift (GHz)

–2
0

0
C

ro
ss

 s
ec

tio
n 

(μ
m
)

D
ep

th
 (

μm
)

20
40

D
ep

th
:

10
 μ

m

25
 μ

m

36
 μ

m

-
0

6.
8

7.
0

7.
2

7.
4

7.
6

G
H

z

+

7.
4

7.
3

7.
2

7.
1

7.
0

48
 h

72
 h

–4
0

–2
0

0
20

40
C

ro
ss

 s
ec

tio
n 

(μ
m
)

Brillouin shift (GHz)

Fi
g
.2

.1
6

(c
on

tin
ue
d)

100 S. Caponi et al.



imaginary part of the elastic modulus is expected if the frequency probed by the
technique is lower than the characteristic frequency of the structural relaxation time.
Otherwise the opposite behaviour is expected (see Fig. 2.10).

Besides the bio-mechanical mapping of tissues, applications at smaller lenght scales
are recently performed, analysing for example biofilms as complex cells aggregates
[53, 103]. Biofilms, the so called “city of microbes” is composed by microbial cells
able to reach high level of resistance to antibiotics, anti-fungal drugs and extreme
conditions. This ability is in part related to the solid surfaces surrounding the cells
consisting of eso-polysaccharides (EPS) a cross-linked polymeric structure produced
by the cells themselves. The mechanical characteristics of the biofilm appear of key
importance for the understanding of its resistance ability or the mechanisms governing
its lifecycle, which includes cells adhesion on surfaces, growth and maturation of the
colony and dispersion of new cells to build a new biofilm.

Being a spectroscopic technique, Brillouin spectroscopy is able to provide a
mechanical characterization not limited to the surface, allowing the detection of

�

Fig. 2.16 Brillouin study of Pseudomonas aeruginosa biofilms colonies. (a) Frequency shift of the
Brillouin peak measured along cross-sections of a single colony (thickness 38 μm, taken at 72 h post
inoculation), depths are indicated. The coloured triangles on the top border denotes the colony
boundaries at each depth corresponding to panels from (b) to (d) where the wide field images of the
studied colony taken at different depths of 10, 25 and 36 μm are reported. The white dashed lines
define the boundaries of the colony at each depth. (e) Schematic picture of the cross-sections. (f)
Time evolution of the Brillouin shifts measured along the cross-section of a single colony at 48 and
72 h post inoculation. (g) Wide field image of the same colony, taken at 48 and 72 h post
inoculation. (h) Wide field, (i) Brillouin, and (j) Fluorescence images of a different colony imaged
100 h post inoculation taken at a depth of 15 μm inside a 35-μm thick biofilm. Scale bars:
10 μm. (Reprinted from [53])

20 5

4

3

2

1

0
Brillouin WidthBrillouin shift

19.5

19

18.5

18
2624222018161412

0

In
te

n
si

ty
 (

C
o

u
n

ts
)

Frequency Shift (GHz)

100

200

300

400

a b

c d

Fig. 2.17 (a) Optical micrograph of a Candida albicans biofilm. The red box denotes the
20 � 20 μm2 area where Brillouin raster-scan maps are performed with 1 μm step-size. (Reprinted
from [69, 103]). (b) Brillouin spectra (dots) measured in the points indicated by asterisks in (a). The

full lines are the fitting curves obtained by a damped harmonic oscillation, DHO, model I ωð Þ ¼ I0

ΓBΩ2
B=π ω2 � Ω2

B
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. (Reprinted from [69]). (c) and (d) Brillouin maps respectively

based on the characteristic frequency Ωb (GHz) and linewidth Γ (GHz) of the Brillouin peak.
(Reprinted from [103])
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the bulk mechanical properties, well below the EPS matrix or the first cells layer of
the biofilm. This ability is a clear advantage with respect to other techniques, like for
example atomic force microscopy, able to reach higher spatial resolution, but mainly
on the sample surface. Changing the position of the laser beam focus, different
depths into the intact and live colony can be analyzed. The data [53] show a
modification in mechanical properties at different times post inoculation showing
how the mechanical properties can be used as marker to characterize the life-cycle of
the colony (see Fig. 2.16).

The study of biofilms has been recently approached also by a
correlative Brillouin and Raman spectroscopy [69, 103]. The Brillouin image of
a dry sample of Candida albicans biofilm grown on a metallic substrate is reported
in Fig. 2.17.

Using the Raman peaks as spectroscopic markers of modification in the cell
status and/or in the biofilm composition, the study evidences the potential
presence of still alive Candida cells in a dried sample maintained at room
temperature for 1 week before the analysis. The existence of a softer region
revealed by Brillouin scattering correlated with a region were the Raman signals
drastically change revealing also the presence of residual water. These results
confirm the microbiological properties of biofilms, which are able to preserve
water and to protect cells acting as a defence structure against adverse external
agents.

The Brillouin imaging even reached the sub-micrometric spatial resolution
achieving the possibility to analyse mechanical modulations of subcellular
compartments in living cells. The technique holds the promise to unveil new
aspects of the cell biology since it is able to perform in situ analysis without the
use of any fixation procedure and the presence of the buffer does not hamper the
signal detection. The clear discrimination of the sub-cellular elastic heteroge-
neities are obtained in several cases [2, 36, 70, 72, 102], together with the
evidences of elastic properties modifications in the cells after oncogenic trans-
fection [70], after osmotic shock [102], after the exposure to latrunculin-A, a
toxin that prevents polymerisation of actin filament [2]. Recently BLS has been

�

Fig. 2.18 (a) Brillouin spectra and their deconvolution into cell and buffer components. The fit
was performed by considering a fixed shape of the buffer contribution (sound velocity and
kinematic viscosity of the corresponding DHO function). Leaving these parameters as free, or
even adding a further DHO function, would not lead to an increase in R2. (b) Cell image. The yellow
point is the initial investigated point for the illustrated measurements. The straight arrow along the
cell shows the direction in which the measurements were performed. (c) Upper panel Longitudinal
elastic modulus M’ as a function of the position. Lower panel relative variation of the protein
concentration as obtained by the area of the amide 1 Raman peak and by the deconvolution of the
carbon – hydrogen (CH) stretching vibrational mode. (d) Fluorescence microscopy image of NIH/
3 T3 cell seeded onto glass cover slips. The average value of the nuclei size is (14 � 2) μm, in good
agreement with the Raman spectroscopic signatures of the cell nucleus. (e) Raman peak intensities
of the protein estimated by the intensity of the amide 1 peak and the DNAvs the longitudinal elastic
modulus. (Reprinted from [70])
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also used to analyse the roles for mechanotransduction in embryonic develop-
ment [89]. A recent correlative Raman and Brillouin investigation has been
performed analyzing single living fibroblas cells [70]. The Brillouin line shape
visibly changes probing different sub-cellular compartments, see Fig. 2.18a,
highlighting the technique sensitivity to the local mechanical properties. In these
measurements, the presence of the buffer inside the scattering volume is
revealed analysing the shape of the Brillouin peak, which appears composed
by a superposition of two contributions. The former, which changes its fre-
quency position due to the signal of the cell, and the latter which instead remains
at the same frequency changing only its intensity due to the buffer. Using an
innovative fitting procedure the two components has been easily separated
thereby obtaining the local longitudinal elastic modulus and viscosity. Both
the obtained viscolelastic parameters appear modified analysing different posi-
tions inside the cell. The correlative analysis lets to link the mechanical evolu-
tion found by BLS measurements with the corresponding biochemical
composition obtained by Raman spectroscopy. The data highlights the link
between the protein concentration and the cell elasticity confirming the key
role of protein structures in conferring rigidity to the cells.

5 Conclusions and Future Perspective

Measuring and mapping mechanical properties of biomimetic materials with a
resolution below 1 μm is one of the key technological challenges in characteri-
zation tools for tissue engineering and regenerative medicine. Nowadays, the
most effective approaches are based either on atomic force microscopy or
exploiting Brillouin spectroscopy. The former has the highest resolution and a
quite robust literature background, but it requires to enter in contact with the
sample to probe its elasticity, thus inducing several issues in the wide application
of AFM in every day practice and translation to medicine. On the other side, BLS
is a very promising remote elasticity mapping technique, but several technical
limitations have still to be overcome, among which the speed and the resolution.

Moreover, besides all the discussed experimental tricky points still present in
AFM and BLS, a crucial theoretical and phenomenological question is also open.
In fact, AFM and BLS not only exploit a different approach, but they intrinsically
address different dynamical regions: the AFM probes the mechanical properties
in the quasistatic regime (below 1–10 kHz, but often few Hz), while BLS attain
the high frequency region (in the range of GHz). Some tentatives have already
been done to recapitulate the two domains [35, 101, 102], also proposing the
existence of a scaling law (see Fig. 2.10). Nevertheless, this experimental obser-
vation still deserves an in-depth phenomenological and theoretical investigation,
requiring to combine the two approaches in order to assess the underlying
theoretical framework. In addition, this consideration also points out that a
multi-scale approach is an essential requirement to have the complete character-
ization of any viscoelastic material [8, 97, 114]. This is particularly important, in
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the characterization of biomimetic materials designed to interface with cells or
tissues, whose dynamical processes span over several decades in length and time.
The combined use of experimental techniques which in complementary way
cover the system dynamics is an important requirement to provide novel insights
in their design and to modulate the structure-function relationships.
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1 Definition of the Topic

Open-channel separation techniques can separate samples without reliance on col-
umn packing, minimizing sample loss due to adsorption onto the packing materials
and reducing damage to samples, in particular, the complexes held together by
non-chemical interactions. Field flow fractionation (FFF) and capillary electropho-
resis (CE) are two representative open-channel separation techniques. In this chapter,
we discuss the use of FFF and CE to separate and characterize various nanomaterials
widely applied in biomedical research.

2 Overview

Nanoparticles (NPs) have facilitated advancements in disease cure and diagnosis, by
enabling drug delivery, tumor imaging, and marker detection as well as other aspects
of biomedical research. Thus, it is imperative to adequately access their biocompat-
ibility and to investigate how the properties of nanomaterials, such as size, shape,
charge, and composition, influence the functionality and behaviors of the nano-
materials in biosystems, which is governed by their interactions with the diverse
biomolecules and biological surfaces. Many techniques have been used to charac-
terize the biological relevant nanomaterials and study the nano-bio interface, includ-
ing the open-channel separation techniques, FFF and CE. Because FFF and CE can
analyze a wide range of nanomaterials composed of different chemical cores,
including metals, metal oxides, semiconductors, polymers, and liposomes and
exhibiting various morphology, sizes, and shapes, an assortment of separation
modes and subtechniques of these two open-channel techniques have been utilized
for the analysis of such materials and their bioconjugates to better assess their
functionality in biosystems. Hence, in this chapter, we discuss the different
approaches used in FFF and CE for such purposes.

3 Introduction

Nanomaterials have garnered appreciable significance over the years as imaging
agents [1, 2], drug delivery tools [3–5], and biosensing resources [6]. Having such
prodigious roles, investigating their behaviors in biological environments is of
upmost importance. This is due to their potential interactions with certain biological
entities such as proteins [7, 8], DNA [9], and cells [10], which greatly impacts the
functionality of nanomaterials as well as raises toxicity concerns. Understanding
molecular interactions and binding behaviors of nanomaterials to biological constit-
uents have great implications in the advancement of developing nanomaterials as
tools for medical research. Therefore, we begin by succinctly introducing the
concepts of NP protein coronas, one example of bioconjugated NPs, and NPs for
drug delivery.
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Proteins and other macromolecules can adhere onto the surfaces of engineered
nanomaterials (ENMs), and the resulting protein adsorption layer is termed protein
corona [11–13]. In biological matrices, proteins compete to nonspecifically bind to
the nanoparticle surface and lead to the formation of a protein corona [7, 14]. This
corona can affect the physiochemical properties, alter the adsorption, distribution,
metabolism, and excretion (ADME) profile and limit the targeting and detection
capacity of NPs. Therefore, it is important to study protein corona formation on
diverse nanomaterials in different biological matrices. However, the adsorption
process can be quite complex in that the size, zeta potential, and surface chemistry
of nanoparticles can affect the composition of the corona; in addition, the protein
types and concentrations in the biological matrix also affect corona formation [7,
8]. Furthermore, there are two coronas that can adsorb onto nanoparticle surfaces: a
soft corona of proteins with low binding affinity towards the nanomaterial and a hard
corona with proteins that have low exchange kinetics and tend to persist longer on
the nanoparticle surface. Studying the binding equilibrium of both coronas can lead
to a better understanding of the toxicological mechanisms of bioconjugated
nanoparticles.

The recent review by Ulbrich et al. on nanoparticles for drug delivery systems
comprehensively covers the various types of NPs used, the types of drugs that have
been loaded onto these particles, as well as their application in clinical trials. In this
work, they address the advantages of using nanomaterials for drug delivery. Essen-
tially, drugs that are sensitive to activation by nonspecific targets or lack water
solubility can be loaded onto nanoparticles to mitigate these limitations. Addition-
ally, nanoparticles can target specific organs or cells that the respective delivered
drug cannot reach alone. For example, nanoparticles can accumulate through the
leaky vasculature of tumors via an enhanced permeability and retention effect (EPR).
Once these drug-loaded particles reach the targeted tumors, the drug can either be
deposited or site-selectively activated and the nanoparticle itself can then be excreted
[15]. The applicability of nanomaterials in medicine is extensive, thus characteriza-
tion of these drug-delivery systems is indispensable.

Multiple techniques can analyze various nanomaterial characteristics. Morphol-
ogy and size can be determined by microscopy techniques, such as transmission
electron microscopy (TEM) and atomic force microscopy (AFM). However, sample
preparation or analysis can be laborious and time-consuming. Dynamic light scat-
tering (DLS) and nanoparticle tracking analysis (NTA) are other common techniques
to evaluate the size distribution. These are nondestructive techniques, which make
them ideal for analyzing nanomaterials; on the contrary, DLS may suffer in resolu-
tion [16], and both DLS and NTA have a bias towards larger particles.

On the other hand, separation techniques can be used to analyze complex
biological samples, preconcentrate sample targets, and resolve sample contents,
which enable them to provide a more comprehensive examination. They are also
appropriate for investigating interactions since any change will be manifested in the
retention time differences or shifts. Chromatography [17, 18] and gel electrophoresis
[19, 20] are commonly used to separate nanomaterials. In chromatography, the
efficiency of separation may be limited by the interactions of nanomaterials with
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the column packing material and the size of the packing material. In gel electropho-
resis, issues of band broadening are apparent. FFF and CE are open-channel
separation techniques that can overcome these complications.

More than half a century ago, J. Calvin Giddings proposed FFF as a separation
tool for large analytes [21]. FFF consists of a family of flow elution techniques,
which all use open channels and applied fields to achieve differential retention of the
solutes. Alteration of the force applied in FFF has resulted in multiple flexible
subtechniques [22], a few of which have been listed in Table 3.1, that can separate
and measure analytes simultaneously. Since its invention, FFF has been used to
separate and characterize a range of samples, including but not limited to, proteins
[23, 24], DNA [25], DNA-protein interactions [26], viruses [27, 28], microRNA
[29], polymers [30], and more recently bioconjugated nanoparticles. FFF is an ideal
tool for fractionation of complex mixtures because of its gentle interface during
separations [31] and its wider analyte size range compared to other separation
techniques [32]. In addition, recent developments in instrumentation and miniatur-
ization that couple FFF with orthogonal separation or analytical techniques, like
inductively coupled plasma mass spectrometry (ICP-MS), nuclear magnetic reso-
nance spectroscopy (NMR), and multi-angle light scattering (MALS), have signif-
icantly improved the resolution of various FFF techniques and their capability in
providing in-depth information of the analytes [33–35].

As pioneers, Stellan Hjertén first introduced electrophoresis in tubes in the 1970s
while James W. Jorgenson and Krynn DeArman Lukacs brought capillary electro-
phoresis to recognition in the 1980s. Now it is a standard technique with numerous
developments over the years. CE has multiple advantages over column chromatog-
raphy, which include high resolution, minimal sample and reagent usage, and fast
analysis; furthermore, these attributes have made CE a widely used technique in
many instances for the analysis of small molecules [36], anti-cancer drugs and their
metabolites [37], proteins [38], DNA [39], and enzymes [40]. In addition to the
analysis of bioconjugates, drug delivery systems have been studied via CE. Various
studies utilized CE to characterize the size and charge of drug delivery nanomaterials
as well as assessing drug entrapment and release efficiencies.

While both open-channel separation techniques play important roles in charac-
terization of nanomaterials employed in biomedical research and applications,
including the materials employed for drug delivery, no review articles or book
chapters can be found to discuss the particular contributions from both. For the
ones that are dedicated to the discussion of either CE or FFF, their particular focus
was on environmental, engineered, or food-related nanomaterials [41–45].

Table 3.1 Forces applied in respective field flow fractionation (FFF) subtechniques

FFF subtechniques Force

Flow FFF (F4) Cross flow; a second flow perpendicular to the channel flow

Sedimentation FFF (SFFF) Centrifugal, gravitational

Thermal FFF (Th-FFF) Thermal gradient

Electrical FFF (El-FFF) Electrical gradient
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4 Experimental and Instrumental Methodology

Because our chapter involves two separation techniques, FFF and CE, they are
introduced in parallel in the following sections with equal importance, i.e., discus-
sion order is not relevant to the importance of contribution by each technique to the
field.

4.1 Field Flow Fractionation

4.1.1 Flow Field Flow Fractionation
There are several advantages of applying FFF for separation of bioconjugated
nanomaterials and the analysis of nanoparticles used in drug delivery. Firstly, FFF
can separate analytes that range in size, from 1 nm to 100 μm, matching well with the
dimensions of nanomaterials and their bioconjugates employed in biomedical
research. Second, comprehensive analysis can be performed on the analyte using
hyphenated instrumentation (i.e., light scattering detectors and mass spectrometers)
or offline techniques after fractionation. Third, due to a lack of a stationary phase in
FFF, there are no shear forces that are applied directly on the analytes. This results in
a “soft” separation, which is especially ideal for proteins that may be susceptible to
structural changes. Additionally, FFF channels are compatible with a range of both
aqueous and organic solvents, which, in most cases, permits the analyte to retain a
native state.

The most commonly used FFF technique in the analysis of nanomaterials and
their bioconjugates is flow field flow fractionation (F4), because its instrumentation
and implementation are simpler and relatively more mature than other FFF tech-
niques. In addition, it is able to fractionate analytes that come in a wide size range.
Thus, this part of our book chapter will focus on this particular FFF technique.

F4 instrumentation is comprised of fluid pumps, a channel, flow control units, and
a sample introduction system. The basic set-up of F4 is schematically represented in
Fig. 3.1. Typical F4 channel dimensions are 20–50 cm long, 2–3 cm wide, and
0.01–0.05 cm deep [46]. The channel is made by fastening a semipermeable
membrane, which is permeable to the carrier but not the analyte, and a spacer
between blocks that can either contain metal or ceramic semipermeable frits or are
constructed of nonpermeable solid Plexiglass plate. The thickness and shape of the
spacer determine the dimensions of the separation channel [24, 47]. Samples are
introduced into the channel through manual injection or through an autosampler that
is also typically used in high-performance liquid chromatography (HPLC).

F4 uses an axial channel flow and a perpendicular cross flow to separate analytes by
hydrodynamic radii in two steps. In the first step, an external force is applied to the
solute zones in the ribbon-shaped channel forcing the analytes into a narrow band on the
bottom channel wall, known as the accumulation wall. This focusing step overall has no
net flow of fluid along the channel and is essential to achieve good resolution. In the
second step, a laminar flow, delivered by a standard HPLC pump, is applied. Common
flow rates range from 0.5–5 mL/min [46]. A portion of the fluid entering the channel
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passes through the membrane to create a downward crossflow that pushes the analytes
toward the membrane. The analytes then migrate back toward the channel center via
Brownian motion. The remaining channel fluid flows in a laminar fashion from inlet to
outlet, resulting in a parabolic elution profile. Hence, the center of this parabolic flow has
a faster flow velocity whereas the edges of the channel are slower. Themass center of the
analyte within this parabolic flow profile depends on the balance between its diffusion
motion and the strength of the flow force: things diffusingmore towards the center of the
flow would be eluted earlier than those located closer to the accumulation wall.
Therefore, analytes with the smallest sizes or the highest diffusion coefficients will be
eluted earliest [35, 48].

Currently, there are three subtechniques of F4, which include asymmetric flow
field flow fractionation (AF4), symmetric flow field flow fractionation (SF4), and
hollow fiber flow field flow fractionation (HF5) [33]. Of these, AF4 is the most

Fig. 3.1 The AF4 principle in which the eluent is pumped from the inlet to the outlet and the cross
flow is applied perpendicular to the eluent flow. The first step (a) is known as the focusing step. The
second step (b) is the separation process. (Reprinted with permission from Ref. [48]. Copyright
2015 American Chemical Society)
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developed [34]. Typical SF4 channels are symmetrical in shape, with the inlet and
outlet opening in the same direction; but the most common modern instrumentation
of F4 uses a trapezoidal-shaped spacer to maintain a constant axial flow velocity,
and thus, is termed asymmetrical F4 (AF4) [49]. Moreover, in SF4 both of the
external blocks of the channel are constructed with semipermeable porous frits, and
in AF4, the bottom block contains semipermeable frits while the top block is a
nonpermeable Plexiglass plate [46, 50]. HF5 is a cost-effective miniaturized
FFF technique in which a hollow semipermeable polymeric or ceramic membrane
serves as a cylindrical channel. HF5 can be coupled to detectors for analyte
characterization.

Giddings’ group explains the theory of F4 in depth [22, 23]. Briefly, the ratio
between the retention time (tr) and dead time (t0), described by Eq. 3.1, is used to
calculate the analyte retention (R) [22, 23, 50].

R ¼ t0
tr

ffi 6λ (3:1)

The time it takes for a particle to travel through the channel without crossflow
retention is referred to as the dead time and is solved by the following Eq. 3.2, in
which V0 refers to the channel void volume and V represents the flowrate of the
channel [22, 50].

t0 ¼ V 0

V
(3:2)

The retention parameter, λ, which is related to the crossflow rate, Vc, the channel
thickness, w, and the particle diffusion coefficient, D, [23] can be calculated using
the following equation:

λ ¼ DV 0

Vcw2
(3:3)

At high retention levels (i.e., R <0.15), tr can be approximated with Eq. 3.4 [23]:

tr ¼ t0Vcw2

6DV 0
¼ t0

6λ
(3:4)

Furthermore, using the Stokes-Einstein equation, the diffusion coefficient for
spherical nanoparticles in a fluid with viscosity η, at an absolute temperature T, can
be calculated by Eq. 3.5. The diffusion coefficients for proteins and other biomol-
ecules can be acquired from literature values. The hydrodynamic radius is denoted as
rh and kB denotes the Boltzmann’s constant [32].

D ¼ kBT

6πηrh
(3:5)

3 Open-Channel Separation Techniques for the Characterization of Nanomaterials. . . 119



In order to calculate the relative recovery (RR) of nanoparticles in various carrier
fluids used in FFF, Eq. 3.6 can be used, where A is the peak area of the nanoparticle
in the studied carrier fluid and A� is the peak area in the reference run.

RR ¼ A

A� � 100% (3:6)

A deterring issue of F4 is sample loss due to analyte-membrane interactions. This
can lead to inaccurate quantitation, and the collection of the fractions can be
challenging. In order to minimize this loss while maximizing size resolution,
extensive optimization is required of the carrier fluid composition and flow rates
[51]. Therefore, for separation and characterization of bioconjugated nanoparticles
with F4, carrier fluid compositions must be optimized for suitability by considering
the separation of the nanoparticles as well as maintaining the integrity and native
structures of the biomolecules.

Schachermeyer et al. studied the membrane adsorption of polystyrene nano-
particles and two proteins (IgG and HSA) when the carrier fluid contained various
types of ionic species at high concentrations and biologically relevant pH values.
Our group found that maintaining high electrostatic repulsion in F4 is essential for
high recovery of NPs in high ionic strength buffers. Additionally, using weakly
dissociated anions or particles conjugated with weak anions as functional groups can
improve the recovery of porous nanoparticles at high ionic strengths. This phenom-
enon is due to the Donnan exclusion effect in which nanoparticles with higher
crosslinking capacity have more occluded liquid-phase inside and are more resistant
to adsorption in the carrier fluid with high ionic strength induced by weakly ionized
anions [52].

With regards to the separation of proteins from nanoparticle surfaces, the protein
conformation needs to be taken into consideration since the proteins ultimately
determine the surface property of the nanoparticles as well as the electrostatic or
hydrophobic interactions with the membrane used in FFF. Ashby et al. determined
that the kinetic properties of nanoparticle-protein interactions can be probed with F4
by taking into consideration the effect of the carrier fluid on dissociation rates of proteins
off of NPs, as illustrated in Fig. 3.2. Briefly, our group used F4 and LC-MS/MS to
screen for proteins that bind to NPs with fast association/dissociation rates, a feature
which is not possible with traditional centrifugation methods. To accomplish this feat,
our group used 10 mM phosphate buffer at pH 7.5 � 0.1 with 0.025% FL-70 for the
carrier fluid and 10 mM phosphate buffer at biological pH (pH 7.4) was used to incubate
the NPs with the proteins before separation with F4 [53].

Ashby et al. used asymmetric flow field flow fractionation to separate miRNA
carriers (i.e., proteins, lipoprotein particles, and exosomes) in serum and RT-qPCR to
screen miRNA distributions in the carriers as a possible method to profile miRNA
biomarkers for cancer diagnosis. The AF4 carrier fluid used in this study was
1� PBS (10 mM phosphate at pH 7.4, 137 mM NaCl, 2.7 mM KCl, and 1.0 mM
MgCl2). Extensive optimization was done on flow profiles in order to efficiently
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separate the carriers. Ramp down of the crossflow from 3.0 mL/min to zero
crossflow was analyzed over the course of 30, 20, and 15 min with the latter having
better resolution and quicker elution of the analytes with little peak tailing. Also, to
further improve the resolution, the crossflow was kept at 3.0 mL/min for 5 min
before the 15-min ramp down, as shown in Fig. 3.3. More detail on the flow profile
can be found in the article [54].

4.2 Capillary Electrophoresis

4.2.1 Capillary Zone Electrophoresis
Capillary electrophoresis (CE) consists of a bare fused silica capillary with an inner
diameter typically ranging from 20 μm to 150 μm. The inlet and outlet are sub-
merged into the background electrolyte to complete the circuit, and injection is via
hydrodynamic or electrokinetic injection on the nanoliter scale. After the application
of a high voltage to this system, the injected sample will be separated based on the
size and charge. Each ion has its own apparent mobility, which can be calculated by
the following equation:

μapp ¼
Ld
�
tm

V
Lt=

(3:7)

Ld is the effective length from the inlet to the detector, Lt is the total length of the
capillary, tm is the migration time, and V is the voltage applied.

Fig. 3.2 Dissociation of proteins from nanoparticles (NPs) in AF4 allows for differentiation
between the slowly and rapidly dissociating NP-protein complexes. The gray circles represent the
NPs and the black circles symbolize proteins. (Reprinted with permission from Ref [53]. Copyright
2013 American Chemical Society)
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The electroosmotic flow (EOF) is another component critical to CE, and it is caused
by the bulk movement of the double diffuse layer, electrostatically attracted to the
negatively charged silanol wall, in the background electrolyte after voltage application.
The following equation explains the calculation of the EOF.

μeof ¼
eζ
4πη

¼
Ld=tmarker

V=Lt
(3:8)

e is the relative permittivity of the buffer, ζ is the zeta potential of the capillary wall, and
η is the viscosity of the buffer electrolyte. EOF can also be calculated using the same
equation for the electrophoretic mobility, except tmarker is used to denote the time of an
internal standard or marker. The internal standard chosen should be a neutral marker or a
molecule that is only affected by the EOF. From the apparent mobility and the
electroosmotic flow, each analyte’s electrophoretic mobility can be obtained.

μem ¼ μapp � μeof (3:9)

Capillary zone electrophoresis (CZE) is the standard mode of CE. The migration
order is according to the charge to size ratio in which the most positive ion with the
smallest hydrodynamic diameter migrates first, and the most negative ion with the
smallest hydrodynamic diameter migrates last. Figure 3.4 shows the general migra-
tion order. However, there are variations in the modes of CE as discussed in the
following sections.

4.2.2 Affinity Capillary Electrophoresis
Affinity CE (ACE) is another mode of CE to study nanoparticles, and it can be
applied to observe the interaction with proteins [55, 56]. Li et al. was able to
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Fig. 3.3 To improve resolution of analytes, a 5-min constant crossflow was used before the AF4
separation which was performed over a 15-min ramp down from 3.0 mL/min to zero crossflow.
(Reprinted with permission from Ref [54]. Copyright 2014 American Chemical Society)
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differentiate between fast and slow dissociation kinetics by using both CZE and
ACE to analyze the interaction between bovine serum albumin (BSA) with Fe3O4

nanoparticles and with Au nanoparticles [57].
Slow dissociation and fast dissociation kinetics can be analyzed using this

system. For slow dissociation reactions, the nanoparticle-protein complex peak can
be seen, and the peak area varies with the concentration of ligand in the background
electrolyte. In this case, CZE is used. On the other hand, fast dissociation reactions
can be monitored by observing the mobility shift of the receptor instead of the
formation of a nanoparticle-protein complex peak. In the case of fast dissociation,
ACE is used. The ratio of bound nanoparticles to total nanoparticles in CZE, θ, or the
ratio of Δμ to Δμmax in ACE (see Eq. 3.9), can be plotted against the ligand
concentration to fit the Hill equation.

θ ¼ NPbound

NPtotal
¼ μ� μfree

� �

μmax � μfree
� � ¼ Δμ

Δμmax
(3:10)

μ, μfree, and μmax are the electrophoretic mobilities when there is a certain concen-
tration of protein, when there is no protein, and when there is a saturated amount of
protein in the background electrolyte, respectively.

Using the Hill equation, dissociation equilibrium constants and the binding
cooperativity of a NP-protein complex can be calculated.

θ ¼ protein½ �n
KD

n þ protein½ �n (3:11)

θ is the protein-bound nanoparticle fraction (bound nanoparticles/total nano-
particles), n is the binding cooperativity, and KD is the dissociation equilibrium
constant. The protein-bound nanoparticle fraction is based on the peak area ratio of
the protein-bound and total nanoparticles. A flow chart to determine the appropriate

Fig. 3.4 Schematic of the separation order in CE.

3 Open-Channel Separation Techniques for the Characterization of Nanomaterials. . . 123



CE mode depending on the application is shown in Fig. 3.5 [57]. CZE and ACE can
be used to understand the interactions between nanoparticles and proteins as well as
extracting kinetic information.

4.2.3 Micellar Electrokinetic Chromatography
To separate neutral compounds or study an analyte with low mobility in normal
polarity mode, Micellar Electrokinetic Chromatography (MEKC) is a technique
commonly used for these purposes. In MEKC, surfactants are included in the
background electrolyte above their critical micellar concentration. Micelles act as a
pseudostationary phase, and analytes can partition between this pseudostationary
phase and the aqueous phase.

Various surfactants can be used in the separation of analytes via MEKC. All
surfactants have their own sizes and charges that affect their own electrophoretic
mobility and their inclusion in the background electrolyte can affect the EOF. Thus,
the charge and the size of the surfactant should be considered when designing
MEKC methods. The most commonly used surfactant is sodium dodecyl sulfate
(SDS), which was also notably used in the first development of MEKC [58]. SDS
carries a negative charge to create a delay in the migration time of the analyte. Other
common surfactants include positive ones, such as cetrimonium bromide (CTAB)
and tetradecyltrimethylammonium bromide (TTAB), as well as nonionic ones, such
as Brij-35 and Tween 20. Depending on the purpose, the most suitable surfactant can
be chosen for separation in CE. For application to nanomaterial separations, SDS has
been the prevalent option.

Pre-defined condition:
NP, receptor R;

Protein, monovalent ligand L,
[protein] >> [NP]

Equilibrium:

CZE

Yes

Can CZE separate the complex
from the protein and NP?

Slow
Dissociation

No

Δ μ
Δ μmax

Affinity CE: protein is added
                   to the running buffer
                   [protein]n

Fast
Dissociation

[NP]bound [protein]n

KD
n+ [protein]n

KD
n+ [protein]n

[NP]total
=

=

[R] + n [L] [R-n·L]
K

Fig. 3.5 Flowchart of CE methods for studying NP-protein interactions. (Reprinted with permis-
sion from Ref. [57]. Copyright 2010 American Chemical Society)
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The use of SDS can improve the separation of metal nanoparticles. Liu et al.
found that 5.3 and 19 nm AuNPs could not be separated with good resolution when
the background electrolyte did not include SDS. SDS can adhere to the surface of
AuNPs, affecting their surface chemistry, and act as their stabilizers as well. Due to
the adsorption of SDS molecules, the concentration of the surfactant can affect the
electrophoretic mobility of AuNPs; furthermore, the trend of change in electropho-
retic mobility depended on the size of the nanoparticles. At lower surfactant con-
centrations, the charge-to-size ratio of small nanoparticles is larger. On the contrary,
the charge-to-size ratio of larger nanoparticles is larger at higher surfactant concen-
trations. This is due to the charge of the nanoparticle not being limited by the number
of SDS molecules allowed to attach to the surface at higher concentrations of SDS,
and larger nanoparticles have more surface area to link to SDS molecules [59].

Ciriello et al. used a stabilizer, poly(sodium4-styrenesulfonate) (PSS), for the
separation of AuNPs with sizes ranging from 5 to 20 nm. Similar to the behavior of
SDS, PSS can adhere to the surface of AuNPs and induce an electrophoretic mobility
difference and a modification of the EOF. This polyelectrolyte contains a hydropho-
bic and negatively charged hydrophilic portion, providing an electrostatic and steric
stabilization and prevention of aggregation when adsorbed onto AuNPs. They found
a saturation percentage of 1% PSS in which AuNPs are fully covered by the PSS
molecules. They validated their technique by comparing with the sizes of nano-
particles found in transmission emission microscopy. In addition, the addition of PSS
creates an electrophoretic drag that can improve separation of AuNPs [60]. In
general, several parameters, such as buffer concentration, buffer pH, buffer type,
voltage, and injection type (hydrodynamic vs. electrokinetic), need to be considered
for CE analysis as these can affect separation.

4.2.4 Separation Efficiency
Assessment of CE performance and separation efficiency is important, and the
sharpness and distance between peaks need to be optimized. They can be evaluated
based on the resolution of peaks and the theoretical plate number. Plate height
number is used in the evaluation of other chromatographic techniques as well, and
it is defined by the relationship where L = length of the column and N = theoretical
plate number.

H ¼ L=N (3:12)

The number of theoretical plates is defined as the following:

N ¼ Ld2

2Dtm
¼ μem þ μeof

� �
VLd

2DLt
(3:13)

where Ld is the effective length from the inlet to the detection window, D is the
diffusion coefficient of the solute, tm is the migration time, μem is the electrophoretic
mobility, μeof is the electroosmotic flow, V is the voltage applied, and Lt is the total
length of the capillary.
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Peak resolution is defined by the ratio of the difference in migration times and the
average of the width of the two peaks.

R ¼ tA � tB
Wb,avg

(3:14)

tA = migration time of peak A, tB = migration time of peak B, and wb,avg is the
average peak width of the two peaks at baseline. By calculating these variables, the
separation performance in CE can be evaluated and validated.

5 Key Research Findings

Apart from the electrical, optical, and magnetic properties that nanomaterials indi-
vidually possess, which allot their use as effective biomedical tools, conjugation
with proteins, oligonucleotides, drugs, and other biomolecules is a critical step that
facilitate their applications in biomolecular assays, in vivo imaging, and cancer
targeting therapeutics [61, 62]. In the following sections, we will review analytical
studies on the separation and characterization of bioconjugated as well as drug-
loaded nanomaterials via FFF and CE.

5.1 Field Flow Fractionation for Characterization
of Nanomaterials and Their Bioconjugates for Drug Delivery
Applications

Many of the applications of SF4 or AF4 have been centered on characterizing
nanomaterials prepared for biomedical purposes, such as drug delivering nano-
particles and nano-sized materials for target imaging. These nanoparticles are mainly
metal oxide, metal, quantum dots, liposomes, and the bioconjugated entities. The
works reviewed below will prove the utility of this technique in analysis of nano-
materials and their bioconjugates including medicinal molecules.

5.1.1 Metallic Nanoparticles
Metallic nanoparticles are becoming more frequent in medical applications and in
sensors because of their reactive surfaces and unique optical properties. For exam-
ple, gold nanoparticles (AuNPs) have been used optimized as nanozymes for
aptasensor applications [63] and silver nanoparticles (AgNPs) have been complexed
as highly selective fluorescent nanosensors for dopamine [64]. Herein we present
articles that have applied FFF for the characterization of metal-based nanomaterials
conjugated with biomolecules.

Safenkova et al. conjugated eight distinct antibodies from immunoglobulin G
(IgG) to AuNPs, which were separated with AF4 and characterized by MALS,
UV-Vis, and DLS. These bioconjugated AuNPs were prepared in three different
ways: with a single conjugate, in a mixture of all eight antibodies, and in a
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concentrated solution of all eight antibodies. They found that the mixtures of the
eight conjugates had equal average radii compared to the single conjugated sample
and that the concentration of the conjugate did not influence the size. In addition,
they found that the AuNPs alone had a different distribution compared to the
bioconjugated materials. Essentially, the AuNPs alone were monomodally distrib-
uted and the bioconjugated AuNPs were bimodally distributed with the second
population of the latter being a structural influence from the conjugate during
synthesis [65].

Although AgNPs have been separated by AF4 extensively [66, 67], their separa-
tion with hollow fiber F4 (HF5) has only recently been studied. HF5 was coupled to
MALS for the characterization of AgNPs coated with either polyvinylpyrrolidone
(PVP) or PVP with SiO2. PVP is a water-soluble polymer used as a binder in the
production of medical drugs. Regardless of coating, the fractograms displayed no
void peak and showed that these types of coatings did not influence the elution time
of the AgNP peak. Surprisingly, dilution of the coated AgNPs changed the overall
shape of the particle from rod- and chain-like to spherical morphologies due to
agglomeration events which were measured through the release of Ag+ ions
[68]. The authors have also separated solid AgNPs from dissolved Ag+ ions with
HF5 [69].

AF4, hyphenated to UV-Vis and ICP-MS, has also been used to determine the
protein corona formed on AgNPs after incubation with plasma proteins.
Wimuktiwan et al. found that within 5 min of incubation, a stable protein corona
was formed, shown in Fig. 3.6. Additionally, after 24 h, they were able to identify the
protein-corona stabilized AgNPs with AF4. However, the group did not assess the
corona formation after incubation with protein-rich plasma itself [70].

Selenium nanoparticles (SeNPs), which can catalyze the generation of superoxide
anions, have been applied in nanomedicine as drug carriers [71] and potential
chemotherapeutic agents [72]. Their use as delivery agents has been supported due
to the fact that these materials do not induce toxicity at low doses. Although most
characterization of SeNPs occurs during synthesis, this method does not account for
the alteration stabilizers, biomolecules, or biological matrices have on the sizes of
SeNPs.

Pornwilard et al. studied the effect of gastrointestinal conditions (shifting the pH
of the solutions to pH 2 for gastric and to pH 7 for intestinal conditions) on SeNPs
through characterization with AF4-ICP-MS. They used biomolecules (pectin, algi-
nate/pectin, ovalbumin, and β-lactoglobulin) to coat SeNPs before incubation in the
two solutions that mimic gastrointestinal fluids. They found that there were shifts in
the fractograms of SeNPs after incubation in the GI conditions, due to the chemistry
of the conjugates. At pH 2, all four coating molecules were negatively charged,
while at pH 7 only the two proteins were negatively charged. They found that the GI
conditions, as well as the bioconjugates, stabilized the SeNPs. Additionally, they
looked at the effects of adding enzymes into the two GI-conditioned SeNPs. For the
polysaccharide coated particles at pH 2, there was a decrease in size after the
introduction of pepsin (an enzyme to mimic the GI conditions of the stomach) to
the pectin coated particles but no size change in the alginate/pectin conjugated

3 Open-Channel Separation Techniques for the Characterization of Nanomaterials. . . 127



particles. For the protein coated materials, incubation with pepsin resulted in a size
increase for ovalbumin coated particles and the loss of the second peak seen in
β-lactoglobulin coated SeNPs. At pH 7, they used pancreatin-bile extract as the
enzyme to mimic the GI conditions of the intestine. They observed a decrease in size
for all materials regardless of coating due to an increase in electrostatic repulsions.
Regardless of the shifts they observed, more than 90% of SeNPs were present after
the GI digestion and fractionation with AF4 [73].

5.1.2 Metal Oxide Nanoparticles
Metal oxide nanoparticles are extensively used in industry, agricultural products,
medicine, and cosmetics [74]. For example, superparamagnetic iron oxide

Fig. 3.6 Fractograms of 2.6 nm tannic stabilized AgNPs with UV-Vis (a, c, e, g) and ICP-MS
detection (b, d, f, h). The AgNPs were incubated with BSA (c and d, red), globulin (e and f, red),
and fibrinogen (g and h, red) for 5 min (green), 120 min (blue), and 24 h (brown). (Reproduced from
Ref. [70]. Copyright 2015 The Royal Society of Chemistry)
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nanoparticles (SPION) have been modified for chemotherapeutical applications
[75]. Zinc oxide (ZnO) and titanium dioxide (TiO2), which can be dispersed in a
variety of materials, from personal care products to sensors, possess antimicrobial
and disinfecting properties. Therefore, these materials have been increasingly used
in nanomedicine as drug carriers with antibacterial capacities [76, 77]. The following
articles used FFF for the separation of bioconjugated metal oxide nanoparticles.

Our group studied the formation of the protein corona on SPIONs after incubation
in depleted human serum with AF4 by screening SPION-protein interactions based
on dissociation rates [53], and we isolated the SPIONs with the intact hard corona
[78]. The size of the SPIONs clearly increased after incubation with the serum, as
inspected by AF4. The proteins in the hard corona were digested and analyzed with
2-dimensional nano-LC-MS/MS to determine the protein composition of both the
soft and hard coronas, which is schematically represented in Fig. 3.7. We found that
increasing the NP core size as well as using hydrophobic surface ligands attracted
more proteins to form a more dynamic corona. These studies demonstrate the utility
of an open-channel separation technique like AF4 in elucidating the formation of the
protein corona, which can be useful in guiding the design of biocompatible nano-
materials for medical applications.

5.1.3 Polymeric Nanoparticles
Polystyrene nanoparticles are versatile materials due to their stability in simple
dispersants and complex matrices as well as their low toxicity and ability to be
effortlessly functionalized. Here we introduce studies that have applied FFF for
characterization of bioconjugated nanomaterials as well as drug-loaded particles for
drug delivery.

Weber et al. used AF4 to separate free plasma proteins, without disturbing the
weak interactions of low affinity proteins, from the surfaces of polystyrene nano-
particles. After incubation in serum, this group used centrifugation to separate the
hard corona proteins and used AF4 for the soft corona which contains the low
affinity proteins. This conclusion contradicts with what we have found in our work
[53, 78] probably due to differences in the flow conditions, channel thickness, and
membrane pore size used in these two studies. The authors confirmed the corona
compositions with SDS-PAGE and LC-MS and found that the principal component
that adsorbed onto the particles was the low-binding affinity protein, human serum
albumin [79].

An evolving category of nanoparticles are metal organic framework (MOF)
materials which exhibit very large surface areas. These particles are 3D porous
inorganic polymer clusters or crystals composed of metal ions and are assembled
together with organic ligands. Due to their ability to be modified readily, MOFs can
be used in multiple applications ranging from sensors to drug delivery [80].

Recently, Roda et al. loaded MOFs with nucleoside reverse transcriptase inhib-
itors (NRTIs) for drug delivery in HIV therapy. The direct administration of NRTIs is
complicated; poor stability of these types of drugs in biological media limits cellular
uptake while the inefficiency of intracellular kinases to metabolize the drugs into the
correct derivatives reduces the drugs ability to act as a therapeutic. Not only do
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MOFs overcome these two issues, due to their ability to stabilize the drugs and their
derivatives, but also their nontoxic nature makes them optimal drug delivering
nanoparticles [81]. Roda et al. examined empty MOFs and correlated the size
changes after loading the MOFs with azidothymidine (AZT, a commonly used
NRTI drug) azidothymidine monophosphate (AZT-MP) and azidothymidine triphos-
phate (AZT-TP) with the AF4-MALS results. They measured the particle size
distribution (PSD), obtained with the AF4-MALS root mean square (rms) radius
values. Both the empty MOF and the MOF-AZT samples had identical PSD values
at approximately 81 nm while the MOF-AZT-MP and MOF-AZT-TP had radii of
90 and 97 nm, respectively. These size increases for the phosphorylated drug

Fig. 3.7 (a) The scheme for
determination of the hard and
soft corona formed around
SPIONs. (b) Fractograms of
SPIONs functionalized with
the surface ligand 10-PAA
(red) and 10-PAA incubated
with depleted serum (black).
(c) The pie charts quantify the
percentage of proteins
identified in the hard (dark
gray) and soft (light gray)
corona. S stands for slow
exchange and F for fast
exchange. The number in
parentheses, following the
name of the nanomaterial,
represents the total number of
proteins identified in the
corona. (Reprinted with
permission from Ref.
[78]. Copyright 2014 ACS
Applied Materials &
Interfaces)
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MOF-delivering samples were attributed to the binding and bridging effects of the
drug to the MOFs. Interestingly, this group found that, although the theory of FFF
suggests that smaller particles elute first, the smaller unloaded MOFs eluted slower
than the larger drug-loaded MOFs. They found that the zeta potential of their
samples played a critical role in this elution order due to the two phosphorylated
drug-loaded MOFs having negative zeta potentials; therefore, these particles would
be repelled away readily from the negatively charged polyethersulfone membrane
channel compared to the empty MOF which is smaller in size but has a positive zeta
potential. Additionally, this group studied the morphological stability of the loaded
MOFs after 24 h. Ultimately, each of the loaded MOFs as well as the empty MOF
were stable over time. The tri-phosphorylated drug was more stable in the MOF,
compared to the monophosphorylated drug, and this could be due to the binding
constant of the drug to the MOF being higher for the tri-phosphorylated drug [81].

5.1.4 Liposomes
Liposomes are biocompatible drug delivering carriers due to their hydrophobic
interactions with cellular receptors. The subsequent articles focus on the analysis
of bioconjugated NPs and drug delivery NPs through the application of FFF.

Hinna et al. used AF4 to measure the exchange between small-drug-loaded
liposomes with large acceptor liposomes that mimic the interactions between the
carrier liposomes and “biological sinks.” The drug they used was p-THPP
(5,10,15,20-tetrakis(4-hydroxyphenyl)21H,23H-porphine). After preparing the lipo-
somes, they used AF4 to determine the size distribution of both donor and acceptor
liposomes and they were able to reproducibly separate these two species, depicted in
Fig. 3.8. They then coupled AF4 with UV-Vis and off-line HPLC to quantify the
model drug content in the donor and acceptor fraction; they simultaneously quanti-
fied drug transfer and release to an aqueous phase and determined the transfer
kinetics of p-THPP to be first order with a half-life of 300 min [82].

Targeted alpha (α)-particle therapy (TAT) is a form of radioimmunotherapy in
which nuclides decay into radioactive daughters emitting α-particles that kill tumor
cells, via short 70–100 μm energy paths, while evading surrounding normal cells
[83]. TAT is considered to be both highly potent and specific in the therapeutic
application for ovarian, breast, colon, and prostate cancers. Nanomaterials have
recently been considered as vectors capable of transporting α-emitting particles to
cancer cells. However, a limitation in using these vectors is keeping the daughter
isotope bound to the nanomaterial after the parent nucleoside decays and emits the
α-particle.

Huclier-Markai et al. monitored the stability of lead-212 (parent nuclide)/bis-
muth-212(daughter isotope) radionuclide pair encapsulated by liposomes in vitro
using AF4 coupled to MALS and a gamma (γ) ray detector. This group began their
analysis by preparing liposomes with an average diameter of 109 nm and a polydis-
persity index of 0.119, optimal for use in TAT. They then labeled the liposomes in
two different manners. One set of the liposomes were labeled with indium and the
other set was labeled with indium and also encapsulated 212Pb. Using AF4 with a
cellulose membrane, coupled to MALS and a UV-VIS detector, they found that there
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was no significant size increase between the unlabeled liposomes, the indium-
labeled liposomes, and the 212Pb encapsulating liposomes and the three different
liposome samples eluted at approximately 11 min. Additionally, through the use of
the γ-ray detector, the group observed a signal at the 11 min retention time for the
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Fig. 3.8 (a and b) Fractograms of (black) donor liposomes were overlaid with those of (red)
acceptor liposomes. The dashed blue lines represent the applied crossflow gradients. (a) Donor and
acceptor liposomes were prepared by slow extrusion through polycarbonate membranes and were
fractionated using a method where zero crossflow was attained around 41–42 min. (b) Donor and
acceptor liposomes were prepared by extrusion, freeze-thaw, centrifugation, and fractionated over
non-zero crossflow. (c) Fractograms of overlaid (black) donor liposomes with transfer experiment
aliquots at (red) 0 min and (green) at equilibrium. (d) Overlaid fractograms of liposomes incubated
within channel under low focus flow for (black) 10, (red) 30, and (green) 60 min. (Reprinted with
permission from Ref. [82] Copyright 2016 Journal of Pharmaceutical and Biomedical Analysis)
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212Pb encapsulating liposomes and calculated 86% efficiency in radiolabeling the
liposomes. They measured the stability of 212Pb in liposomes after these species
were incubated in human serum for 20 h and found that more than 85% of the
liposomes encapsulating 212Pb were stable in the matrix and did not release the
daughter isotope. These results are notable due to the fact that the liposomes have a
biological period of 14 h in mice and therefore there is both sufficient time for the
212Pb encapsulating liposomes to reach cancerous cells, decay (the half-life of 212Pb
is 10.6 h), and release α-particles that can kill cancer cells [84].

5.1.5 Quantum Dots
Quantum dots (QDs) are luminescent semiconductor nanoparticles. Due to their
optical properties, QDs are used in multiple applications including sensors and drug
delivery. In biological applications, QDs are conjugated with a specific antibody or
aptamer for therapeutic and in-vivo applications in complex matrices. The studies
mentioned below use FFF for the separation and analysis of bioconjugated QDs.

Moquin et al. investigated the effects of cell culture media on the stability of QDs
as well as the time-dependent effects on the hydrodynamic diameters using AF4
coupled to MALS, DLS, and UV-Vis detectors. They coated the CdSe (CdZnS)
nanomaterials with three negatively charged ligands and then incubated the QDs in
cell culture media. They found that after 24 h, the sizes of the QDs incubated in cell
culture media were larger than those of QDs dispersed in water when the QDs were
capped with mercaptopropionic acid (MPA) or dihydrolipoic acid (DHLA). The
latter had the most dramatic size increase indicating hefty agglomeration, illustrated
in Fig. 3.9. This was slightly observed in QDs coated with α-carboxyl-ω-mercapto
poly(ethylene glycol) (PEG-COOH) denoting that this ligand was influential in the
QDs stability in cell culture media [85].

Bouzas-Ramos et al. coupled AF4 to an ICP-MS to investigate the purification of
one-pot synthesized QDs. These materials were separated with AF4 after being
capped with ligands that can functionalize to antibodies [86]. This technique can
be used to assess the integrity of these materials before their applications in
biomedicine.

Menéndez-Miranda et al. used AF4 with on-line ICP-MS to measure conju-
gation effectiveness between monoclonal IgG antibody and CdSe/ZnS core shell
QDs. In order to calculate the bioconjugation efficiency, they used four different
molar ratios for analysis with AF4. They found that increasing the QD: antibody
ratio would result in an increase in bioconjugation with a 75% efficiency using a
3:1 ratio [87].

5.2 Capillary Electrophoresis for Characterization
of Nanomaterials and Their Bioconjugates for Drug Delivery
Applications

CE is also quite comprehensive in its analysis of nanomaterials, and separation can
be enhanced by selecting the optimal CE mode as described in the experimental
section. CE can be applied to the separation of metallic nanoparticles, metal oxide
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nanoparticles, polymeric nanoparticles, and quantum dots for the use as imaging
tools, delivery agents, and biosensor components. In the following section, we will
discuss the most recent revelations for various nanomaterial types.

5.2.1 Metallic Nanoparticles
Many recent key findings for metallic nanoparticles have focused on protein binding.
When administering drug delivery nanomaterials into biological systems, it is
imperative to understand nanoparticle-protein interactions and how they affect the
process of targeting to specific sites. Matczuk et al. studied AuNPs and their
interaction with proteins using CE coupled to ICP-MS. The authors first optimized
the conditions for CE in order to analyze their samples. They found the best buffer to
be 40 mM HEPES at a pH of 7.4 to ensure physiological conditions as well as
optimal separation. 15 kV separation voltage and a sample loading pressure of
20 mbar for 5 s were chosen to reduce peak broadening and analysis time as well
as prevent protein adsorption to the wall from sample overloading, which shows that
optimization of the conditions is highly imperative to CE separation. The method
was validated and found to be reproducible by comparing the migration time of
AuNPs to that of AuNP-albumin conjugates and comparing the peak areas for
intraday and interday analysis. After they calculated capillary recovery values,
they found that there was a decrease in the capillary recovery with their largest
AuNP at 50 nm due to adsorption of larger proteinaceous conjugates to the capillary
wall [88], which can be avoided by a dynamic or permanent coating of the wall [89].

After optimization, Matczuk et al. explored the interactions between individual
proteins and AuNPs. First, they found that the interaction between albumin and
AuNPs is fast for 10-, 20-, and 50 nm sized particles in that binding was complete
after 5 min. However, with 5 nm particles, the interaction is fast in the first 5 min but
decelerates afterwards. They explained this mechanism as the change in albumin’s
structure after binding to nanoparticles over time [88].

Matczuk et al. then observed the interaction of AuNPs with two forms of
transferrin: holo-transferrin and apo-transferrin. Again, the kinetics were fast in
that equilibrium was attained after 5 min; however, there were more unbound
nanoparticles at equilibrium. The authors then proceeded to study the interaction
between different proteins in human serum to mimic a real biological system. As
seen in Fig. 3.10, they found that albumin was the only protein participating in
corona formation, and it eventually displaced the two forms of transferrin due to the
contents in the serum matrix [88]. The paper emphasizes the interesting phenomenon
of protein-NP interaction, which can depend on parameters such as protein type.

In another study, Matczuk et al. quantified the binding stoichiometry between
AuNPs and albumin using CE-ICP-MS. Based on the initial concentrations of
albumin and AuNPs and the peak area ratio of the total AuNPs to conjugated
AuNPs, they calculated the binding stoichiometries for various-sized
nanoparticles [90].

Legat et al. did an extension of the previous study byMatczuk et al. and compared
the binding behaviors of spherical and rod-shaped AuNPs, denoted as sAuNPs and
rAuNPs, respectively. Furthermore, they found the surface functionalization of
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AuNPs affects the binding efficiencies to serum proteins. This work highlights the
importance in the effect of AuNPs’ characteristics on their functionality. Finally,
they introduced sAuNPs and rAuNPs to a mixture of albumin, apo-transferrin, and
holo-transferrin. sAuNPs completely changed to the conjugated form with only
albumin; on the other hand, rAuNPs underwent slow association with both forms
of transferrin proteins of which the apo-transferrin conjugate formed first as seen in
Fig. 3.11 [91].

Boulos et al. conducted steady-state fluorescence quenching titration and ACE to
extract kinetic information from the interaction between BSA and AuNPs with
various surface charges. Polyacrylic acid (PAA), polyallylamine hydrochloride
(PAH), and methoxy-polyethylene glycol (PEG) were the anionic, cationic, and

Fig. 3.10 Protein binding
after incubation of 19 mg/L
of 20 nm AuNPs in diluted
human serum. Lines: 1 –
holo-transferrin conjugate;
2 – apo-transferrin
conjugate; 3 – albumin
conjugate; 4 – indication
of the migration time for
AuNPs. (Reprinted with
permission from Ref.
[88]. Copyright 2015
Metallomics)
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neutral polymer surface coatings on the AuNPs, respectively. They included BSA,
which has been used as an inner wall coating in CE [92], in the background
electrolyte; in effect, this reduced the EOF. By using dimethylformamide as a neutral
marker, they normalized the electrophoretic mobility by EOF subtraction. Plotting
the ratio of bound nanoparticle to total nanoparticle against the concentration of BSA
allowed for derivation of association equilibrium constants from the Hill equation as
shown in Fig. 3.12. Overall, they found that BSA adheres to PEG-functionalized
AuNPs with similar affinity to charged AuNPs. Compared to the other modified
AuNPs, PAH-modified AuNPs had higher affinity to BSA [93].

Nanoparticle modifications, such as those based on thiol derivatives, can improve
the stability and reduce aggregation of nanoparticles [94]. López-Lorente et al.
studied the effect of two thiol derivative buffer additives on the electrophoretic
mobility and separation of Au and AgNPs. In their study, derivatization was
performed in capillary via incorporation of thioctic acid (TA) and thiomalic acid
(TMA) in the electrophoretic buffer, which consisted of 40 mM SDS and 10 mM

Fig. 3.11 197Au
electropherograms of
carboxy-rAuNPs with
transferrin and albumin
proteins at various
incubation times. Peaks:
1 – free nanoparticles,
2 – apotransferrin conjugate,
3 – holo-transferrin conjugate.
(Reprinted with permission
from Ref. [91]. Copyright
2017 Chromatographia)
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3-(cyclohexylamino)-1-propanesulfonic acid (CAPS). The structures of the two thiol-
based buffer additives are shown in Fig. 3.13. With TA in the buffer solution, the
migration time of AuNPs increased; whereas, the migration time of both Au and AgNPs
increased with TMA in the buffer solution as shown in the contour graph in Fig. 3.14.
Furthermore, AgNPs had a higher increase in their migration time [95]. The overall
structure and other functional groups of the acids seem to alter the strength of the metal-
sulfur bond, especially since gold has a higher proclivity than silver to interact with H2S
[96]. The study on thiol derivative buffer additives exemplifies the applicability of CE
on the characterization of nanoparticles with SAMs. Furthermore, the characterization of
surface-modified nanoparticles can lead to the understanding of the potential effects of
these modifications on protein adsorption.

5.2.2 Metal Oxide Nanoparticles
Metal oxide nanoparticles have been directly incorporated into drug delivery systems,
and this has been studied by the use of CE to determine the delivery and encapsulation
efficiencies. Doxorubicin (DOX) is a drug used in the treatment of various cancer types
and the efficiency of this drug is improved by delivery in a carrier system. Gautier et al.
loaded DOX-Fe2+ onto the surface of PEGylated superparamagnetic iron oxide nano-
particles (SPION). After analyzing the interaction and distribution of doxorubicin-
loaded PEGylated SPION (DLPS) via fluorescence confocal spectral imaging (FCSI),
the authors optimized the CE conditions for separation of DOX derivative molecules to
overcome the challenge of differentiating chemical structure similarities. They found
that modification of the capillary wall with the CEofix kit™ from Analis improved the
peak shape and use of MEKC enhanced resolution. The group treated MCF-7 breast
cancer cells with DOX or DLPS and obtained subcellular fractions via liquid-liquid
extraction. These fractions were then analyzed by capillary electrophoresis-laser induced
fluorescence (CE-LIF) to differentiate DOX and its metabolites. Along with the FCSI
results, the lack of DOXmetabolites detected in CE indicated that DLPS delivered DOX
into the cell [97].
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Fig. 3.12 Plot of the ratio of
bound nanoparticles to total
nanoparticles against the
concentration of BSA. The
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calculated via the Hill
equation, which was fitted to
the curve plotted from pooled
data. The data was obtained
for PAA–GNRs with
increasing concentration of
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(Reprinted with permission
from Ref. [93]. Copyright
2013 Langmuir)

138 J. Lee et al.



Blazkova et al. also studied the use of DOX carriers for cancer treatment. They
encapsulated DOX into apoferritin cages and conjugated this structure to magnetic
nanoparticles. As shown in Fig. 3.15a, they found one peak corresponding to encapsu-
lated DOX and the other corresponding to free DOX, which the authors attributed to the
lack of success in eliminating free DOX during dialysis. The group explained that DOX
molecules adhered to the surface of the apoferritin cage and were separated during
electrophoresis. The correlation between the peak height and the concentration of DOX
was found to be linear in Fig. 3.15b. In Fig. 3.15c, d, the amount of desorbed DOX
increased while the amount of encapsulated DOX increased almost two times as much
with a larger application of DOX amount. Through CE, they monitored the magnetic
particle-mediated APODOX transport involving the following steps: separating the free
DOX and encapsulated DOX using magnetic pull down and pH-mediated release of
DOX from APODOX and APODOX-conjugated magnetic nanoparticles [98].
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5.2.3 Polymeric Nanoparticles
As exampled by the previous reports on the involvement of metal oxide nano-
particles in drug carrier systems, other literature sources assessed the usage of
polymeric nanoparticles in drug delivery in addition to the study of polymeric
nanoparticles and their biomolecular interactions. Oukacine et al. studied the hydro-
phobic properties of PEG-b-PGlu, which are the diblock copolymers that make up
(1,2-diamino-cyclohexane)platinum(II) ((DACH)Pt)-loaded micelles, by using
MEKC with SDS molecules in the buffer electrolyte. The electrophoretic mobility
of the diblock copolymer decreases with high levels of negatively charged SDS
molecules that adhere to PEG. Figure 3.16a shows the degradation of (DACH)Pt-
loaded polymeric micelles, affected by a highly concentrated NaCl solution and
25 �C temperature conditions, over time. The authors observed the formation and
increase of a second peak, which they suspected to be the smaller aggregates from
the polymeric micelles. The peak area ratio of the degradation product to the original
polymeric micelles was plotted in Fig. 3.16b [99].

Molecularly imprinted polymer nanoparticles (MIP NPs) are included in the
repertoire of drug delivery tools. Although they have not been extensively studied
for drug delivery purposes using CE, they have been studied for their interaction
with biomolecules. Musile et al. studied the interaction of molecularly imprinted
polymer nanoparticles (MIP NPs) with CE. After confirmation of the lack of MIP
NPs’ adsorption to the capillary wall, the group compared the interactions of MIP
NPs and nonimprinted polymer nanoparticles. MIP NPs were incubated with
increased concentrations of template in order for the group to obtain the binding
isotherm for the complex and a dissociation equilibrium constant of 66 � 1 μM.
Selectivity was tested using angiotensin, a nonspecific ligand peptide, and it was
found that there was no significant binding between MIP NPs and angiotensin [100].

Properties, such as hydrodynamic diameter and even polydispersity index, can be
obtained using the theory of “Taylor dispersion,” which is a result of nonuniform

Fig. 3.16 Monitoring the decomposition of polymeric micelles in NaCl solution at 25 �C via CZE.
Separation conditions: 30 mM phosphate buffer, pH 7.2, + 15 kV. Peaks: 1 – (DACH)Pt-loaded
polymeric micelles; 2 – (DACH)Pt-loaded aggregates; PA phthalic acid. (Reprinted with permission
from Ref. [99]. Copyright 2014 Journal of Controlled Release)
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fluid velocity and molecular diffusion [101]. Ibrahim et al. used CE with Taylor
Dispersion Analysis (TDA) to assess the hydrodynamic diameter and effective
charge of polyglutamate backbone grafted with hydrophobic vitamin E (pGVE)
hydrogels and polyglutamate (pGlu) hydrogels, which do not include vitamin E.
They found a decrease in the effective charge number per nonmodified glutamate
with inclusion of vitamin E in the hydrogel due to the influence of hydrophobic
groups on the dissociation of glutamate molecules [102].

5.2.4 Liposomes
Liposomes can also be considered nanoparticles, and they have been a dominant
option as a drug delivery tool. CE has been often used for the characterization of
liposome properties, such as size, charge, and permeability, in drug delivery systems
[103]. Nguyen et al. investigated PEGylated liposomes with CE-ICP-MS for the use
of cisplatin anti-cancer drug delivery. They were able to separate liposome-
encapsulated cisplatin from free cisplatin and hydrolysis products of cisplatin in
human plasma. Coupling CE to ICP-MS allowed for simultaneous monitoring of
phosphorus from phospholipids and platinum from cisplatin. Increasing the plasma
amount caused a decrease in the signal of cisplatin; in addition, cisplatin and
hydrolysis products co-migrated as one peak when the matrix was 50% plasma.
They found that reducing the plasma amount to 20% was necessary to improve
resolution and sensitivity during separation. The group speculated that the addition
of SDS to the background electrolyte improved separation efficiency possibly due to
the surfactant reducing adsorption to the capillary wall [104].

Nguyen et al. also studied the release of cisplatin from liposomes, which was
induced by sonication. Based on reduction of peaks for free cisplatin and hydrolysis
products, the amount of release cisplatin was calculated [105]. Otarola et al. ana-
lyzed the entrapment efficiency of their prepared nanostructured lipid carrier (NLC)
with incorporated piroxicam, a nonsteroidal anti-inflammatory drug (NSAID) using
CE. They obtained the entrapment efficiency by calculating the difference between
the amount of piroxicam used for NLC suspensions and the amount of piroxicam not
entrapped in the NLCs [106].

5.2.5 Quantum Dots
In general, quantum dots have been important tools for drug delivery, bioimaging,
and sensors. In CE, they have been conjugated with biomolecules in interaction and
detection studies. Janu et al. capped CdTe-QDs with heptapeptides (HWRGWVC) to
conjugate to human immunoglobulin. They observed that HWR peptide has affinity
towards IgG but not IgY. The IgG complex was separated from the IgY complex as
well as the HWR peptide-capped QDs. HWR-QD conjugation was confirmed by
magnetic particles coated with IgG and IgY in differential pulse voltammograms.
The same binding phenomenon occurred in gel electrophoresis and ELISA results as
well [107].

Zhou et al. also used quantum dots in a capillary electrophoresis-chemiluminescence
(CE-CL) detection system, but their goal was to detect the presence of
carcinoembryonic antigen (CEA) with their method. Their HRP-DNAA-B-QD probe
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was designed to enable chemiluminescence resonance energy transfer (CRET) when
bound to the target antigen. With CEA in the mixture, the CEA/HRP-DNAA-B-QD
complex was present and could be separated from the free probe in CE, as shown in
Fig. 3.17. When compared to the calibration values for quantification of CEA in human
serum by the standard LIAISON chemiluminescence immunoassay system, the
authors’ results from using their probe combined with the CE-CL detection system
were similar [108].

6 Conclusions and Future Perspective

Open channel separation including FFF and CE are unique approaches for the study
of nanomaterials and their bioconjugates as well as their application to drug delivery
systems. They provide fast separation and sufficient resolution between the non-
conjugated and conjugated nanomaterials for rapid characterization of the nano-
material itself and biological layer formation. The different separation modes in each
technique also provide superior tools for analysis of different physiochemical prop-
erties of the nanomaterials, including size, shape, and surface potential. Still, there is
a deficiency in applications on the newer generation of nanomaterials, the 1D and 2D
materials, like fibers and sheets. Lack of theory to guide separation optimization of
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such materials is the main challenge behind this gap. In addition, hyphenation with
more detectors or other separation techniques are desired to improve the amounts of
information obtained upon separation. Sample throughput and collection recovery
are to be improved for FFF, which is more prominent in recovering samples for
down-stream analysis than CE. However, with the advancement in the instrumenta-
tion of CE-MS, more applications in this area are to be expected. Moreover, the
previous efforts are all focused on protein conjugates. Future applications on ana-
lyzing adsorption of other biomolecules, like nucleic acids and lipids, are expected to
explore contribution of other adsorbed or conjugated biomolecules on nanomaterials
that could alter their biological behaviors. In addition, more analysis on drug
delivery systems using open channel separation is a possibility, and potential
avenues include studies with other nanomaterial types aside from polymeric and
lipid-based ones, which have been dominant in FFF and CE research. Overall, while
open channel separation techniques have shown strong power in the study of
nanomaterials, more instrumentation developments and wider application scopes
are expected in the coming years to improve their capability in characterization of
diverse new nanomaterials and their bioconjugates and to meet the accompanying
challenges in the fast development of nanotechnology.
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1 Definition of Topic

Organ-on-chip platforms are engineered microfluidic systems that are capable of
mimicking basic pathophysiological units of human organs. A number of organ-on-
chip models have already been developed for emulating functional human healthy
organs and their cancer counterparts, for example, lung (cancer), liver (cancer), brain
(cancer), and breast (cancer). In the context of applications in cancer research, organ-
on-chip systems are also referred to as cancer-on-a-chip (CoC). Recently, CoC has
becoming an emerging in vitro model that can foster an innovative way of
conducting cancer research and promote advances in cancer diagnostics and therapy.
CoC systems are suitable models for cancerous tissues in both 2D and 3D microen-
vironments and can recapitulate pathophysiological phenomena, such as cancer cell
extravasation, immune system responses, and also to provide a new platform for
personalized medicine. Such systems can help us gain a deeper understanding of the
cancer disease etiology and development, as well as, provide a high throughput
screening tool to test and evaluate the safety and efficacy of new cancer therapies,
including nanomedicines, ultimately aiding their clinical translation.

2 Overview

Recent advances in nano- and microfabrication have enabled the development of a new
generation of in vitro platforms suitable for cancer research, disease modeling, and
advanced diagnostics. In this chapter, a brief background on cancer biology and
microfluidic system will be covered first. Secondly, the design and fabrication of
microfluidic devices will be introduced in the Experimental Methodology section.
Subsequently, a comprehensive overview of innovative CoC devices will be presented
for modeling cancer metastatic cascades and organ-specific tumors (e.g., brain, breast,
liver, and lung). The following section will focus on the discussion of the integration of
advanced technologies with CoC for cancer cell imaging, monitoring, and manipula-
tions. For example, selected super resolution imaging techniques will be reviewed. The
integration of biosensors in CoCwill also be discussed, as they allow tomonitor changes
in pH, oxygen, glucose, lactate level, and other cancer biomarkers. Finally, conclusions
and future perspectives will be presented in relation to the opportunities and maturation
of the recently developed CoC field, which in our view holds great potential to
revolutionize in vitro drug testing and for personalized medicine.

3 Introduction

3.1 Cancer Biology

Cancer is the second leading cause of death globally and was responsible for 8.8
million deaths in 2015 [1]. Despite recent advancements in cancer treatment, overall
5-year survival rate still remains surprisingly low [2]. Cancer represents an
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enormous societal burden, both in terms of human suffering and socioeconomical
costs [3]. For example, the total cost for cancer treatment in 2010 alone was
estimated at 1.16 trillion US dollars [4]. Nevertheless, these burdens could be greatly
reduced through early cancer detection and intervention based on a better under-
standing of cancer etiology [5].

Healthy normal cells are transformed into cancerous cells in the process of
tumorigenesis and including events such as: deregulated cell proliferation, angio-
genesis, and metastasis [6]. Risk factors such as heredity, exposure to carcinogenic
substances, or chronic inflammation are linked to genetic mutations [7]. However,
the underlying mechanisms that drive many of those events still remain unknown.
For example, cancer metastasis contributes to 90% of cancer-related deaths and,
while molecular signatures of metastasis are widely studied, factors that drive
metastasis are multifactorial and complex [8]. Clinically, cancer metastasis appears
with an organ-specific pattern, but its process remains largely unidentified. One of
the most accredited theories is the “seed and soil” hypothesis, which states that some
types of cancer cells preferentially interact with the microenvironment of some
specific organs [9]. The cancer microenvironment is a heterogenic and dynamic
molecular “ecosystem,” where cancer cells orchestrate cell-to-cell communication
leading to cancer progression [10]. More specifically, this complex tumor microen-
vironment consists of a heterogeneous mixture of cells in complex spatial arrange-
ment, including tumor cells (such as carcinoma), cancer stem cells, inflammatory
immune cells, assorted fibroblasts, pericytes, and endothelial cells of blood vessels
[11]. Elucidating the role of each of these biological players is crucial but difficult, as
the combination of these factors are interconnecting and complex in vivo.

In fact, early detection of cancer can greatly increase the chances for successful
treatments of certain cancer types. Clinically, cancer detection is typically performed
via tissue biopsy or the use of potentially harmful contrast agents for various clinical
imaging techniques such as computed tomography (CT) or magnetic resonance
imaging (MRI). However, these methods are generally considered invasive, require
extensive technical expertise and complicated instrumentations [12]. On the other
hand, detection of specific circulation cancer biomarkers has been demonstrated as
promising alternatives [13]. For example, circulating cancer biomarkers, including
circulating tumor cells (CTCs), vesicles (exosomes), proteins, and circulating tumor
nucleic acids (ctNA) have been identified that are secreted by tumor cells into the
bloodstream and other body fluids [13]. In particular, isolated CTCs can provide
extremely valuable information in disease characteristics without the need to directly
access tumor sites [14]. Cancerous cells indeed express certain proteins, such as
epithelial cell adhesion molecule (EpCAM) at higher level than normal cells,
exhibiting different morphology (such as cell size). Exosomes are small
membrane-bound vesicles shed from cells for signaling and contain a number of
biomolecules including nucleic acids and proteins which act as alternative bio-
markers for cancer detection and diagnostics [13].

Metastatic animal models have been routinely used for cancer research, especially
suitable for studying late stage of cancer progression. However, those animal models
fall short to resolve modern theories such as parallel progression of cancer [14, 15].
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The inherent genetic differences of animal models to human, the technical chal-
lenges of high-content molecular imaging in vivo, and the conventional in vitro
models being overly simplistic and not resembling the tumor microenvironment
highlight the dire need of more advanced cancer research models.

3.2 Microfluidic Systems

Microfluidic systems manipulate extremely small amounts of liquids (nanoliter),
with channel dimensions range from tens to hundreds of micrometers [16]. Using
microfluidics, traditional large-scale experiments can be conducted in a compact,
high throughput manner in what is termed “lab-on-a-chip” opening up a plethora of
applications in biological and biomedical fields [17]. Common biological assays,
such as polymerase chain reaction (PCR) and cell-based assays have been integrated
in such devices. Important advantages of using microfluidic systems include short
analysis time and low cost, compact size, ease of use, and ultra-low sample volume
requirements [17]. Moreover, such system allows fine-tuning of cell microenviron-
ments and enable fast readout [18].

Until recently, research laboratories have started to culture mammalian cells in an
intricate manner inside microfluidic devices to form the basic “functional” organ
units that can closely mimic human tissues, hence coining the term “organ-on-a-
chip” [19]. Those organ-on-a-chip units allow for the modeling of basic physiolog-
ical functions of organs to be studied in vitro but still maintain the important basic
in vivo functions [20]. Awide range of on-chip models have already been developed
for emulating different human organs, including lung, liver, kidney, brain, gut, and
bone. In the case of the cancer-affected organ counterparts, the term “cancer-on-a-
chip” (CoC) has emerged (Fig. 4.1a) [21, 22]. Although organ-on-a-chip systems
have been reviewed extensively in a number of articles [17, 19, 20], CoC model
reviews still remain fairly limited and mainly cover the “biological” aspects of such
systems [21, 23]. In contrast to the existing reviews, we provide here a comprehen-
sive summary that covers experimental and technical details, a wide range of
applications for cancer metastasis, and an overview of the most current state-of-
the-art CoC models. Finally, we explain how innovative tools such as biosensors and
advanced super-resolution imaging techniques can be incorporated into CoCs.

CoC platforms combine the advantages from both in vitro and in vivo models and
represent a promising tool to study cancer at the “organ” level [24]. CoC can be used
to evaluate the efficacy of cancer therapy, monitoring responses to external drug
stimuli, while allowing for rapid, real-time, and multi-sample analysis [24]. Further-
more, these versatile, non-invasive tools can provide quantitative information
regarding cell viability, microenvironment, molecular signaling and cancer cytomics
[25]. When used in combination with patient-derived cells, CoC devices promise to
revolutionize cancer diagnosis and help clinicians to predict efficacy and side effects
of different therapeutic approaches, while monitoring the development of the
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Fig. 4.1 (a) To date, most organ types have been replicated on microfluidic devices, including their
cancer-affected counterparts (e.g., healthy brain-on-chip vs. brain tumor-on-chip). (Reprinted with
permission from Ref. [21]. Copyright © 2017, Elsevier.) (b) Microfluidic technology enables the
precise control over fine-tuning of chemical concentrations, integration of biosensors, co-culturing,
and monitoring cellular responses to chemicals including anticancer therapeutics and nano-
medicines under flow. (Adapted from Ref. 22. Copyright © 2010, Elsevier, and from Ref.
[17]. Copyright © 2015, Taylor & Francis)
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disease. Applying imaging-based diagnosis in a microfluidic device allows the
measurement of parameters such as cell size and stiffness, together with electrical
responses detectable in cancer cells [26].

Using CoC systems as cancer models offers several advantages over traditional
well plate 2D culture model or in vivo animal models. Unlike an animal model, a
CoC system can “isolate” individual diseased organ type to be studied. Furthermore,
CoC devices are capable of the co-culture of different cell types and the integration
of sensors to modulate cancer cell functions in real time (Fig. 4.1b). CoC devices
have the great potential to be applied in early stage anti-drug discovery, toxicology
studies, and also to advance our understanding of cancer biology and its complex
mechanisms. However, some limitations still need to be addressed (Table 4.1). For
example, while CoC platforms can recapitulate the in vivo-like microenvironments
such as induced shear flow which the traditional well plate format culture cannot
achieve (Fig. 4.1b), they still lack the automation to enable high throughput screen-
ing (HTS).

Table 4.1 Summary of advantages and limitations of different systems: animal models, conven-
tional in vitro systems (well-plates) and innovative in vitro microfluidic systems (cancer-on-a-chip,
CoC). (Adapted from Ref. [17]. Copyright © 2015, Taylor & Francis)

Parameter
In vivo systems
(animal models)

Conventional in vitro
systems (well plates)

Microfluidic systems
(cancer-on-a-chip)

Physiological
relevance

High complexity of
living systems,
although interspecies
variability limits
physiological
relevance

Advantage of using
human cells, but the
setup (static conditions,
gravitational settling)
limits its physiological
relevance

Human-derived cells,
improved physiological
relevance (e.g., flow,
co-culture)

System fine-
tuning

Tunable parameters
are limited (usually to
administered
formulation)

Changes are limited to
cell type, media and
administered
formulation

High versatility, systems
can be optimized for
different purposes (e.g.,
tissue-response,
co-culture, gradient
testing, dynamic
vs. static conditions)

HTS/
parallelization/
automation

Not possible State-of-the-art
screening systems,
implemented through
robotics

Great potential, not yet
fully exploited (still at
an early stage)

Read-out Animal sacrifice often
needed, specialized
training and facility
required

Well-established
analysis methods,
although interferences
with colorimetric assays
often occur

Suitable for label-free
sensor integration,
microscopy-based
readouts

Time/cost Time and resource
intensive

Generally fast and
relatively cheap
(depending on the
degree of automation)

Medium financial input,
but fairly comparable
with conventional
in vitro systems
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4 Experimental Methodology

4.1 Microfluidic Chip Fabrication

Microfluidic technology offers flexibility in chamber design and choice of materials,
which is an important aspect to mimic different organ microenvironment. The most
commonly used materials for the fabrication of microfluidic device are poly-
dimethylsiloxane (PDMS) and poly(methyl methacrylate) (PMMA) [27]. While
the former is predominantly used for the fabrication and prototyping of microfluidic
devices in the research community, the latter is often preferred material in commer-
cial products. Advantages related to the use of PDMS include biocompatibility (gas
permeability), low auto-fluorescence, and low cost. On the other hand, PMMA and
other thermoplastics are more suitable for the mass production of microfluidics.
Various techniques have been developed to fabricate microfluidic devices, such as
print and peel methods, micro-milling, direct laser printing, micro-wire molding, and
hot embossing [28]. Nonetheless, soft lithography is still by far the most popular
fabrication method for biomedical microfluidic devices, especially in research lab-
oratory settings [28]. In this section, photolithography and PDMS-based soft lithog-
raphy will be discussed.

Photolithography is a process that a geometric pattern from a photomask is
transferred to a photoresist on a flat surface. Due to the differences in chemical
properties of photoresists, UV light exposure can either make the photoresist more
soluble in a developer (positive photoresist) or can cross-link the photoresist and
making the exposed region insoluble (negative photoresist) (Scheme 4.1a). For
example, SU8 is an acid-catalyzed, epoxy-based negative photoresist (Scheme
4.1b) in an organic solvent with 10% triarylsulfonium hexafluoroantimonate salt
as a photo-initiator (Scheme 4.1c). SU8 photoresist offers several advantages in

Scheme 4.1 (a) Positive and negative photoresists used in photolithography. (b) Chemical
structure of SU8 resist. (c) Reaction mechanism of SU8 polymerization and crosslinking
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photolithography process, such as the simplicity to form patterns with submicron
resolution and offering a reasonable combination of mechanical strength and chem-
ical tolerance [29, 30].

In a photolithography process, UVexposure transfers the desired patterns from a
mask to a photoresist. According to the required resolution, there are two main types
of photomasks commonly used: “hard” glass mask (made in quartz or borosilicate
glass) and “soft” transparency plastic mask (made in plastic). The “hard” glass mask
is fabricated via a direct-write technique through the use of a focused laser beam.
This type of glass mask can provide a submicron resolution and is stable against
different solvents and substrates [31]. On the other hand, “soft” masks can be easily
fabricated from a high-resolution printer, which can offer a cheaper alternative, but
with poor feature resolution (5–10 μm). For those microfluidic devices that contain
“large” features, “soft” transparency photomask can be a better choice [32].

The protocols for the fabrication of SU8-based molds can differ in different
applications; here we will use a dual-layer SU8 mold as an example to demonstrate
the SU8 fabrication (Fig. 4.2). A spin coater is used for spreading SU8 photoresists
onto a silicon wafer or a glass substrate. For creating a 3 μm thick feature, SU8 2002
is used and exposed at 90 mJ/cm2. Alignment marks (e.g., crossed shape) are very
important for fabrication of multilayer molds that require precise alignments. After
UVexposure, the substrate with SU8 2002 is baked at 95 �C for 2 min, followed by
developing with SU8 developer for 1 min to resolve the first layer feature. For the
second layer fabrication, a photoresist with different thickness can be used. For
example, to create a thickness of 100 μm, SU8 3050 could be used. To note, with the
increase of the resist thickness, the UVexposure dose needs to be increased (250 mJ/
cm2). After the second UV irradiation, the wafer is further baked at 95 �C for 5 min,
followed by developing with SU8 developer for 20 min to obtain the second layer
feature. To confirm that the resolved SU8 features on silicon wafer possess the
desired dimensions (as the fabrication procedure such as UVover-exposure or under-

Fig. 4.2 A schematic illustration of a photolithographic procedure to fabricate a two-layer micro-
fluidic device via SU8 negative photoresists and soft lithography via PDMS casting
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exposure can affect the final size), several characterization techniques are performed.
For example, a Stylus surface profilometer can be used, although this technique can
be invasive to the SU8 features as the Stylus tip is in direct contact with SU8
patterns. The alternative noninvasive technique that one can use is the light interfer-
ometry which uses light interference fringes to determine the geometry size.

The final step is to silanize the silicon wafer mold to prevent adhesion to
subsequent PDMS casting and ensure that the cured PDMS mold can be peeled
off easily. Briefly, the fabricated silicon mold is placed inside a vacuum desiccator,
where a droplet of 20 μL of hexamethyldisilazane is introduced in the desiccator. The
desiccator is then sealed and connected to a vacuum pump for 5 min to create silane
vapor to be deposited onto the mold surface overnight. To characterize if the
hexamethyldisilazane has been deposited properly on the silicon wafer surface,
common techniques such as contact angle measurement, X-ray photoelectron spec-
troscopy (XPS), or Fourier-transform infrared spectroscopy (FTIR) are suitable for
surface functionality analysis.

4.2 Microfluidic Device Assembly and ECM Coating

Since its initial introduction in the late 1990s as a building material for microfluidic
devices, PDMS is still the most popularly used material in many research laborato-
ries [33]. PDMS fabrication is a rapid process, and multiple layers of PDMS can be
covalently bonded. In brief, PDMS is mixed at a 10:1 ratio (monomer to catalyst),
degassed, poured onto the passivated SU8 containing silicon wafer mold, and cured
in an oven for 12 h at 80 �C. The cured PDMS mold is then carefully released from
the silicon wafer mold, and the inlet and outlet ports are created using Haris
Uni-Core biopsy punches with appropriate sizes. A glass cover slide and a PDMS
mold are first cleaned by sonication in ethanol and are then loaded into an oxygen
plasma chamber for surface activation for 30 s at 50 W. The oxygen plasma treated
PDMSmold is then gently pressed against the cover slide for an irreversible covalent
bonding. Sterilization is performed to make it suitable for subsequent cell culture.
Typically, UV irradiation is a common and effective method (30–60 min of 254 nm
UV irradiation) than the autoclaving approach.

In order to facilitate cell attachment and growth inside the microfluidic devices,
channel surface functionalization and extracellular matrix (ECM) coating are usually
performed. Here, we will introduce two methods for type I collagen immobilization:
noncovalent and covalent approaches. To this end, for the noncovalent immobiliza-
tion procedure, a working solution of 100 μg/ml of type I collagen in MilliQ water is
injected directly into the assembled microfluidic device (after plasma treatment and
bonding) and incubated at 37 �C for 30 min or 4 �C overnight. After the incubation
step, the device is washed thoroughly with MilliQ water and dried. The coated
device can then be used for cell culture after equilibration with phosphate-buffered
saline (PBS) or cell culture medium for 1 h. Alternatively, the coated devices can be
stored at 4 �C until future use. In fact, this physisorption method has been used as a
common practice for flask or microplate surface coating. On the other hand, a

4 Using Integrated Cancer-on-Chip Platforms to Emulate and Probe Various. . . 159



covalent immobilization procedure can anchor ECM strongly onto the microfluidic
channel surface, especially important for long-term cell cultures. The following
protocol describes an adapted method from the Ingber group [34]. A microfluidic
device is treated with oxygen plasma at 50 W for 30 s, immediately followed by
injection of 10% (v/v) of (3-aminopropyl)-trimethyloxysilane (APTMS) in absolute
ethanol and is incubated at room temperature for 15 min. The device is then washed
with ethanol and water sequentially, and dried at 80 �C for 2 h. Subsequently the
device is then filled with 2.5% glutaraldehyde in water and incubated at room
temperature for 15 min and further washed with water and ethanol, and then dried
at 80 �C for 2 h. In the final step, ECM (e.g., type I collagen) is injected and
incubated in the device for 1 h, allowing the amine groups from the ECM to form
Schiff bases with the aldehyde groups on the surface of the chip [34]. To confirm
even ECM coating, fluorescence labeling of the proteins with fluorophores such as
FTIC or Cy5 can be performed and the coated channels can be imaged using a
fluorescence microscope. An alternative method to characterize the coating is
immunostaining.

4.3 Cell Culture in Microfluidic Devices

Microfluidic devices can be used to seed different types of cells depending on the
nature of the research interests. Here, we will introduce the seeding protocol for
hCMEC/D3 blood–brain barrier microvascular endothelial cell as an example. An
assembled microfluidic device is initially washed with PBS and cell culture media.
hCMEC/D3 cells at a concentration of 1 � 107 cells/ml in EBM-2 media are then
injected and allowed to attach onto collagen-precoated microfluidic channel. The
cell-loaded device is then placed in an inverted position for 1 h inside an incubator to
seed the cells onto the upper surface of the microchannel. Subsequently, another
batch of freshly isolated cells is injected into the device and incubated at the upright
position for 1 h to facilitate cell attachment onto the lower surface. Afterwards,
100 μl fresh EBM-2 media is delivered to the chip inlet and outlet reservoirs and then
the chip is transferred inside an incubator. Starting on day 2, a culture media flow rate
at 2 μl/min is initiated using a syringe pump to induce shear flow to mimic in vivo
hemodynamic flow condition.

A key step to validate if an “organ” is phenotypically desirable and functional
after maturation inside the microfluidic chip is to check for specific surface bio-
markers using appropriate bioassays (e.g., immunofluorescence staining). Here, we
will introduce the protocol for immunostaining assay of endothelial cells inside a
microfluidic chip as an example. The cells are cultured for 4 days inside a micro-
fluidic device, and the microchannel containing cells is washed with PBS, followed
by fixation with 4% paraformaldehyde for 20 min at room temperature. The cells are
further permeabilized with 0.25% Triton X-100 for 10 min, and blocked with 5%
BSA in PBS for 1 h at room temperature. FITC conjugate anti-zona occludens-1
antibody, at 1 μg/ml in 1% BSA, is then added to the chip, and incubated for 3 h. The
chip is further washed gently with PBS and injected with ProLong antifade mountant
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with DAPI. The immunostained chip can then be imaged using either an epi-
fluorescence or confocal fluorescence microscope (e.g., Leica SP8 inverted laser
scanning confocal microscope).

5 Key Research Findings

5.1 Microfluidic Models for Cancer Metastasis

Cancer metastasis is a multistep process of the formation of secondary loci from a
primary tumor. This process involves firstly the tumor cells infiltration into the
surrounding stroma (invasion), followed by transendothelial migration into
(intravasation) and out of vasculatures (extravasation), and the formation of a
secondary tumor at the distance sites (colonization) [35]. Following colonization,
secondary loci will develop into micrometastasis after dormancy [36]. Certain events
within this cascade have long been studied in murine models. However, recent
development of miniaturized in vitro systems, such as CoCs, has enabled a full-
spectrum interrogation at each step of those events by allowing the individual
features to be decoupled. Figure 4.3 represents an overview of the metastatic
cascade, and a summary of the corresponding microfluidic model systems that
recapitulate different stages of cancer metastasis. In this section, we will provide a
comprehensive review of those microfluidic model systems.

5.1.1 Cancer Cell Invasion Modeling
In order for cancer cells to detach from the original tumor mass and to invade
surrounding tissues, they undergo epithelial-mesenchymal transition (EMT), a hall-
mark of cancer metastasis which denotes the loss of epithelial characteristics and

Fig. 4.3 Schematic representation of cancer metastasis cascade and summary of selected micro-
fluidic models emulating each process
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acquires mesenchymal phenotypes [37]. The EMT process involves a cascade of
signaling events such as the downregulation of E-cadherin (E-cad) and the
upregulation of N-cadherin (N-cad), which is referred to as “cadherin switch”
[38]. Transforming growth factor β (TGFβ) is known to contribute to EMTactivation
by upregulating transcriptional repressor of E-cad. The in vivo study of the EMT
process in metastasis, which involves the use of transgenic murine models, has
demonstrated the pro-metastatic roles of TGFβ [39, 40].

Transgenic mice models are difficult to generate as knock-out mice with deletion of
certain EMT genes may result in the premature animal death due to the dual roles of
those genes in embryogenesis [41]. On the other hand, novel in vitro CoC systems have
been developed to recapitulate those molecular hallmarks, offering a more robust means
to study cancer metastasis. For example, Kim et al. developed a PDMS-based micro-
fluidic device consisted of two interconnected microchannels where TGFβ gradient was
created (Fig. 4.4a) [42]. This platform enabled the precise detection of EMT cellular
responses of A549 lung cancer cells to TGFβ stimulation, such as elevated expression
levels of vimentin and downregulation level of E-cad (Fig. 4.4a). The effect of TGFβ on
cell attachment, and on EMT, was also demonstrated by flow stimulation in a micro-
fluidic chamber as reported by Li and coworkers [43]. By combining 3D cell culture and
microfluidics, more EMT signatures have been reproduced. Rizvi and coworkers
reported using a microfluidic chip to grow 3D ovarian cancer nodules that could
mimic the interstitial fluid flow of ovary (Fig. 4.4b) [44]. They demonstrated that such
fluid flow facilitated vimentin and integrin α5 upregulations as well as E-cad and β
catenin downregulations in ovarian nodules (Fig. 4.4b).

After the activation of EMT, tumor cells gain the migratory ability to squeeze
through the ECM barrier in the surrounding stroma to reach intravasation site.
Therefore, techniques for characterizing this migratory ability would be instrumental
in defining the efficacy of anti-metastasis drugs, and dissecting the role of certain
aspects in tumor microenvironment. Ma and coworkers reported a microfluidic
system to recapitulate the mechanical confinement features of the ECM barrier by
incorporating vertical constrictions [45]. Under the effect of a chemoattractant, cells
could squeeze through those constrictions (Fig. 4.5a). They discovered that the cell
migratory ability (velocity and distance) was directly proportional to the number of
contractions in the ECM. Ras homolog protein A (RhoA) and Rho-associated
protein kinase (ROCK) gene expressions, related to cytoskeleton formation and
contraction, were found to be upregulated. To interrogate the limit of cell migration
in tight spaces, Malboubi and coworkers utilized a microfluidic system with micro-
channels of varying cross-sectional area, from larger than the dimension of a cell to
smaller than the diameter of a nuclei [46]. They deduced that the limiting factor for
cell migration was the size of cell nucleus. Breast cancer cells failed to migrate into a
microchannel with cross-section area below 7 � 5 μm2 (Fig. 4.5b). Apart from
physical constrictions, other aspects of the tumor microenvironment on cancer cell
migration and invasion can also be tested in microfluidic chips, such as cellular
cross-talk and hypoxia [47, 48]. These studies via microfluidic systems provide
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Fig. 4.4 Microfluidic models recapitulating microenvironmental cues in promoting EMT of
cancer cells. (a) A microfluidic system created a gradient of TGFβ stimulation on lung cancer
cells A549, and their E-cad and vimentin expressions were measured. (Reprinted from Ref.
[41]. Copyright © 2013, Wiley.) (b) 3D ovarian nodules cultured with or without flow condition
under microfluidics. EMT-related protein expressions in ovarian nodules cultured with or
without simulated interstitial flow were assayed. (Reprinted from Ref. [43]. Copyright ©
2013, Proceedings of the National Academy of Sciences)

4 Using Integrated Cancer-on-Chip Platforms to Emulate and Probe Various. . . 163



Fi
g
.4

.5
M
ic
ro
fl
ui
di
c
in
va
si
on

m
od

el
s.
(a
)
S
ch
em

at
ic
of

a
m
ic
ro
fl
ui
di
c
sy
st
em

re
co
ns
tr
uc
tin

g
th
e
pe
ri
od

ic
ph

ys
ic
al
co
ns
tr
ai
ns

of
E
C
M
.C

el
lm

ig
ra
tio

n
ve
lo
ci
ty

of
liv

er
ca
nc
er

ce
lls

(M
H
C
C
-9
7
L
)
an
d
le
uk

ae
m
ia
ce
lls

(O
C
I-
A
M
L
)
un

de
r
di
ff
er
en
tl
ev
el
of

pe
ri
od

ic
co
ns
tr
ai
ns

an
d
w
ith

va
ri
ou

s
cr
os
s-
se
ct
io
n
ar
ea
s.
(A

da
pt
ed

fr
om

R
ef
.[
45
].
C
op

yr
ig
ht
©
20

18
,A

IP
P
ub

lis
hi
ng

.)
(b
)C

an
ce
rc
el
lm

ig
ra
tio

n
in
m
ic
ro
fl
ui
di
c
ch
an
ne
ls
w
ith

va
ri
ou

s
cr
os
s-
se
ct
io
na
la
re
as
,i
n
w
hi
ch

so
m
e
of

th
em

ar
e
sm

al
le
r
th
an

th
e
si
ze

of
nu

cl
ei
,i
llu

st
ra
te
d
th
e
lim

it
of

ce
ll
m
ig
ra
tio

n.
(R
ep
ri
nt
ed

fr
om

R
ef
.[
46
].
C
op

yr
ig
ht

©
20

15
,E

ls
ev
ie
r.)

(c
)
3D

ca
nc
er

ce
ll
ag
gr
eg
at
es

cu
ltu

re
d
in

m
ic
ro
fl
ui
di
c
ch
an
ne
lt
o
m
im

ic
tu
m
or

m
as
s
co
lle
ct
iv
e
in
va
si
on

in
vi
vo

.S
ca
le
ba
rs
ar
e
10

μm
.(
R
ep
ri
nt
ed

fr
om

R
ef
.[
50
].
C
op

yr
ig
ht

©
20

18
,M

D
P
I)

164 Z. Tong et al.



insights that the ECM indeed partially supports cancer cell migration. Some of those
aspects are difficult to test in in vivo models.

Not only can the individual cell invasion and migration events be tracked using
microfluidic systems, collectively cell mass invasion events have also been modeled
in a way that resembles more the in vivo situation [49]. Toh and colleagues reported
a microfluidic device consisting of a cell culture channel and a perfusion channel,
separated by elliptical pillar arrays with a gap size of 20 μm (Fig. 4.5c) [50]. This
design permitted breast cancer cells to form 3D cellular aggregates that resemble
tumor mass, followed by embedding the cell aggregates with collagen matrix
resembling the ECM barrier. Collective invasion was initiated by local contact and
degradation of the ECM barrier without breaking of cell-cell contacts. Other
advanced microfluidic models, such as real-time quantification of cell migrations
based on impedance measurements, and on-chip siRNA knockdown prior to migra-
tion study have also been reported [51, 52].

5.1.2 Angiogenesis Modeling
Angiogenesis in cancer progression stipulates that the tumor cells, together with the
neighboring stroma, induce vessel development to support the tumor growth
[53]. Using microfluidic systems to model angiogenesis has recently been reported.
For instance, Chung et al. engineered a microfluidic platform to quantify the
interactions between endothelial cells and cancer cells [54]. This device consisted
of three independent flow channels inter-connected by collagen matrix (Fig. 4.6a).
By perfusion of vascular endothelial growth factor (VEGF) through a side channel,
endothelial cells were able to sprout into the 3D collagen scaffold in the direction
towards the side channel. The system was further utilized to compare the capability
to induce angiogenesis across different cell types: invasive breast cancer cells,
glioblastoma, and smooth muscle cells. Interestingly, breast cancer cells were
found to be able to induce higher endothelial cell sprouting than the other two cell
types investigated, indicating higher angiogenesis induction ability (Fig. 4.6a). In
another implementation, a microfluidic cytokine gradient has been used to study
tumor cell induced angiogenesis [55].

Lee and coworkers have used a microfluidic chip to house a co-culture of lung
fibroblasts and endothelial cells [56]. It was reported that the endothelial cells were
stimulated by the lung fibroblasts to form differentiated micro-vessels, as evidenced
by the observed tight junctions (Fig. 4.6b). By integrating glioblastoma cells into the
microfluidic chip, they have observed and quantified the effect of cancer cells in
promoting angiogenic sprout formations, which were subsequently abolished by
anti-angiogenic treatment using bevacizumab. The close approximation of in vivo
angiogenesis progression and respective drug response indicates the promise of
these microfluidic system models to be used in the drug discovery pipeline.

5.1.3 Intravasation (Hematogenous and Lymphatic) Modeling
The entry of cancer cells into circulation can be through blood vessels (hematoge-
nous intravasation) or lymph vessels (lymphatic intravasation). Hematogenous
intravasations are often studied in vivo using chick embryo, murine, and zebra fish
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models [57]. The readouts of these models rely heavily on the counting of the
number of CTCs [58]. Imaging the invadopodia of metastasizing cancer cells at
the vasculature was also another commonly exercised method [59, 60]. However,
those in vivo models are usually technically challenging and cannot fulfill the
increased demand for high throughput drug screening. Conversely, in vitro micro-
fluidic models have been used for cancer cell intravasation model studies and may
enable drug HTS approaches.

To recreate the vasculature intravasation in microfluidic devices, two parallel
microchannels are usually designed to house endothelial cells and cancer cells at
each channel and are separated by a compartment of ECM. For instance,
Zervantonakis and coworkers reported using such microfluidic design to culture
breast cancer cells and macrovascular endothelial cells to study the effect of macro-
phages on breast cancer cell intravasation (Fig. 4.7a). Tumor necrosis factor ɑ
(TNFɑ) secreted by macrophages was responsible for increased cancer cell
intravasation and vessel permeability [61]. This supportive effect of TNFɑ on cancer
cell intravasation was also confirmed by Lee et al. using a similar parallel design of a
microfluidic system [56]. Other immune-cancer cell interactions, such as the migra-
tory responses of leukocytes to cancer cells, have also been modeled using micro-
fluidic devices that mimic vasculatures and the tumor mass [62]. In an interesting
study by Nagaraju and coworkers, both invasion and intravasation processes were
realized in a single microfluidic system [63]. Their system combined the side-by-side
organization of 3D tumor cells, stroma, and vasculature with physiologically rele-
vant matrices (Fig. 4.7b). They visualized the breast cancer cell invasion and
intravasation, delineating the effect of tumor microenvironment, such as the cross-
talk between endothelia and cancer cells via angiogenic cytokines, on cancer
intravasation (Fig. 4.7b). Their results are in agreement with in vivo
observations [64].

Although the major pathway for cancer metastasis is via intravasation into blood
vessels, intravasation via lymphatic vessel has also been observed [65, 66]. For
example, Chen et al. reported using a microfluidic system to simulate lymphatic
vessels with anatomical accuracy to study cancer cell intravasation events [67]. This
system contained choke points (6 μm � 10 μm) which were used to assess cancer
cell intravasation ability by rating their migration through these choke points,
mimicking lymphatic vessel entry (Fig. 4.8a). Moreover, this chip design also
incorporated cell capture sites and serpentine channels, allowing for single cell
analysis. It was shown that breast cancer cells with p38ɣ gene knockdown could
not navigate through the choke points. This reduced capability in metastasizing via
lymph route is in agreement with the known associations between elevated p38ɣ
expression and lower survival rate of breast cancer patients [68].

To increase the high throughput and the ease of operation in the study of
lymphatic intravasation, Pisano et al. combined the transwell approach with a
microfluidic system [69]. In this “meso-scale microfluidics,” lymphatic endothelial
cells were first cultured at the bottom of a transwell insert, and cancer cells embedded
in 3D matrix were then put on the other side of the insert. The transwell with
functional lymphatic endothelium and embedded cancer cells was then inserted
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Fig. 4.7 Microfluidic hematogenous intravasation models. (a) ECM separated endothelium and breast
tumor 3D culture in microfluidic channels. Cancer cells intravasation into ECM gel was imaged via
confocal microscopy, and the effect of treatment using anti-TNFɑ antibody was quantified. (Reprinted
from Ref. [61]. Copyright © 2012, Proceedings of the National Academy of Sciences.) (b) Invasion and
intravasation model recapitulating tumor, stroma, and vascular tissues. Microscopy image shows the
interaction of invading breast cancer cells with endothelium and angiogenic cytokine expressions were
shown. (Reprinted from Ref. [63]. Copyright © 2018, Wiley)
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Fig. 4.8 Microfluidic lymphatic intravasation models. (a) Lymphatic migration channels with cell
capture sites and serpentine channels. Migration ability of p38ɣ knocked down cells (MDA-231
GKD) and control cells (MDA-231 SCR) was assessed by their navigation event through choke
points with different dimensions. (Reprinted from Ref. [67]. Copyright © 2015, Springer Nature.)
(b) Microfluidics with Boyden chamber setup for invasion and intravasation modeling. Transmi-
gration rate of breast cancer cells in the presence of CCR7 blocking antibody, at various lymphatic
flow rate, was quantified. (Reprinted from Ref. [69]. Copyright © 2015, Royal Society of
Chemistry)
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into the microfluidic channels to complete the lymphatic intravasation model
(Fig. 4.8b). It was demonstrated that luminal flow over the endothelium could
facilitate cancer cell transmigration by regulating chemokine (CCL21) expressed
by lymphatic endothelial cells. In another example of lymphatic vessel mimicry,
Sato et al. designed a membrane incorporating a microfluidic co-culture of micro-
vascular endothelial cells on one side of the membrane and lymphatic endothelial
cells on the opposite side to mimic the physiological microenvironment of blood and
lymphatic vessel junction. The permeability between blood and lymphatic vessels
was increased upon exposure to snake venom [70].

5.1.4 Extravasation and Colonization Modeling
Extravasation is a key event in forming a secondary tumor, which involves CTC
attaching to a vessel wall, followed by endothelium transmigration and colonization
of the secondary site [60, 71–73]. Microfluidic systems enabling the perfusion of
CTCs have been explored in detail to study the extravasation process. For instance,
Song et al. developed a sandwiched design of a microfluidic chip with upper and
lower compartments separated by a polyester membrane (Fig. 4.9a) [74]. Breast
CTC cells perfused at a physiological flow rate in the upper channel were attracted
towards the endothelial cells (grown on a polyester membrane) by responding to
chemoattractant in the bottom compartment. It was shown that chemokine receptors,
CXCR4 and CXCR7, expressed on cancer cells, were involved in the enhanced
cancer cell adhesion onto endothelial cells. They also demonstrated that CXCL12-
treated endothelial cells promoted CTC adhesion to endothelium (Fig. 4.9a). These
in vitro results coincided with in vivo evidence that CXCR4 promotes cancer cells
attachment to endothelial cells via integrin β1 [75]. In a similar study, Riahi et al.
reported a different microfluidic design where a concentration gradient of CXCL12
was created along a microfluidic channel lined with endothelial cells [76]. This
gradient approach mimics more closely the organ specific microenvironment of
blood vessels and demonstrated that the breast cancer cells (MDA-MB-231) prefer-
entially extravasated at the high CXCL12 concentration section of the microfluidic
channel.

Enhanced hyaluronic acid (HA) metabolism has been a known pro-metastatic
extracellular microenvironmental factor. However, it was also speculated that the
pericellular HA coat could also promote cancer metastasis [77]. An assay work flow
using a microfluidic model has been applied to test this hypothesis [78]. Briefly, a
dual-channel microfluidic device was used for the formation of a 3D stroma in one
channel, and the circulation of breast cancer CTCs in the other channel (Fig. 4.9b).
An array of pillars separating those two channels could support the formation of
endothelium. CTCs treated with hyaluronidase to digest the pericellular HA coat
were shown to be less capable in transendothelial migration and the treated CTCs
migrated shorter distances than the control cells [78]. Microfluidic models could
indeed allow the researchers to decouple various features in the vasculatures and the
cells to dissect their roles in extravasation. Other examples, such as the effects of the
presence of immune cells and the CTCs on the extravasation rate and vessel
permeability have also been explored [79, 80].
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Fig. 4.9 Microfluidic extravasation models. (a) Schematic of breast CTC extravasation microfluidic
model with dermal endothelial cells as the vessel model. Perfusion at bottom channels with chemokines
promoted CTC attachment on the endothelial cells above. The attachment of three breast cell lines on
the endothelial cell compartment which were treated, or not, with chemokine CXCL12. Scale bar,
200 μm. (Reprinted from Ref. [74]. Copyright © 2009, PLOS.) (b) Schematics of extravasation and
invasionmodel in microfluidics. Endothelium layer was formed expressing tight junctions. The invasion
distance of breast carcinoma cells was recorded for cells with or without hyaluronic acid (HA) inhibitor

4 Using Integrated Cancer-on-Chip Platforms to Emulate and Probe Various. . . 171



An advanced microfluidic model in mimicking the niche for CTC bone coloni-
zation has been developed by Marturano-Kruik and coworkers [81]. This model
consisted of a single microfluidic channel encasing decellularized bone matrix
(Fig. 4.9c). Bone marrow mesenchymal stem cells and endothelial cells were seeded
inside the chip to complete the bone perivascular niche. It has been successfully
demonstrated the formation of bone matrix and the vascularization under interstitial
flow [81]. Measuring the attachment of perfused breast CTCs, the attached CTCs
entered a slower proliferative state triggered by interstitial flow. Furthermore, a
significantly lower number of viable CTCs were observed in static compared to
flow conditions when both systems were exposed to Sunitinib (a drug that targets
proliferative cancer cells), indicating the slow proliferative state of the bone-residing
CTCs protected them from the effect of the chemotherapeutic. Such a microfluidic
based model has significant implication on current models in anti-metastasis drug
screening and discovery.

5.2 Microfluidic Model Systems for Specific Cancer Organ Types

Conventional methods used in cancer drug discovery and disease modeling, such as
2D cell cultures and animal cancer models, often fail to predict the outcomes of
clinical trials and their practical efficacy [26, 82]. The advent of advanced cancer-on-
a-chip (CoC) platforms suggests a new direction in overcoming such limitation
[26]. Tumor pathophysiology can be partially simulated in CoC to recapitulate
specific tumor microenvironment. Moreover, cell-cell interactions, biological, phys-
ical, and mechanical cues which are unique to each cancer cell types can also be
modeled with high accuracy using CoC technology [21]. This dynamic system has
the potential to become an important tool to screen for anticancer drugs at high
throughput and to study cancer progression [21]. In this section, representative CoC
models for brain cancer, breast cancer, liver cancer, and lung cancer will be
discussed.

5.2.1 Brain CoC
According to the American Cancer Society, brain cancer is the second most common
form of cancer in children and teenagers, and is the cause of the most pediatric
cancer-related deaths [83]. Among all brain cancers, glioblastoma multiforme
(GBM) is the most malignant with a median survival rate of 12–15 months
[83]. Poor treatment efficacy and high recurrence rate are often encountered due to

�

Fig. 4.9 (continued) treatment using 4-methylumbelliferone (4MU). Scale bar, 100 μm. (Reprinted
from Ref. [78]. Copyright © 2018, Royal Society of Chemistry.) (c) Bone perivascular niche in
microfluidics for breast cancer colonization modeling. Viability of Sunitinib-treated breast cancer
cells under static and interstitial flow conditions. (Reprinted from Ref. [81] Copyright © 2018,
Proceedings of the National Academy of Sciences)
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the following challenges: poor understanding of disease progression and underlying
mechanisms, drug resistance, and the existence of blood-brain barrier (BBB)
blocking therapeutics from reaching the tumors.

To overcome these challenges, researchers have explored extensively brain CoC
systems to mimic the physiological environment of GBM for robust mechanistic
studies and drug discovery. For example, Huang and coworkers reported using a
dual-channeled microfluidic device for monitoring the migratory ability of brain
tumor stem cells through microchannels [84]. Park et al. developed a CoC chip to
house doxorubicin (DOX) resistant glioblastoma cells (U87) for studying GBM drug
resistance in vitro [85]. This device developed by Park and coworkers contained
488 hexagonal micro-compartments which were surrounded by two opposing micro-
fluidic channels for long-term cancer cell monitoring (Fig. 4.10a). Cell culture media
with and without DOX were perfused through the two channels in opposing direc-
tions creating a range of drug concentration gradient. A subpopulation of U87 cells
that survived at an intermediated concentration of DOX after 7 days of treatment
were isolated and sequenced. They successfully identified 77 upregulated genes and
6 downregulated genes and elucidated key molecular signaling pathways related to
drug resistance [85].

Cancer cells cultured in 3D format inside a CoC can better mimic physiological
microenvironment of GBM. Fan and colleagues reported a CoC system fabricated in
poly(ethylene) glycol diacrylate hydrogels to create microfluidic channel networks
[86]. Similarly, this device was used to generate a drug concentration gradient by
injecting drug and PBS from two inlets (Fig. 4.10b). A key difference to previous
models was that in each subchannel of this device, U87 cells were seeded and
cultured as 3D spheroids, which better captured phenotypic changes upon drug
treatments. The authors performed combinatorial treatment of two anticancer
drugs, Pitavastatin and Irinotecan, and identified the optimized combinatory
concentrations.

Replicating an in vitro brain tumor model with a single cell type (i.e., monocul-
ture) sometimes cannot fully recapitulate the complexity of brain tumor physiolog-
ical microenvironment. More importantly, anticancer therapeutics need to pass
through the BBB in vivo in order to reach tumor site to take effect [87]. Similarly,
circulating tumor cells need to transmigrate through BBB to colonize distance sites.
It is, therefore, appropriate and representative to fabricate brain CoC with functional
BBB integrated to better understand the role of BBB in brain tumor development and
treatment. For example, Qin and coworkers designed a 3D CoC with integrated
BBB, where endothelial cells and astrocytes were co-cultured in 3D ECM
[88]. Brain tumor metastasis was monitored on chip by tracking the invasion and
migration of fluorescently labeled U87 cells. It was demonstrated that despite being
an aggressive phenotype of glioma, U87 cells were unable to cross the BBB. The
authors further utilized this CoC system to screen up to eight anticancer drugs and
showed only the Temozolomide (a known GBM therapeutic) was able to pass
through BBB and inhibited U87 growth. Another GBM CoC model integrated
with BBB was reported by Ciofani and coworkers [89]. Porous microtubes resem-
bling the brain capillaries were fabricated via two-photon lithography and used as
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scaffolds for the co-culturing of endothelial cells and U87 cells. The authors showed
that cancer cells were able to grow on the endothelial cell barrier and maintain their
corresponding morphology (Fig. 4.12c).

5.2.2 Breast CoC
The pathophysiology of breast cancer begins with the proliferation of abnormal
epithelial cells within the mammary duct, forming pre-invasive ductal carcinoma in
situ (DCIS) lesions. As time progresses, cancerous cells within those DCIS develop
invasive ability to penetrate the basement membrane and spread into surrounding
tissues as invasive ductal carcinoma [90, 91]. In recent years, several studies have
suggested that the tumor microenvironment is the critical determinant in cancer
progression, as well as future metastasis towards distal organs [92, 93]. By applying
microfluidic CoC technology, complex microenvironmental features in DCIS, such
as ECM and cross-talk among various cell types (e.g., mammary fibroblast, adipo-
cytes, and endothelial cells), can be partially recapitulated. In these breast CoCs, the
phenotypes of breast cancer cells and their responses to drug treatment would
resemble those in vivo, and thus allowing better prediction of anticancer drug
efficacy [92].

Huh and co-workers developed a two-compartmentalized microfluidic system
consisting an upper and lower microchannel to mimic the microenvironment of
ductal carcinoma in early stage of breast cancer (Fig. 4.11a) [92]. In the upper
channel, DCIS spheroids derived from MCF-10 cells were co-cultured with a
monolayer of human mammary epithelial cells. DCIS spheroids with a relative
diameter of 150 μm were selected to resemble early stage lesions [92]. A thin
layer of ECM-coated porous membrane was used to separate the top culture chamber
from the lower compartment, where a 3D stroma layer was formed by embedding
mammary fibroblasts in type I collagen gel. The upper compartment was perfused
with mammary epithelial growth medium to mimic the in vivo ductal lumen.
Meanwhile, the lower channel resembling the vascular component of the stroma
was maintained by mammary fibroblast media. A flow rate range of 30–40 μL/h was
selected to align with physiological interstitial flow rates [94]. Using this breast CoC
device as a drug screening platform, they evaluated the anticancer effect of Paclitaxel
and found the anticancer drug to have specific toxicity towards DCIS spheroid but
not on epithelial cells.

Gioiella et al. also designed a similar platform to investigate the correlation
between tumor epithelial cells and the activation of stroma tissue during cancer
progression which would lead to ECM remodeling [93]. This CoC system consisted
of an inner tumor chamber and an outer extracellular chamber, separated by micro-
pillars with a diameter of 300 μm to prevent physical interaction among the seeded
cells (Fig. 4.11b). 3D micro-tissues of MCF-7 breast cancer cells and fibroblasts
were injected, respectively, into the two-compartment model. A flow rate of 3 μL/min
was used to mimic the physiological blood flow in the tumor environment [95]. By
means of multiphoton microscopy, the stroma ECMs were monitored in real-time and
both HA and fibronectin were found to be upregulated in the ECM remodeling during
invasion. In addition, overexpression of alpha-smooth muscle actin (α-SMA) and
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platelet-derived growth factor (PDGF) receptor proteins were detected, indicating
stroma fibroblasts were also activated during cancer cell invasion. Both α-SMA and
PDGF are often used as an indicator in tumor progression [95].

Although the aforementioned CoC models provide an insight into the relationship
between breast cancer cell and the local tumor microenvironment, the lack of
systemic circulation and the absence of in vitro endothelium limit the full potential
of those models [92]. Ozcelikkale et al. developed a comprehensive system which
incorporated capillary, interstitial, and lymphatic channels (Fig. 4.11c) [96]. The
upper capillary channel was separated from lower interstitial channel by a porous
membrane of 400 nm pore size [97]. To mimic the elevated interstitial fluid pressure
and passive drainage in the breast tumor environment, the capillary and interstitial
channel were kept at 20 mmHg pressures while in the lymphatic compartment a
lower pressure of 5 mmHg was maintained [98]. MCF-7 or the drug resistant breast
cancer cell line, MDA-MB-231, was cultured within a 3D collagen matrix inside the

Fig. 4.11 Design of different breast CoC models. (a) Schematic diagram of dual-
compartmentalized DCIS spheroid-on-chip mimicking early stage breast cancer. (Reprinted from
Ref. [92]. Copyright © 2015, Royal Society of Chemistry.) (b) Micro-tissue model investigating
stroma activation during breast cancer progression. Red dots represent tumor cells and green dots
represent stroma cells. (Reprinted from Ref. [93]. Copyright © 2016, Wiley.) (c) Systemic flow
model involving capillary, interstitial and lymphatic channels using different hydrostatic pressure.
(Reprinted from Ref. [96]. Copyright © 2017, Elsevier)

176 Z. Tong et al.



interstitial channel. To assess the efficiency of delivery of different drug formula-
tions, DOX or doxorubicin nanoparticle were perfused through the capillary chan-
nel. Interestingly, it was found that both cancer cell lines proliferated slower and
displayed elevated drug resistance when cultured within 3D microfluidic device as
compared to conventional 2D culture. In addition, MCF-7 cell line exhibited a faster
drug uptake than MDA-MB-231 cell line, a result that is in agreement with animal
xenograft models [96].

5.2.3 Liver CoC
Liver cancer is the third leading cause of cancer death world-wide [99]. Hepatocel-
lular carcinoma is one of the more common cancer form mainly caused by risk
factors such as hepatitis infections and alcohol [100]. The prognosis of the disease is
relatively poor as the main treatment options are resection surgery and radiation
therapies [101]. Given the unique physiology of the organ, the liver contains a
complex network of vascular circulations for hepatic metabolism [101]. It poses a
critical challenge in discovery of new effective chemotherapies which have to
overcome the obstacle of first pass drug metabolism.

Patra and coworkers reported a combinatorial approach of using flow cytometry
and microfluidic platform to test anticancer drugs on 5,000 uniformly sized hepato-
cellular (HepG2) tumor spheroids (Fig. 4.12a) [102]. A dual-layer microfluidic chip
was constructed which incorporated arrays of micro-wells in the bottom compart-
ment to house 3D tumor spheroids and a top layer channel for media exchange and
drug perfusion. Three different anticancer drugs, Cisplatin, Resveratrol, and
Tirapazamine, were independently perfused through the top channel against two
populations of tumor spheroids of different diameters on the bottom channel. It was
found that tumor spheroids in the 3D microfluidic cultures were more resistant to
anticancer drugs as compared to 2D cell cultures.

A similar investigation was performed by Brzozka and co-workers for
assessing anticancer drugs using microfluidic CoC systems [103]. Instead of
using single microchannel for drug testing, the authors developed a triple micro-
channel design to examine the cytotoxicity of 5-fluorouracil (5-FU) on HepG2
tumor spheroids. The three parallel microchannels were individually connected
to four micro-chambers which consisted of 18 identical micro-wells in each
micro-chamber (Fig. 4.12b). This configuration allowed two different concentra-
tions of 5-FU along with a control condition to be tested. Interestingly, it was
demonstrated that tumor spheroids with the smallest diameter were more resistant
to 5-FU treatment than the larger ones. Furthermore, a lower concentration
(0.5 mM) of 5-FU displayed a higher cytotoxicity effect towards HepG2 tumor
spheroids as compared to 1 mM concentration [103].

It is very important to also test systemic toxicity when testing new cancer
chemotherapeutics. Zhang and coworkers developed a dual-organ platform which
incorporated the heart and liver CoC [104]. Human induced pluripotent stem cell-
derived cardiomyocytes iPSC-CMs) were used to mimic the heart organ while
HepG2/C3A hepatocellular tumor cells were used to reconstitute the hepatic com-
partment (Fig. 4.12c). DOX was administered to examine the cytotoxic effects
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towards liver cancer cells while potential acute cardiac toxicity was evaluated on the
cardiac organoids. After administering DOX at dosages of 5 and 10 μM, significant
liver cancer organoid death was observed while iPSC-CMs also underwent detach-
ment and cell death which demonstrated cardiotoxicity.

5.2.4 Lung CoC
Non-small-cell lung cancer (NSCLC) accounts for approximately 40% of the
150,000 lung cancer deaths per year in the United States [3]. With the advancement
of genome technology, patients with NSCLC were found to often have mutation in
epidermal growth factor receptor (EGFR) gene and mostly show initial response to
tyrosine kinase inhibitors (TKIs) [105]. CoC models were used to recapitulate the
lung cancer microenvironment to enable the study of cancer mutations, disease
progression, and mechanism of drug responses [106–108].

One of the first generation of lung CoC model was reported by Aref and
coworkers to investigate the significance of 3D microenvironment on lung cancer
progression, specifically during EMT [106]. The device consisted of a central matrix
gel area lined by two parallel side channels containing permeable holes and PDMS
pillars (Fig. 4.13a). To form NSCLC spheroids, A549 cells were suspended and
embedded in a 3D gel matrix while a monolayer of HUVECs were co-cultured in the
side channels forming a barrier to mimic the vascular structure. Twelve drug
candidates including EGFR inhibitors were introduced via the vascular channel
and their EMT inhibition (dispersion assay) effects examined. The effective doses
to inhibit EMT (prevent spheroid dispersion) for all 12 drugs were significantly
lower as compared to 2D culture, some even showing a difference of up to 3 orders
of magnitude [106].

A more comprehensive NSCLC model was developed by Ingber and colleagues
[107]. A two-compartment microfluidic device was fabricated and separated by a porous
membrane where epithelial and endothelial cells were seeded in each compartment
(Fig. 4.13b). This platform also incorporated two side vacuum chambers which could be
imposed with cyclic stretching (10% strain, 0.2 Hz) to mimic breathing motion. Human
NSCLC cells, H1975 (activated mutation at L858R), were plated at low density together
with either primary lung alveolar or small airway epithelial cells on the upper surface of
the ECM-coated membrane. Human lung microvascular endothelial cells were used to
line the bottom vascular channel. The study aimed at examining the cancer progression
on small airway versus alveolar microenvironment and to recapitulate the development
of the T790 M mutation. Interestingly, H1975 cells displayed a preferential growth in
alveolar as compared to airway microenvironment, which correlates well with observa-
tions on lung cancer patients [109, 110]. More importantly, the authors observed that
although the TKI inhibitor, Rociletinib, was effective towards T790 M mutated cells in
the static alveolus chip at low dose, an opposite result was shown in the presence of
breathing motion.

To more accurately mimic the structure of alveolar respiratory interface and the
effect of cell-cell crosstalk, Yang and coworkers designed a lung CoC model which
incorporated a PLGA membrane with a thickness of 3 μm by means of electro-
spinning [108]. The influence of human fetal lung fibroblast (HFL1) on NSCLC was
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investigated by either co-culturing with A549 cells or tri-co-culture with A549 and
HUVECs (Fig. 4.13c). Upon the application of the EGFR anticancer drug Gefitinib
in co-culture conditions, A549 cells displayed a significant drug resistance. More
interestingly, in the case of tri-culture condition, A549 cells were found to be able to
induce endothelial cells to undergo apoptosis and commence tumor invasion [108].

5.3 Integration of CoC Systems with Advanced Technologies

CoC platforms simulate closely the in vivo cancer microenvironments and thus can
provide unprecedented accuracy than traditional static cell culture models. The
choice of building material and design of microfluidic system can be easily modified
(e.g., to incorporate electrodes). Therefore, numerous technologies such as advanced
quantitative optical imaging, biosensing, and precise manipulation techniques can be
readily integrated into CoC systems. The wealth of information that can be obtained
from these highly predictive CoC models could help advance the basic understand-
ing, prevention, and management of cancer. This section will review the recent
examples of these advanced technologies and how they are incorporated into the
microfluidic systems to address different aspects of cancer characterizations.

5.3.1 Integration of Super-Resolution Microscopies
PDMS is a popular material for building microfluidic system due to its ease of
fabrication, biocompatibility, and gas permeability [27]. Not only is PDMS suitable
for long-term cell culture, it is optically transparent, making it suitable for various
microscopy techniques. The substrate for microfluidic device can range from stan-
dard microscope slide, Petri dish to thin glass cover slips which are compatible with
most microscope objectives including high magnification objectives. By integrating
advanced optical microscopy technologies, CoC systems can be imaged with high
accuracy, helping researchers to elucidate various biochemical processes and path-
ways involved in cancer.

Wide-field imaging techniques such as phase tomography and epi-fluorescence
are popularly used due to the simple microscopy setup and the ease to acquire
images. Although such wide-field technique can provide fast imaging speed (due
to full-frame acquisition), they ultimately suffer reduced contrast and poor axial
resolution [111]. On the other hand, confocal fluorescence microscope, which
implements a pinhole in front of the detector and uses laser as the excitation light
source, can provide optical sectioning capability and drastically increase the imaging
resolution. For example, a confocal microscope was used for a microfluidic system
composed of different microchannel widths to study cancer cell motility within a
confined space [112]. As reported by Tong and coworkers, human osteosarcoma
(HOS) and breast cancer (MDA-MB-231) cell lines were imaged under confocal
microscopy and the cellular cytoskeleton was clearly visualized (Fig. 4.14a). Not
only can the fixed cells be imaged, some microscopes have incorporated a live cell
chamber unit that has temperature, CO2, and humidity controls. More compact ones
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are those with stage-top incubators which are suitable for lab-on-chip systems in
terms of long-term cell culture and imaging.

Conventional optical imaging techniques are restrained by the diffraction limit
making it difficult to image biomolecular and subcellular processes. Super-resolution
microscopy is capable of imaging subcellular events and biomolecules at an unprece-
dented accuracy (in nanometer dimension) and to help understand various biochemical
processes and pathways. Some important key parameters need to be considered when
choosing a specific type of microscopy are: lateral and temporal resolution, imaging
depth, fluorophore photobleaching, and phototoxicity [111].

Super-resolution microscopy methods, such as stochastic optical reconstruc-
tion microscopy (STORM), have enabled visualization of subcellular structures
below the optical resolution limit. Tam et al. reported to use STORM imaging
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Fig. 4.14 Integration of advanced microscopies with microfluidic systems. (a) Confocal image of
HOS cells migrating into 3 μm-wide channels. (Adapted from Ref. [112]. Copyright © 2012,
PLOS.) (b) Mammalian cell microtubules and mitochondria were imaged using epifluorescence
microscopy and STORM super-imaging technique. Scale bars, 1 μm. (Reprinted with permission
from Ref. [113]. Copyright © 2015, PLOS.) (c) Four-color hyperSTED data in a fixed Vero cell
comparing the conventional confocal overlay with super resolution STED overlay with enlarged
views of two regions. Blue: peroxisomes, green: vimentin, red hot: giantin, grey: nuclear pores.
Scale bars, 5 μm left panels and 1 μm right panels. (Adapted from Ref. [115]. Copyright © 2017,
Springer Nature.) (d) Comparison of light sheet high resolution microscopy technique with epi-
fluorescence imaging of MCF-7 breast cancer cell-derived membrane vesicles in cell culture
medium. (Reprinted with permission from Ref. [118]. Copyright © 2014, Royal Society of
Chemistry)
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technique in conjunction with a microfluidic system to visualize mitochondrial
dynamics, morphology, and nanoscale protein distribution in live cells in high
resolution [113]. The incorporation of fluid-injection devices can deliver pre-
determined amount of reagent to the selected imaging chamber for automated
immunoassays. A high temporal resolution (up to 50 ms) and spatial resolution
(of 24 nm) were achieved and only a low laser power density (~0.2 W/cm2) was
used which significantly minimized the potential phototoxic effect to live cells.
Microtubules and mitochondria were imaged using the STORM technique and
were well resolved (Fig. 4.14b). Furthermore, multicolor STROM imaging has
also been shown to image axon structures provided improved accuracy in neuron
tracing with resolutions of 44 nm laterally and 116 nm axially [114].

The alternative method, stimulated emission depletion microscopy (STED),
creates super-resolution images by selective deactivation of fluorophores, minimiz-
ing the area of illumination at the focal point, and can outperform traditional
confocal microscopy (Fig. 4.14c) [115]. Live cell imaging using STED has been
demonstrated with lateral resolutions of 60–150 nm at 28 frames per second
[111]. However, photobleaching of fluorophores with the use of a high laser power
is considered as a potential limitation of STED microscopy [116].

Structured illumination microscopy (SIM) is also another widely used super-
resolution microscopy where a patterned light in different orientations and interfer-
ence patterns was used to illuminate a specimen, allowing a lateral resolution of
100 nm and an axial resolution of 200 nm with subsecond acquisition rate for live-
cell imaging [117]. On chip imaging using this technique could also be quite possible
as this super-resolution microscopy relies on a laser-based wide-field microscopy
set up.

Light sheet fluorescence microscopy (LSFM) uses a plane of laser light instead
of a point (as in traditional confocal microscopy) and can acquire images two- to
threefolds faster than point scanning methods [111]. LSFM have reduced photo-
toxicity, improved signal-to-noise ratio and penetration depth profile. Thus,
visualization of highly dynamic processes within cells, such as vesicle traffick-
ing, is possible. LSFM technique has recently been integrated with a microfluidic
system to image the membrane vesicles released by cells [118]. Cell-derived
membrane vesicles, such as exosomes, are highly correlated with cancer disease
progression, e.g., tumor growth and metastasis [119]. Deschout et al. reported a
microfluidic chip integrated with LSFM for accurate fluorescent single particle
tracking, where size and concentration of membrane vesicles were analyzed
[118]. The vesicles were isolated from MCF-7 breast cancer cell and measure-
ments were conducted in both cell culture medium and in interstitial fluid
collected from primary human breast tumors. Particles of 200 nm were accurately
imaged with much improved background in comparison to traditional fluores-
cence microscopy (Fig. 4.14d).

5.3.2 Integration of Biosensors
The tumor microenvironment is distinctively different from that of normal healthy
tissue. Differences such as pH and O2 concentration (e.g., hypoxia) often form part
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of the niche favoring tumor progression. Using microfluidic systems to model
different aspects in cancer microenvironments have been shown with great success
(Sessions 3.1 & 3.2), and the integration of different biosensing techniques into
microfluidic systems adding capability of monitoring cell growth, metabolism in
responses to stimulations (e.g., drugs) further enhances this technology. Being able
to analyze cell metabolism in real time is important to monitor tumor growth and to
screen effects of added pharmaceutics. Important parameters that regulate cellular
metabolism, include pH (acidification), oxygen (respiration), glucose and lactate
(energy metabolism), and short-lived reactive oxygen/nitrogen specifies (ROS/RNS)
[120]. For example, in a healthy tissue, the oxygen concentrations are between 20 to
150 μM. Pathological condition such as in hypoxia, the oxygen is reduced to below
25 μM [120]. The normal pH value of typical cell culture medium is 7.4. However,
due to cell metabolism over time, cell acidification will occur. Glucose is the major
energy source in cell culture and in high concentrations (10 mM) and decreases over
time. Short-lived reactive species also play important roles in certain biological
processes [120].

Advances in miniaturized biosensors incorporated with microfluidic systems
have been shown as a powerful tool for the measurement of metabolic parameters
of cancer cells with high sensitivity and selectivity. Recent efforts have been looking
into integrating biosensing microelectrodes for the real-time monitoring and analysis
of stimulation of biological samples. Grist et al. reported a gas-permeable three-
layered microfluidic device to integrate ratiometric optical oxygen sensors
(Fig. 4.15a) [121]. This system has been shown to be able to achieve spatial and
temporal oxygen control. Ratiometric sensors, which incorporated a reference lumi-
nescent dye (oxygen-insensitive) offered enhanced robustness and stability and only
a simple fluorescence microscope was needed for the readouts. The lower limit of
detection for oxygen levels was 0.06% which was below the oxygen range for
physiological conditions for hypoxia: modest (2.5%), moderate (0.5%), and severe
(0.1%) hypoxia [121].

Similarly, Misun et al. have recently reported an integration of enzyme-based
multi-analyte biosensors into a microfluidic culture platform to monitor the metab-
olism of human colon cancer microtissues (HCT116) [122]. The sensor modules
consisted of four platinum working electrodes, a platinum counter electrode, and an
Ag/AgCl reference electrode (Fig. 4.15b). Oxidase enzymes were conjugated on
electrodes to realize a real-time monitoring of the concentrations of lactate and
glucose based on amperometry. The detection limit was found to be below 10 μM.
Moreover, in 3D microtissues (diameter 300–500 μm) size-dependent lactate secre-
tion rates in the range of nmol h�1 could be measured on chip.

Some microfluidic systems can integrate multiple sensors capable of simulta-
neous measurement of several parameters. For example, Weltin et al. have reported a
multisensor microfluidic device to monitor the metabolism of T98G human brain
cancer cells [123]. This platform included a cell culture chamber with integrated pH
and O2 chemo-sensors for the continuous measurement as well as for monitoring of
lactate production and glucose consumption (Fig. 4.15c). The pH sensors were based
on thin-film iridium oxide electrodes while the oxygen sensors were based on the
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Fig. 4.15 (continued)
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Fig. 4.15 Integration of CoC systems with microsensors. (a) A multilayered microfluidic device
with integrated oxygen control. The schematic shows 3D and cross-sectional views of the device.
(Reprinted from Ref. [121]. Copyright © 2015, MDPI.) (b) A microfluidic hanging-drop network
and sensor glass plug-ins was used for monitoring the metabolism of rate of colon carcinoma cell,
HCT116. (Reprinted from Ref. [122]. Copyright © 2016, Springer Nature.) (c) Illustration of a chip
layout with embedded biosensors for pH and O2 monitoring. (Reprinted from Ref. [123]. Copyright
© 2014, Royal Society of Chemistry.) (d) Human heart-liver-CoC platform to monitor temperature,
pH, and oxygen level over time. (Adapted from Ref. [124]. Copyright © 2017, Proceedings of the
National Academy of Sciences)
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amperometric reduction of dissolved oxygen at the platinum electrodes. At the
biosensor electrodes, glucose or lactate was converted by the glucose oxidase or
lactate oxidase, which was embedded inside a membrane. All parameters were
successfully measured outside the cell culture chamber, and in a functional test of
adding cytochalasin B drug to cancer cells changes of pH and lactate level were
detected.

Furthermore, only until recently an interconnected liver-heart CoC has been
successfully combined with optical pH and oxygen sensors together with electro-
chemical immunobiosensors [104]. The optical pH sensor detected the absorption of
cell culture medium supplemented with phenol red that indicated pH value while the
oxygen sensor was based on an oxygen-sensitive fluorescent dye (Fig. 4.15d). Label-
free electrochemical-based immunobiosensors that could monitor soluble bio-
markers were also incorporated into the microfluidic culture system.

5.3.3 Integration of Dielectrophoretic Manipulation
Aside from sensing applications, microelectrodes embedded within microfluidic
devices can also be used for physical manipulation of cells. Dielectrophoresis
(DEP) is the electrokinetic phenomenon which occurs when a dielectric particle
(e.g., cell) is placed in an electric field gradient. Most biological cells have dielectric
properties in an electric field and can be controlled by a DEP force. DEP has been
routinely used with cell-based microfluidic systems to spatially isolate, position,
pattern, and separate target cells [26].

Various metallic microelectrodes with different geometries have been reported to
induce DEP. For example, Beer et al. reported to use gold electrodes to induce DEP
and with the combination of a microfluidic chip to culture different pancreatic ductal
adenocarcinoma cells (PANC1) [124]. This microfluidic system, fabricated in cyclic
olefin polymer, comprised of eight identical cell chambers, containing three cell
culture units in each chamber, resulting in a total of 24 cell culture units per chip
(Fig. 4.16a). Electrodes were integrated on the side walls of each cell chamber to
generate an inhomogeneous high frequency electrical field. When the cells were
perfused into the chamber, only the viable cells were selectively assembled on the
culture area as those cells with intact cell membranes could be selectively guided by
the DEP field. Moreover, such devices have been used for 3D PANC1 cell culture for
testing against the anticancer drug, Cisplatin, where PANC1 cell vitality was
decreased to 30% after 72 h incubation with 100 μM Cisplatin [124].

In a similar report by Gupta and coworkers, a DEP field was used to isolate cancer
cells from blood cells [125]. It was demonstrated that a continuous-flow DEP
microfluidic device where an AC electric field was applied to a spiked sample
mixture consisting of cancer cells (ovarian cancer cell line, SKOV3 or breast cancer
cell, MDA-MB-231) and blood cells. The base of the microfluidic chamber
consisted of a polyimide film sheet electroplated with copper and gold electrodes.
An acrylic sheet covered the chamber ceiling and a gasket formed the side walls.

4 Using Integrated Cancer-on-Chip Platforms to Emulate and Probe Various. . . 187



When cells were perfused into the DEP field, the positive DEP forces were able to
attract cancer cells towards the chamber floor and the blood cells were repelled
towards the opposite exit (Fig. 4.16b). The average recovery of cancer cells spiked
into blood samples was reported to be around 70% and the viability of cancer cells

Fig. 4.16 Integration of CoC systems with DEP technology. (a) Full view of a microfluidic chip
with eight culture chambers. Each chamber consisted two electrodes and three assembly ridges
coated with collagen. PANC1 cells were clustered on assembly ridges when the DEP field was
turned on. ([Beer] Reprinted from Ref. [124]. Copyright © 2017, Springer Nature.) (b) Schematic
diagram of the separation device where CTCs were attracted to the CTC collection port while the
PBMCs were deflected to the waste exit. (Reprinted with permission from Ref. [125]. Copyright ©
2012, American Institute of Physics.) (c) Schematic diagram of fish-bone-structured design for three
step DEP manipulations for focusing, guiding, and trapping of nanoprobes. (Reprinted with
permission from Ref. [128]. Copyright © 2015, Royal Society of Chemistry)
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captured was retained at 97% and above. Furthermore, the captured cells were later
recultured and no difference was observed for the cell growth compared to the
control, demonstrating that such DEP separation technique does not impact on cell
viability.

Isolating cancer cells from blood cells is not too challenging since the physical
properties of those cell types are distinctively different [125]. However, separation of
two types of cancer cells from each other can be quite challenging as they share same
surface biomarkers (such as EpCAM). DEP, on the other hand, has been shown to be
able to differentiate two cancer types based on a subtle difference in induced
electrical property, even though they have exhibit similar morphology and bio-
markers. Yang and colleagues have shown to isolate prostate cancer cells (LNCaP)
from colorectal cancer cells (HCT116) using DEP field under continuous flow in a
microfluidic platform [126]. This separation platform consisted of a transparent
acrylic plastic substrate as a top layer with one inlet and two outlet wells (one for
the main channel, and the other for side channel). A pair of thin-film electrodes based
on indium tin oxide were incorporated into the chip to induce the DEP field. When
an AC electric field was supplied at 2.5 MHz, the prostate cancer cells experienced a
negative DEP force, while the LNCaP cells experienced a positive DEP force. This
charge difference consequently led to the separation of those two cell lines inside the
microfluidic chip under flow. Furthermore, when the flow rates of sample mixture
were kept at less than 0.4 μL/min, the separation efficiency reached up to 96%.

The integrated electrodes not only facilitate separation and detection of cancer
cells, they can also be applied for capture and detection of other cancer biomarkers,
such as exosomes and other protein cancer biomarkers that are secreted by cancer
cells. In fact, those cancer biomarkers (e.g., exosomes or circulating DNA) are much
more abundant than CTCs in circulation [13]. For example, a multiplexed micro-
fluidic device was used for immuno-capture of exosomes secreted by breast cancer
cells via electrohydrodynamic flow [127]. A fivefold increase in the exosome
capture rate was observed in comparison to pressure-induced flow and with an
improved limit of exosome detection (2760 exosomes per μl of sample). Similarly,
Chuang et al. used a multiplexed immunosensing microfluidic chip for the detection
of specific cancer biomarkers, Galectin-1 and Lactate Dehydrogenase B which are
present in different grades of bladder cancer cell lysates [128]. This chip consisted of
a patterned indium tin oxide electrode for sensing and central fish–bone-shaped gold
electrodes for focusing and guiding of biomolecules (Fig. 4.16c). The authors were
able to distinguish different grades of bladder cancer cells based on the detected
biomarker concentration.

5.3.4 Integration of Magnetic Field Manipulation
Another important technique that can be readily incorporated into a CoC system for
biological sample handling is the implementation of a magnetic field. Different to the
fluorescence activated cell separation (FACS) technique, magnetic-activated cell
sorting (MACS) uses magnetic particles instead of fluorophores and usually only a
single cell type can be isolated [129]. More recently, magnetic-based techniques
have been widely used in combination with microfluidic systems and offer new
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capabilities. The magnetic field is generated via electromagnetics or permanent
magnets which can be positioned either inside or outside the microfluidic chips.
Magnetic beads provide anchoring surfaces for antibodies or other capturing mole-
cules. Target cells such as CTCs or other sample components such as exosomes can
then be specifically isolated.

For example, a combined microfluidic-micromagnetic cell separation device was
reported by Kang and colleagues to isolate and detect CTCs from whole blood
samples [130]. The microfluidic device consisted of a main channel and rows of
dead-end side chambers for CTCs collection (Fig. 4.17a). EpCAM antibody-coated
magnetic microbeads (2.8 μm in diameter) were used for selective binding to CTCs.
A permanent magnet was placed on the bottom of the microfluidic channel to trap
magnetic beads. M6C breast cancer cell line was used as a test cased and yielded
close to 90% isolation efficiency when only 2–80 breast cancer cells were spiked
into 1 mL of blood. This isolation efficiency is comparable to the abundancy of
CTCs in cancer patients ranging from a few to hundreds of cells per ml [21]. Fur-
thermore, 4 T1 mouse mammary tumor cells were injected into mice and were later
successfully isolated using such microfluidic system after 2–4 weeks. Those isolated
CTCs were viable and could later be expanded in cell culture.

Another interesting report by Earhart and co-workers utilized a “magnetic sifter”
device, a structure that contained a large number of magnetic pores (40� 40 μm2), to
isolate CTCs, and subsequently performed gene mutational analysis [131]. This
“magnetic sifter” platform consisted of a miniature microfluidic chip with an array
of 3800 magnetic pores (Fig. 4.17b). Lung tumor cells, H-1650, were labeled with
magnetic nanoparticles (150 nm in diameter). The labeled CTCs were then mixed
with blood sample and the mixture was filtered through the magnetic sifter. Flow
rates were tested from 5 to 25 ml/h and yielded from 75% to 96% CTC capture
efficiency. These CTCs were then lysed and the mutational status was assessed using
mutation specific anti-EGFR antibodies. Furthermore, this magnetic sifter was
applied in CTC enumeration for blood samples from both healthy donors and
patients with lung cancers. CTCs were detected for all six patients with titers ranging
31–96 CTCs/ml.

By arranging permanent magnets in a specific orientation, a sharp magnetic field
gradient can be generated to facilitate cell manipulation [132]. Hoshino et al.
developed a microfluidic device combined with three permanent magnets with
alternating polarities for effective capture and enrichment of CTCs (Fig. 4.17c).
Blood samples were first mixed with magnetic particles (~100 nm) which were
preconjugated with anti-EpCAM antobodies. Colorectal (COLO205) and breast
(SKBR3) cancer cells were used to test this microfluidic system and a CTC capture
efficiency of 90% and 86%, respectively, was determined. Compared to other
microchannel-based assay, fewer (25%) magnetic particles were required to obtain
similar capture efficiency, while the screening speed was significantly faster (range
from 2.5 to 10 ml/h).

While most magnetic manipulations were focused on the capture and isolation of
CTCs [130–132], very few were focused on using such technique for capturing
tumor-derived exosomes. He et al. developed a microfluidic system for both the
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Fig. 4.17 Integration CoC system with magnetic field. (a) CTC isolation microfluidic device
containing a main channel and double collection channels which are lined by rows of dead-end side
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immunomagnetic capture of various exosome subpopulations and the fluorescence
analysis of the exosomal surface proteins [133]. This PDMS-based chip system
enabled a multi-step immunomagnetic capture method (Fig. 4.17d). The exosomes
were pulled onto the bottom of the chamber after binding to the antibody-labeled
magnetic beads (with >99.9% bead recovery). A lysis buffer was then perfused into
the microchannel to release the intravesicular proteins. Lastly, antibody-labeled
magnetic beads were once again used to capture these released proteins and were
retained in the chamber by using the magnets. A sandwich immunoassay could then
be performed directly on chip for further analysis.

5.3.5 Incorporation of Nanoparticles as Nanomedicines
There has been a rapid growth of interest in applying nanomaterials to cancer
research due to the unique properties of certain nanomaterials for drug delivery,
diagnosis, imaging, and therapeutic nature [134]. In fact, some nanoparticle
(NP) carriers have been already approved by FDA to be used for cancer treatments,
including polymeric micelles, liposomes, and albumin NPs. Countless novel NPs
with different material, surface property, and size are being reported on a daily basis.
Therefore, an accurate testing platform that can fast-track the screening of nano-
carrier toxicity and drug delivery efficacy is urgently needed. Various CoC models
have been developed to screen NP toxicity or the anticancer efficiency of drug-
bearing NPs.

For instance, we have designed a crossed flow configuration microfluidic system
as a platform to test NP toxicity in a high throughput manner [135, 136]. The aim
was to immobilize a number of different cell lines inside the chip for screening
against a panel of different NPs (Fig. 4.18a). We have shown to utilize lymphoma
cell line (HR1K) on chip and tested against silver nanoparticles (10 nm) in different
concentrations at a prescribed flow rate. We found a dose-dependent toxicity effect
of the silver NPs on HR1K cell line. Furthermore, we have also demonstrated under
same particle concentrations, HR1K cells experienced more cytotoxic effect in flow
condition than in a static situation [135]. This crossed flow microfluidic platform can
be used to immobilize other cell lines, such as adherent cell line, U87 [136]. Simi-
larly, Grafton et al. reported to test the cytotoxicity of superparamagnetic submicron
particles (SMPs, 0.86 μm). SMPs are clinical contrast agents used for MRI. In a

�

Fig. 4.17 (continued) chambers. A permanent magnet was placed directly beneath the side
chambers to collect the magnetic bead-bound cells. (Reprinted from Ref. [130]. Copyright ©
2012, Royal Society of Chemistry.) (b) A magnetic sifter device contained patterned pore arrays
and enabled capture of H-1650 lung tumor cells. Pores are 40 � 40 μm2 squares. (Reprinted from
Ref. [131]. Copyright © 2014, Royal Society of Chemistry.) (c) Microchip design for capturing
CTCs using EpCAM functionalized Fe3O4 magnetic nanoparticles with three permanent magnets of
alternate polarities. (Reprinted from Ref. [132]. Copyright © 2011, Royal Society of Chemistry.) (d)
A PDMS chip containing a cascading network of microchannels for multi-stage exosome analysis.
(Reprinted from Ref. [133]. Copyright © 2014, Royal Society of Chemistry)

192 Z. Tong et al.



microfluidic system containing hierarchical branches emulating the structure of
mammary ducts dose-dependent cytotoxicity of these SMPs on the mammary
ducts was reported [137].

Testing of anticancer efficacy of drug infused NPs has also been explored in the
context of CoC systems. For example, a 3D breast CoC was reported by Chen et al.
consisting of a microvessel channel, an ECM containing channel, and a tumor
spheroids housing compartment (Fig. 4.18b) [138]. A drug delivery system based
on carbon dots was used for real-time monitoring of drug transport across the

Fig. 4.18 (continued)
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Fig. 4.18 Testing NPs in CoC systems. (a) Crossed-flow configuration of microfluidic systems
used for high throughput screening of NP cytotoxicity. (Reprinted from Ref. [136]. Copyright ©
2017, Royal Society of Chemistry.) (b) Schematic illustration of a microfluidic chip containing
three microchannels (representing a capillary vessel, the ECM, and tumor cells) was used to test the
drug delivery efficacy using DOX loaded carbon dots. (Reprinted from Ref. [138]. Copyright ©
2018, Elsevier.) (c) A schematic diagram demonstrating the vascular compartments for endothelial
cells and another compartment for culturing tumor cells. (Reprinted from Ref. [140]. Copyright ©
2015, Elsevier.) (d) Schematic of a CoC system to study NP delivery into 3D tumor micro-tissues
which were found to be dependent on NP size and interstitial flow rates. (Reprinted from Ref.
[141]. Copyright © 2013, Springer Nature)
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endothelial cell layer and to penetrate into cancer spheroids. Within 3 h, the
synthesized drug delivery system could be effectively transported across the endo-
thelial cell layer. Delivery of anticancer drug DOX and efficacy was assessed on chip
using two breast cancer spheroid models (i.e., BT549 and T47D). A similar model
by Kwak and coworkers using a microfluidic model consisting of breast cancer
microenvironment surrounded by lymphatic and capillary microvessels used MCF-7
cells embedded in collagen matrix [139]. The transport of NPs into breast cancer
spheroids was influenced by particle diameter, cut-off ECM pore size, collagen
concentrations, and interstitial fluid pressure.

Prabhakarpandian et al. recreated a 3D cervical cancer microenvironment in a
CoC system with a physiologically and morphologically relevant microvasculature,
mimicking leaky capillary vessels based on engineered perforations between the
vascular side and the tumor cells of around 2 μm in size (Fig. 4.18c) [140]. Two types
of nanopolymer-based gene delivery systems for green fluorescence protein (GFP)
encoding DNA were studied to predict in vivo drug-delivery efficiencies. These
results were in accordance with those from a rodent model, highlighting the predic-
tive ability of the microfluidic device-based assay [140].

Albanese et al. reported a CoC-containing melanoma spheroid for real-time
analysis of NP accumulation under physiological flow conditions [141]. Their
CoC consisted of a multi-cellular spheroid immobilized in the channel of a dual-
layer PDMS chip. Melanoma cell spheroids, MDA-MB-435 (280 μm), were pre-
cultured outside the chip and then introduced into the CoC system using gravity-
driven flow (Fig. 4.18d). The authors demonstrated that NP tissue accumulation was
restricted to hydrodynamic particle diameters of less than 110 nm, with 40 nm
showing the highest accumulation rate. They also demonstrated that the interstitial
flow rate could affect the accumulation of NPs at the spheroid-fluid interface. Faster
flow rates resulted in a higher accumulation of NPs on the spheroid’s outer layer able
to diffuse into the tissue over time. These findings were further confirmed with a
murine xenograft model [141].

5.3.6 Incorporation of Other Technologies
Indeed, microfluidic systems have shown their great versatility to be combined with
various advanced techniques, such as optical microscopy, sensors, electrical, and
magnetic forces; other emerging exciting technologies are also compatible with such
system for potential applications in cancer research and diagnostics. For instance,
fluorescence in situ hybridization (FISH) is a well-known gene-based method to
microscopically image genetic defects [70]. Combining FISH with microfluidic
platform can offer the possibility of automation and with significant time and cost
reduction. FISH technique has also been recently reported to be combined with
CoCs for detection of cancer gene mutation [142, 143].

Furthermore, real-time quantitative PCR is a powerful technique for the quanti-
fication and rare mutation detection of nucleic acid. Digital PCR (dPCR) method has
recently been integrated into a microfluidic platform. For example, a serial dilution
of genomic DNA from lung cancer cell line was used to evaluate the quantitation
capability of a dPCR chip and showed improved measurement accuracy compared to
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real-time quantitative PCR [144]. This platform contained 10,000 reaction compart-
ments with 0.785 nL volume each. In a similar report, single-cell RT-PCR has been
demonstrated using a nanowell platform which showed superior performance of
analyzing 25,600 nanowells with less than 20 picoliter volume of samples [145].

Ultrasound, an acoustic method widely used in medical imaging, has been proven
to be extremely safe and also some reports have integrated this technique for on chip
cell manipulations. Li et al. demonstrated an acoustic-based microfluidic device that
is capable of high-throughput separation of CTCs from patient peripheral blood
[117]. This platform used tilted-angle standing surface acoustic waves and was
capable of separating different cancer cells from blood cells with a recovery rate
better than 83%. Similarly, a novel acoustofluidic platform has also been developed
by integrating focused ultrasound (FUS) with a physiologically relevant 3D micro-
fluidic device [146]. FUS could induced local heating that triggered the release of
DOX from a liposomal carrier at a localized region and higher cellular drug uptake
was observed in the FUS focal region.

6 Conclusions and Future Perspectives

Despite still being at an early developmental stage, microfluidic systems, especially
organ-on-chip technology, is poised to make major contributions towards the effort
of drug discovery and to reduce the high cost associated with drug development
[147]. This technology provides an innovative platform with high predictive power
due to its mimicry of basic tissue function and architecture and is therefore an ideal
platform for HTS of potential drug candidates [141]. There is a strong potential that
this technology can contribute to the clinical translation of innovative therapeutics,
including nanomedicine and gene therapy [21, 141].

As illustrated in this chapter, while conventional in vitro platforms rather poorly
capture the complexity of cell-cell interactions in the human body, organ-on-chip
systems have opened a new frontier in representing key-functional units of human
organs. These micro-engineered systems allow studying single cells under different
mechanical stimuli and gradients of signaling molecules including drugs, and have
therefore already found extensive applications in cancer biology, clinical oncology,
drug screening, and target identification [148].

CoC technology promises to significantly contribute in advancing our under-
standing of cancer and of the different players involved in generating the complex
tumor microenvironment, thus fostering a new pathway to conduct mechanistic
cancer studies. CoC systems can be further enhanced by integration of technologies
such as super-resolution imaging, biosensing, and electrical or magnetic fields for
cell manipulation. Moreover, CoC technology can potentially be applied towards
personalized medicines, as patients-derived (cancer) cells could be used to reproduce
the complex tumor microenvironment and to test personalized drug treatments
(monitoring efficacy and unwanted side effects of different cancer therapies) [147].

Indeed, with the emergence of CoC technology, many aspects that are important
to cancer progression, such as in metastasis, can now be dissected and studied in
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detail. For example, as demonstrated in Session 3.1, micropores embedded in CoCs
with various dimensions were fabricated to assess cancer cell migration ability
through choke points mimicking intravasation events [67]. Chemical (cytokine or
growth factor) and cellular (co-culture with different types of cancer cells) cues were
investigated via CoCs to tease out the critical mechanism of tumor cell-induced
angiogenesis [55, 56]. Moreover, anti-cancers drugs were tested in CoCs that
represent different cancerous organs, such as in brain, breast, liver, and lung, in a
more efficient and accurate manner (Session 3.2). In contrast, in animal models, it
usually takes weeks to months to see the results of administered drugs and those
findings are often not translatable to humans. Furthermore, CoCs are also very useful
in cancer cell characterization and as a diagnosis tool as shown in Session 3.3. For
example, CoCs can be used effectively to isolate (e.g., via magnetic or DEP filed)
and characterize CTCs (e.g., super-resolution imaging) from patient liquid biopsy
samples. Biosensors can also be incorporated into the CoCs for real-time and
accurate measurement of cancer cell diseased state (detection of cancer biomarkers)
and upon infusion of anti-cancer drugs (organic compounds or incorporated as
nanomedicine composites).

Nevertheless, some challenges still need to be resolved before we can harness the
full potential of CoC technology, such as recreating a tumor microenvironment that
faithfully recapitulates the effects of angiogenesis, stiffness, hypoxia, and tumor-
stromal interactions [22]. Moreover, building materials such as PDMS or PMMA are
not always conducive to this building complex in vivo tissue architecture and can
absorb small organic compounds, including pharmaceutical drugs [20]. In addition,
cellular monitoring techniques need to be carefully chosen, for example, super-
resolution on chip imaging should not induce photo-toxicity effect to live cells.
From an engineering perspective, achieving a finely controlled laminar flow in
microfluidic devices that mimics in vivo hydrodynamic, shear flow is challenging
in the context of scale up for HTS. The development of advanced materials suitable
for long-term “organ” culture in microfluidic device is also an unmet need. Indeed, it
is essential to develop both ECM to support the intricate 3D architecture of the
in vitro tissue and a universal media for co-culture of different cell lines [82].
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1 Definition of the Topic

As a well-established method for clinical imaging, ultrasound can also be used as
source of focused waves to selectively affect tissues by activating drug carriers
and/or improving drug uptake in tumors providing a novel strategy for targeted
treatment [1]. In this chapter we describe the design of nanoparticles that can respond
to effects induced by focused ultrasound that can be used in cancer therapy.

2 Overview

The development of nanomaterials for therapeutic applications was first described in the
1970s. Since then, the emerged field of nanomedicine has been gainingmore attention as
an effective cancer treatment [2]. A more recent trend has been the development of
stimuli responsive particles, many of these have been formulated to be responsive to:
pH, enzymes, redox, temperature, and pressure [3, 4]. In particular, the development and
application of temperature and pressure sensitive particles activated by focused ultra-
sound is an emerging field for nanoparticle drug delivery. Therefore, within this chapter
we will give a unique focus on how to develop nanoparticles that can be used in
conjunction with ultrasound for drug delivery, on the methodology used within the
field to characterize the particles, and finally we will discuss the different ways ultra-
sound can be used to trigger drug release efficiently.We will also go over the wide range
of different ultrasound activatable nanoparticles including (1) thermosensitive lipo-
somes, (2) lysolipid containing thermosensitive liposomes, (3) polymer modified
thermosensitive liposomes, (4) theragnostic liposomes, (5) microbubbles, and (6) poly-
mer nanoparticles. The aim of this chapter is to establish a broader understanding of how
ultrasound can be used for drug delivery and on the rational design of suitable nano-
materials and nanoparticles for ultrasound-mediated drug delivery in cancer therapy.

3 Introduction

3.1 Nanoparticles in Cancer Therapy

Solid tumors result from the unregulated growth of malignant cells, invading the
surrounding tissues. The treatment of solid tumors in the clinic with chemotherapy or
radiotherapy is challenging due to dose limiting and life limiting side effects [5]. To
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alleviate the severity of the side effects associated with chemotherapy, researchers
have encapsulated various chemotherapeutic drugs into nanoparticles [6]. By encap-
sulating the drugs within nanoparticles, the associated side effects are reduced and
the circulation time of the drug is improved [7]. Nanomedicines have had some
clinical successes with examples of both FDA-approved therapies and those under-
going clinical trials outlined in Table 5.1 [8, 9].

While all the above nanomedicines are used in the treatment of cancer in the clinic
their formulation and mechanisms of action vary drastically, for example: Doxil® is a
pegylated liposomal formulation with doxorubicin as the payload [23]. This lipo-
some has a long blood half-life due to the incorporation of polyethylene glycol 2000
(PEG2000) lipids into the formulation. Doxil® shows an improvement over free
doxorubicin, as it reduces the cardiotoxicity of free doxorubicin and increases
tumor dosing [23]. The increase in uptake is due to the ability of nanoparticles
(20–500 nm) to accumulate into tumors through gaps in the endothelial lining. This
process is called the enhanced permeability and retention (EPR) effect
[24]. Onivyde® is another approved pegylated liposomal formulation but contains
irinotecan, which is used to treat pancreatic cancer [20]. The liposomes accumulate
in the tumor passively via the EPR effect and slowly release irinotecan. Irinotecan
blocks the function of topoisomerase I, causing DNA strand break leading to cell
death [25]. Abraxane® is delivery vector with a size of 130 nm; it consists of
paclitaxel bound to albumin and it is used in the treatment of breast cancer
[26]. Abraxane dramatically improves the poor solubility of paclitaxel improving
the amount of drug in circulation and again passively targets the tumor via the EPR
effect.

Table 5.1 Examples of nanomedicines for cancer therapy which are FDA approved (a) or
currently undergoing late phase clinical trials

Product Therapeutically active component Disease treated
aDoxil [10] Pegylated liposomal doxorubicin Ovarian/breast cancer
aAbraxane [11] Albumin-bound paclitaxel Pancreatic cancer
aDaunoXome [12] Liposomal Daunorubicin HIV-related Kaposi sarcoma
aOncaspar [13] PEGasparaginase Acute lymphocytic leukaemia

Onco-TCS [14] Liposomal vincristine Non-Hodgkin lymphoma

LEP-ETU [15] Liposomal paclitaxel Ovarian/breast/lung cancers

Aroplatin [16] Liposomal NDDP (cisplatin
analogue)

Colorectal cancer

aMarqibo [17] Liposomal vincristine Leukaemia

Lipoplatin [18] Liposomal cisplatin Pancreatic/breast/head and neck
cancer

Paclical [9] Paclitaxel micelles Ovarian Cancer
aEligard [19] PLGH/leuprolide polymer construct Prostate cancer
aOnivyde [20] Liposomal irinotecan Pancreatic cancer

ThermoDox [21,
22]

Thermosensitive liposomal
doxorubicin

Hepatocellular carcinoma
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Another nanoparticle that found application in oncology is Eligard®; however
not through the above EPR effect but through the mechanism of slow release.
Eligard® is a slow release nanomedicine formed of PLGA (poly (DL-lactide-co-
Glycolide) and leuprolide acetate and is used to treat prostate cancer
[19]. Eiligard® is injected subcutaneously where it slowly releases the leuprolide
acetate into the blood stream over the course of months [27]. Leuprolide acetate is
a gonadotropin-releasing hormone (GnRH), which decreases testosterone and
estradiol levels [28].

The above success stories for nanomedicines in the clinic show that the field
has promise as a future staple in cancer therapy. However, the promise of a cure-
all nanomaterial for cancer therapy is yet to materialize. This is partially due to
nanoparticles’ ability to get the drug to the tumor site, but the rate of drug release
into the surroundings is low [29]. To address this shortfall, researchers have
turned to developing nanoparticles to rapidly release the entire payload encap-
sulated when stimulated [3, 29]. These particles are referred to as stimuli-respon-
sive nanoparticles. Researchers have developed particles that respond to a variety
of stimuli including; pH, enzymes, light, magnetism, redox, heat, and pressure
(sound) [3]. The most well-known stimuli responsive nanoparticle is Thermo-
dox®. Thermodox® is a thermosensitive liposomal formulation developed by
Celsion [21]. It is currently undergoing a global phase III clinical trial in combi-
nation with radiofrequency ablation against primary hepatocellular
carcinoma [30].

In this chapter, we will focus on the design and applications of nanoparticles that
respond to heat or pressure. Specifically, those using focused ultrasound to activate
drug release from the nanoparticles (heat) and/or using focused ultrasound increas-
ing drug uptake through difficult biological barriers (pressure) will be discussed.

3.2 Fundamentals of Ultrasound

Sound vibrations can be defined as longitudinal mechanical waves propagating
through a medium. Sound waves which propagate at frequencies greater than
20 kHz are inaudible to the human ear and are termed ultrasound waves [31]. Ultra-
sound is produced by devices called ultrasound transducers, which convert electrical
energy into mechanical energy (ultrasound waves).

Ultrasound can be used for both diagnosis (ultrasound imaging) and/or therapeu-
tic purposes (tumor ablation and/or hyperthermia induced drug release) [32, 33]. In
the diagnostic clinic, ultrasound-based technologies are widely used, as they are
cheap, safe, and compact in size making them one of the few imaging techniques
transportable to the patient.

In therapy, the effect of ultrasound on tissues can be modulated by changing
multiple parameters, i.e., duty cycle, frequency, acoustic pressure, wave shape, and
intensity.

The duty cycle is the ratio of pulse duration against pulse period. A low duty cycle
can be used to maintain set temperatures in tissues, which is important for
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maintaining hyperthermia below ablative temperatures. Tu et al. showed that a
1.17 MHz focusing transducer at a duty cycle of 100% can rapidly increase the
temperature above 70 �C, whereas at a duty cycle of 6.9% can maintain a temper-
ature of 44 �C [34].

Frequency alters the penetration depth of the ultrasound beam. For medical
application, ultrasound can be divided up into three frequency ranges: low frequency
(20–200 kHz), medium frequency (0.3–3 MHz), and high frequency (>3 MHz)
[31]. Low frequency ultrasound has excellent tissue penetration, but very poor
spatial resolution (>10 mm). This is due to tissue penetration being inversely
proportional to frequency (Fig. 5.1) [35].

High frequency ultrasound (>10 MHz) is not widely used. Although it has
excellent spatial resolution (<1 mm), tissue penetration is superficial (<1 cm),
limiting clinical relevance [37]. Therefore, to have reasonable tissue penetration
and spatial resolution, ultrasound of around 1 MHz is used. A 1 MHz ultrasound
transducer achieves tissue penetration of around 3 cm and resolution of approxi-
mately 1.5 mm [35]. The frequency also controls the likelihood and type of cavita-
tion which will be discussed later.

When an ultrasound wave propagates through a medium, it causes a change in
pressure though a series of compression and decompression events. This change in
pressure is referred to as the acoustic pressure. The acoustic pressure exerted by an
ultrasound wave is directly correlated to the amount of energy deposited into the
target. Acoustic pressure is measured using a hydrophone. The hydrophone is used
to determine the maximum (peak positive) pressure and the minimum (peak nega-
tive) pressure at the location during a full pulse [38–40]. The acoustic pressure is
often in the order of MPa.

Ultrasound Intensity, also referred to as acoustic intensity, is the amount of power
carried by the ultrasound wave, divided by the surface area in which it is applied.
Acoustic intensity is measured in W/cm2. For acoustic plane waves, ultrasound
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intensity (I ) is proportional to the acoustic pressure (P), and inversely proportional to
the density of the media (ρ) and the propagation velocity of the wave (c) as outlined
in the following equation:

I ¼ P2

ρc

This means that as the wave penetrates tissue, the intensity of the wave decreases.
This attenuated energy causes tissue heating through the transformation of scattered
beams into heat [41]. One megahertz ultrasound beam is attenuated by approxi-
mately 50% after passing through 7 cm of soft tissue.

3.3 Focused Ultrasound in Tissues

A major advantage of ultrasound energy deposition is that can be used without
requiring invasive surgical procedures. In therapy ultrasound transducers are
often designed to focus the ultrasound waves into a small focal area. As shown
in Fig. 5.2, the typical size of the focus point used is 1 � 1 � 9 mm (grain of rice
shaped) [42]. This focal area experiences ultrasound intensity hundreds of times
higher than the surrounding tissue. This leads to selective heating at the focal
point without damaging other tissues within the beam as ultrasound intensity
drops exponentially away from the focus point (Fig. 5.2) [43, 44].

By focusing the ultrasound beams, tissue attenuation is decreased. However, care
must be taken when focusing ultrasound waves in close proximity to bone tissue;
beam attenuation through bone tissue is ~15 times higher than through soft tissue,
leading to rapid heating of the bone tissue [46].

The confined focal area of the ultrasound is key to the design of treatments using
smart nanoparticles which respond to an increase in temperature and/or to pressure
changes exerted by the ultrasound waves. The increase in temperature (hyperther-
mia) can be used to trigger a phase transition in smart materials, thus inducing the
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Fig. 5.2 (a) Ultrasound intensity of vertical and horizontal cross-sections of a focused ultrasound focal
point. (b) Graphical representation of ultrasound intensity versus distance. (Adapted from [45])
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release of a therapeutic payload only at the heated focal point. Additionally, ultra-
sound can be used to induce cavitation of micro/nanobubbles which can be used to
increase the uptake of drugs into tumors via sonoporation.

4 Methods Used in the Development of FUS Ttumor
Treatments

4.1 High-Intensity Focused Ultrasound Systems

High-intensity focused ultrasound is a method which enables the deposition of
energy within a tumor without damaging the surrounding healthy tissue. High-
intensity focused ultrasound devices used in the clinic fall into three main types:
extracorporeal, transrectal, and interstitial [43]. Extracorporeal transducer systems
are the most commonly used systems and are used for targeting areas readily
accessible. Readily accessible areas are targets no deeper than 10 cm from the skin
and which the ultrasound beam can reach without passing through obstructing media
such as bone tissue or gas. This area is referred to as the acoustic window. Transrectal
systems are used exclusively for prostate treatments, as extracorporeal devices will
not work due to the highly attenuating properties of gas that is present in the bowel.
Finally, interstitial devices are being developed for biliary duct and esophageal
tumors, which are difficult to treat extracorporeally.

Focusing of ultrasound beams can be achieved through various methods. The
most common is using a concave self-focusing transducer. Other ways include
modifying a piston transducer with an acoustic lens or using electronically phased
transducer arrays (Fig. 5.3) [47–49]. While concave transducers were the first to be
used in therapy, they were required from extremely long treatment times. This is due
to having to manually “scan” the entire tumor volume, which can be in the order of
cm3, with an average focal point of only 1 � 1 � 9 mm on average.

Fig. 5.3 Graphical
representation of a focused
concave transducer, a piston
transducer using a focusing
acoustic lens, and a transducer
array with electronic focusing
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With the development of transducer arrays, treatment time can be shortened. This
is accomplished by varying the phase of the transducers. The position of the focal
spot can be controlled electronically without needing to manually move the system
[50]. This allows for the focal point to be rapidly scanned over the tumor. It is even
possible for a phased array to have multiple foci further decreasing treatment time.
Phased transducers also account for the distortions made due to the beam passing
through bone or fibrous tissues; they can correct and maintain the tight focal point
required for focused ultrasound treatments [51].

4.2 Image-Guided Focused Ultrasound

Recent advances in nanotechnology involve modifying drug carriers to also contain
an imaging modality for the formulation of (nano-)theranostic systems. Nano-
theranostic systems passively accumulate into tumors using the EPR effect, allowing
for high accumulation of both the therapeutic and imaging contrast within the tumor
[52]. Theranostic nanoparticles can be used in conjunction with focused ultrasound
as nanoparticle uptake can be monitored using the imaging modality, and the drug
release can be triggered only when uptake is sufficient. For use as an image-guided
focused ultrasound delivery agent, the particle needs to have the following proper-
ties: (1) the payload is released under ultrasound irradiation, (2) the payload release
can be monitored using the imaging technique, and (3) the imaging modality is
clinically available. The most commonly used imaging technique for image-guided
focused ultrasound is MRI or ultrasound [53]. While ultrasound imaging is cheaper,
it does not allow precise monitoring of the temperature in the tumor and has poorer
spatial resolution than MRI. MRI is used as it can monitor the temperature increases,
via MR thermometry [54]. Being able to monitor the temperature is essential for
ablation therapies [55]. This lead to the development of magnetic resonance-guided
focused ultrasound (MRgFUS). The technique uses MR images to generate precise
anatomical images of the tumor that can then be used as a guide for the ablation
treatment [56, 57]. The development of smart nanoparticles that can act as both MRI
contrast agents, which help generate for better images of the tumor site, and
thermosensitive drug delivery vehicles, releasing chemotherapy directly into the
tumor site. These nanoparticles when used in synergy with MRgFUS could further
increase it clinical efficacy.

4.3 Cavitation Effects on Tissues

The application of focused ultrasound in therapy is not limited to thermal effects; it
can also be used to initiate the cavitation of gas bubbles. When gas bubbles are
subjected to an ultrasound wave, they undergo rapid expansion at the peak negative
pressure, followed by compression at the peak positive pressure, this causing the
particles to oscillate rapidly. This phenomenon is referred to as cavitation [58].
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There are two different types of cavitation: stable and inertial (Fig. 5.5). Stable
cavitation occurs when the bubble grows until it reaches its resonant size, after which
it oscillates around this diameter. Stable cavitation only occurs when the bubble is
subjected to its resonant frequency. The resonant frequency is dependent on the size
of the bubble (Fig. 5.4). To initiate stable cavitation with a 1.5 MHz transducer, the
radius of the bubble needs to be approximately 2–3 μm [59].

Stable cavitation can reversibly permeabilize biological barriers, such as the
blood-brain barrier and tumor cell membranes, allowing an increase in drug uptake
to these areas [60]. Inertial cavitation occurs at higher peak negative pressures,
leading to asymmetrical bubble oscillations and eventually, to bubble collapse
(Fig. 5.5). Inertial cavitation can be used for the same application as stable cavita-
tion. However, the effects it induces are harsher due to larger shear forces exerted by
the explosive collapse.

Fig. 5.5 (a) The effect of ultrasound on bubble cavitation: (top) stable cavitation, (bottom) inertial
cavitation. (b) Inertial cavitation creates an asymmetric microjet directed only towards the cell.
(Adapted from [61])

Fig. 5.4 Microbubble
resonance frequency as a
function of radius.
(Figure used with permission
from [59])
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5 Experimental Methodology Used in Ultrasound Drug
Delivery

5.1 Methodology for Liposome Formulation (Thin-Film
Hydration)

A common and simple technique for the preparation of liposomes is the thin-film
hydration method. This method involves mixing the lipids dissolved in organic
solvents (chloroform and/or methanol) at the required mol% before removing the
organic solvents (under steady stream of N2(g) or in vacuo) forming a thin lipid film.
The second step is to hydrate the film in an aqueous medium followed by multiple
freeze-thaw cycles to break up the lipid film forming a suspension. To form lipo-
somes from the resulting suspension, two methods are employed; sonication to
reduce the particles to roughly the right size followed by extrusion through a
polycarbonate membrane of the correct size, or by using only extrusion but multiple
cycles using progressively smaller membranes each time until the correct size is
achieved (Fig. 5.6) [62–64].

However, the thin-film hydration method has one drawback in that the lipids will
be distributed across both sides of the membrane. This can be addressed by using an
additional formulation method called the “post-insertion method”; this is used to add
lipids only into the outer layer of the membrane post formulation. The post-insertion
method has been used in the literature to add targeting functionality to preformed-
drug loaded liposomes [65]. The loading of drug molecules into liposomes has been
performed mainly by two overarching methods: passive loading (during formula-
tion) or active loading (post formulation). Passive loading is used extensively with
hydrophobic drugs (i.e., amphotericin B taxol, annamycin, etc.) with encapsulation
efficiencies approaching 100%. Alternatively, passive loading can also be used for
highly water-soluble drugs which can encapsulate up to 30% of the dissolved drug.
This type of passive loading is highly dependent on liposome concentration and size
[64]. Active loading is performed on water-soluble drugs that have protonatable
functionalities and can be encapsulated using a pH gradient. The pH gradient causes
precipitation of the drug within the liposome, thus greatly increasing the encapsula-
tion efficiency which can approach 100% [66].

Fig. 5.6 Graphical representation of the steps involved in the thin-film hydration method for
liposome formulation
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5.2 Methodologies Used in the Formulation of Polymer
Nanoparticles

To formulate drug loaded polymer micelles, there are five widely used methods used in
the literature [67, 68]. The most extensively used method is using dialysis. In this
technique, the block copolymer and the drug are dissolved in a common water miscible
organic solvent (DMF/DMSO) followed by dialysis against water. The slow replace-
ment of the organic solvent with the water through the semipermeable membrane
triggers the self-assembly of the hydrophobic polymer blocks, which results in the
encapsulation of the drug [67]. The second method is termed the oil-in-water emulsion
method and entails dissolving the block copolymer and the drug into either water or a
volatile water immiscible organic solvent (chloroform/DCM). The organic phase is then
added slowly to the water phase under vigorous stirring and the organic solvent is
removed by evaporation, resulting in drug loaded micelle formation [69]. The third
method called the solvent evaporation method is very similar to the thin film method
used to make liposomes. The polymer and drug are dissolved into a volatile organic
solvent; the solvent is then removed to form a film of polymer impregnated with the
drug. The aqueous phase is then added to the film and the polymer micelles are formed
by vigorously shaking the solution [70]. The co-solvent evaporation method is almost
identical to the oil-to-water method, except in this case the polymer and drug are
dissolved into a water miscible organic solvent and mixed with the aqueous phase.
The organic solvent is then evaporated from the solution forming the drug-loaded
polymer micelles [71]. The final method employed in making drug loaded polymer
micelles is referred to as the freeze dry method. In this method, the polymer and drug are
dissolved into a freeze-dryable organic solvent, for example, tert-butanol. The organic
solvent and water are mixed, freeze-dried, and reconstituted in water forming the
polymer micelles [72]. Typical loading efficacies of these techniques is up to 20%;
however, the choice of loading method is highly dependent on the polymer and drug
molecule used [67].

5.3 Microbubble Preparation Techniques

Microbubbles are clinically used as ultrasound contrast agents because of this most
research is carried out using the commercially available formulations. The first
commercially available and FDA approved microbubble formulation was
Albunex®, a albumin shelled microbubble formulation with sizes ranging between
1 and 15 μm [73]. More recently, lipid-coated microbubbles formulations have also
become commercially available with the most common being SonoVue® and
Definity® [73]. These formulations are made by hydrating lyophilized lipids and
stabilizing agents under an atmosphere of sulfur hexafluoride (SonoVue®) or
octafluoropropane (Definity®). For more information on the formulation of micro-
bubbles, please refer to an excellent review by Stride and Edirisinghe [74]. Nano-
bubbles on the other hand are not commercially available and have to be
formulated in the lab. This is accomplished by first formulating liposomes (using
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the thin-film method), followed by replacing the headspace with an ultrasound
contrast gas (perfluorocarbon or sulphur hexafluoride) followed by rapid shaking
to encapsulate the gas within the liposomes [75].

5.4 Instrumental Sizing Methodology (Dynamic Light Scattering
(DLS))

Dynamic light scattering (DLS), also known as quasi-elastic light scattering (QELS) or
photon correlation spectroscopy (PCS), is a nondestructive method routinely used to
determine the hydrodynamic size of nano/micron-sized particles in solution [76]. DLS
works by measuring the scattering intensity of nanoparticles in Brownian motion when
irradiated by a monochromatic beam of light. As the scattering fluctuates on a micro-
second timescale, the fluctuations are measured using an autocorrelation function and
fitted to an exponential. The decay of the correlation function is used to determine the
rate of diffusion. By using the standard assumptions of spherical size, known viscosity
of the suspending medium, low concentration as well as the measured diffusion, it is
used to calculate the particle size.While DLS has gained popularity due to rapid analysis
and minimal calibration requirements, it is faced with some shortcomings including:
degradation of signal-to-noise at low concentrations or inter-particle interaction at high
concentrations [77]. This method is used in both academia and industry to measure the
size of particles. It is also used to determine both long- and short-term stability of
nanoparticles with instability being correlated to changes in the hydrodynamic radius of
the particles. This makes DLS one of the most useful techniques for measuring both
particles sizes and stability.

5.5 Instrumental Techniques to Determine Phase Transition
Temperatures (Differential Scanning Calorimetry (DSC))

Differential scanning calorimetry (DSC), a well-known versatile technique in nano-
particle research, can be used to determine: the glass transition of polymers, the
phase transition of liposomes, as well as the effect that loaded drugs have on the
transition temperatures [78]. This technique is invaluable in the development of
thermal responsive liposomes and thermally responsive polymer systems due to
being able to quickly and efficiently determine transition temperature of nano-
particles, which is crucial for drug release under focused ultrasound-induced
hyperthermia.

5.6 Instrumentation and Experimental Methodology to Carry Out
Ultrasound Measurements

Ultrasound transducer characterization involves output acoustic power and pressure
measurements. Acoustic power measurements enable assessment of the ability of a
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transducer to affect the behavior of contrast agents. A useful instrument in this regard
is a radiation force balance which quantifies the displacement of a balance from an
equilibrium position caused by energy incident in an US wave. This displacement is
directly correlated to radiation power readout. Additionally, acoustic pressure mea-
surements or pressure mapping show the spatial distribution of the US field. This
requires a hydrophone, amplifier, and data acquisition instrument for recording
pressure values at different locations in the field [79].

The instrumentation required to conduct US measurements includes a signal
generator for producing repeating electronic signals and a power amplifier, in case
the power input requirements are not met by the signal generator. When transducers
are used to monitor US activity in a system, a preamplifier and oscilloscope enables
the readout of the voltage. Different therapeutic ultrasound applications require
different system configurations. Ultrasound can be delivered extra- or
intracorporeally. Extracorporeal applications require transducer-skin coupling typi-
cally with US coupling gel [80]. A stereotactic frame is sometimes necessary to
ensure subject immobility throughout the procedure. An intracorporeal transducer,
integrated into an ingestible capsule or a catheter, can be placed in close proximity to
a target zone, but satisfactory US operation can sometimes require sophisticated
approaches, potentially including robotics [81].

Treatment monitoring often requires the procedure to be conducted in an MRI
scanner; this requires highly specialized US transducers [82]. Further options may
include near infrared fluorescence imaging, microultrasound, or quantitative ultra-
sound imaging [81, 83].

6 Nanoparticles Used in Conjunction with Ultrasound

Nanomaterials used in ultrasound drug delivery include: liposomes, micro/nano-
bubbles, and polymers. In this section, we will discuss the utilization of these
nanomaterials for ultrasound-mediated drug delivery.

6.1 Thermosensitive Liposomal Drug Carriers

When designing a thermosensitive formulation using the correct lipid composition is
important? Thermosensitive liposomes have to undergo a gel to liquid crystalline
phase transition (Tm) around 39–42 �C (mild hyperthermia) [84, 85]. Below the Tm,
the bilayer is in the gel phase. In the gel phase, the bilayer is impermeable as the
hydrocarbon chains are fully extended and the head group is anchored in one place
(Fig. 5.7). Above the Tm, the bilayer transitions into the liquid-crystalline phase. In
the liquid crystalline phase, the head group becomes more mobile and the hydro-
carbon chains lose their rigidity permeating the bilayer (Fig. 5.7) [86].

The Tm of liposomes is primarily influenced by the base lipids. The base lipids used
in thermosensitive formulations are: 1,2-dipalmitoyl-sn-glycero-3- phosphocholine
(DPPC. Tm 41 �C), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Tm 55 �C),
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hydrogenated soy L-α- phosphatidylcholine (HSPC, Tm 52 �C), or Egg
L-α-phosphatidylcholine (Egg-PC, Tm �5 �C to �15 �C) (Fig. 5.8) [87]. HSPC and
Egg-PC are not commonly used as they are lipid extractions from natural sources (soy
beans/egg yolks). They are mixtures of lipids making reproducibility between batches
difficult. For this reason, synthetic phospholipids such as DPPC and DSPC are more
commonly used.

The effect of lipid mol% in the formulation was reported in one of the first
thermosensitive liposome publications by Yatvin et al. The liposomes used in this
study were based on mixtures of DPPC/DPSC encapsulating carboxyfluorescein
(CF) and the rate of release was monitored. The rate of release was shown to be at a
maximum at 38 �C for the liposomes of just DPPC, whereas liposomes of DPPC/
DSPC (3:1) the release rate peaked at 43.5 �C [88]. The addition of DSPC while
increasing the Tm also increased the permeability of the bilayer due to the formation
of grain boundaries. Grain boundaries are caused by inhomogeneous packing in the
bilayer [89]. The major limitation to the application of the original liposomes was a
short in vivo lifetime, due to uptake by the reticuloendothelial system and premature
release of the payload [90].

One method to increase the stability of thermosensitive liposomes in vitro and
in vivo is to incorporate cholesterol into the formulation. Cholesterol rich mem-
branes have been shown to be less sensitive to opsonization, the process responsible
for nanoparticle clearance [91]. Cholesterol is a naturally occurring steroid used to

Fig. 5.7 Bilayer packing before and after the temperature dependent phase transition of the
membrane. The change from gel phase to liquid phase is associated with drug release
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stabilize membranes towards a liquid-ordered phase [92]. Therefore, by tuning the
amount of cholesterol in the formulation, the Tm of the liposome can be tuned, which
in turn determines release properties [93, 94]. Merlin and co-workers reported a
number of DPPC/DSPC/Chol liposomes with varying cholesterol content. Lipo-
somes containing 18% cholesterol showed an increase in stability compared to
DPPC/DPSC at 37 �C limiting unwanted drug release, while retaining drug release
at 43 �C. Increasing the mol% of cholesterol above 20% caused the membrane to
become liquid-ordered and lose the desired thermal transition properties [95]. This
study showed that cholesterol plays an important role in stabilizing membranes, but
the amount incorporated needs to be tightly controlled to maintain thermally trig-
gered drug-release properties.

The in vivo lifetime (plasma half- life) can also be increased by incorporating
PEGylated lipids into the formulation [96]. The stabilizing effect of PEG lipids was
studied by Kenworthy et al. who used different DPSE-PEG lipids with varying
molecular weight PEG chains (350/750/200/500) and the required mol% in the
formulation to protect against opsonization. In this study 5% DSPE-PEG2000 was
found to adequately cover the bilayer [97]. The addition of 4% DPSE-PEG2000 was
shown by Needham et al. to have little effect on the Tm of the liposome formulation
with shift of ~1 �C [98]. However, any further increase in the concentration of the
PEG lipid had opposite effects and caused destabilization of the bilayer [99].

Traditional thermosensitive liposomes incorporate both the stabilizing effects of
cholesterol and PEG surface modifications. However, this type of liposome has
relatively high Tm’s around 42–45 �C and full drug release requires over 30 min.
This can lead to extensive tissue damage in the clinical setting when applying
temperatures close to that required to initiate coagulative necrosis [100, 101].

6.2 Lysolipid-Containing Thermosensitive Liposomes

While traditional liposomes released their payload under hyperthermia, the rate of
release was slow and relatively high hyperthermic temperatures were needed to
initiate the release. To address this, Dewhirst and Needham pioneered a new field by
incorporating lysolipids into PEGylated thermosensitive liposomes [102, 103]. The
first lysolipids incorporated by Needham were 1-palmitoyl-2-hydroxy-sn-glycero-3-
phosphocholine (MPPC) and 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine
(MSPC) (Fig. 5.10). They showed that incorporating lysolipid into the formulation
dramatically increased the release rate of encapsulated doxorubicin at the gel-liquid
phase transition temperature (Fig. 5.9).

At 15% MPPC, the liposomes released their payload within 20 s when heated to
43 �C. This increase in release rate was explained by stabilization of the grain
boundaries in the liposome membrane. Grain boundaries are defects in the crystal-
line packing of the membrane. When heated to the liquid phase, the lysolipids
stabilize grain boundary structures. This leads to pore formation within the mem-
brane facilitating drug release (Fig. 5.10). DSPE-PEG lipids also help in the stabi-
lization of the membrane pores [98, 105].
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The membranes of lysolipid containing liposomes are less stable than traditional
liposome formulation; this instability leads to greatly enhanced release rates for
doxorubicin [104]. The Needham group took this formulation further by reducing
the release temperature from 43 �C down to between 40 �C and 42 �C, this was done
to reduce hyperthermia- related side effects [102, 107]. The formulation was

Fig. 5.9 Doxorubicin release rates (Mol/s) for DPPC: DSPE.PEG2000 (96:4), DPPC: DSPE.
PEG2000:MPPC (86:4:10), and DPPC: DSPE.PEG2000:MSPC (86:4:10) against temperature (�C).
(Figure used with permission from [104])

Fig. 5.10 (a) Chemical structures of common lysolipids (left) MSPC, (right) MPPC. (b) Proposed
mechanism of grain boundary formation in traditional liposomes (left) and grain boundary pore
stabilization by lysolipid containing liposomes (right). (Adapted from [106])
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comprised of DPPC, MPPC, and DSPE.PEG2000 in the following ratio 90:10:4.
Celsion took these observations and used them to develop ThermoDox® which is
comprised of DPPC (86.5 mol%), MSPC (9.7 mol%), and DSPE.PEG2000 (3.8 mol
%). ThermoDox® coupled with radiofrequency ablation (RFA) is currently under-
going phase III clinical trials against hepatocellular carcinoma [108]. The phase I
trials indicated that doses of 50 mg/m2 were tolerated and results of Phase III
indicated an improvement of overall survival for a group treated with RFA of
>45 min.

However, the plasma half-life of lysolipid formulations is inherently less stable
than traditional liposomes, due to the dissociation of the lysolipid from the mem-
brane. Banno et al. reported that around 70% of the lysolipids are lost from the
formulation after 1 h post injection [109]. This was hypothesized to be due to
dilution of the liposomes and interactions of the liposome with other lipid mem-
branes in vivo causes the lysolipid to leach from the membrane [109, 110]. An
alternative lysolipid formulation was developed by Tagami et al. who incorporated
both the lysolipid and the PEG chain into a single moiety by using Brij surfactants
[111]. Brij surfactants are commercially available PEGylated surfactants. This study
compared surfactants with C16 and C18 carbon chains and varying PEG lengths.
Brij78 at 4 mol% was found to be the optimal lipid conditions for thermosensitive
properties with a transition temperature of 41 �C and doxorubicin loading of 95%.
The Brij78-containing liposomes released doxorubicin faster than Thermodox-like
liposomes (DPPC: MPSC: DSPE.PEG2000 (86:10:4)) with 100% release within
2 min at 40 �C. Interestingly, the sharper release at 40 �C did not affect the stability
of the formulation at 37 �C in serum with 10–20% release over 30 min. Tagami et al.
went on to test their optimized formulation which comprised of DPPC and Brij78
(96:4) in vivo in mice bearing mammary carcinoma tumors (EMT-6). The in vivo
studies resulted in a 1.4-fold increase in doxorubicin uptake into the heated tumor
over Thermodox- like liposomes and a 5.2-fold increase over free doxorubicin. The
concentration of doxorubicin found within the heart was also reduced by a factor of
15 when compared to the free drug. 1H-NMR experiments showed that incubation of
the Brij78-containing liposomes with other vesicles caused leaching of the Brij78
from the membrane; this extraction could cause significant loss in the in vivo
stability of the particles due to loss of the PEG coating [112].

While we can design formulations with excellent drug-release profiles, improve-
ment over the base lipids is required to develop the next generation. This is due to
then present modifications increasing the drug release but simultaneously decreasing
the stability of the particles at physiological temperatures, usually resulting in short
blood clearance times.

6.3 Polymer Modified Thermosensitive Liposomes

Another method to increase the release rate of the drugs from traditional thermo-
sensitive liposomes is to include synthetic polymers that disrupt the membrane upon
heating [106]. There are two main types of thermoresponsive polymers; low critical
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solution temperature (LCST) and upper critical solution temperature (UCST). LCST
and UCST are polymers with critical temperature points below (LCST) or above
(UCST) in which they are completely miscible with the solvent [113]. For a polymer
solution below its LCST, the polymer and solvent are miscible; however, upon
heating, the polymer becomes insoluble. This transition is referred to as coil-to-
globule transition and is entropically driven (Fig. 5.11) [106]. Polymers incorporated
into liposome formulations are predominantly LCST, the most common being poly
(N-isopropylacrylamide) (poly(NIPAM)) [114–116].

This field was pioneered by Kono and co-workers who used coupled poly-
NIPAM which has a LCST of 32 �C with octadecyl acrylate to anchor the polymer
into the bilayer [118]. The incorporation of the copolymer into liposomes of DPPC
or egg-PC resulted in an improvement in calcein or carboxyfluorescein release at
41 �C [118, 119]. However, significant drug release was also observed in these
systems around the LCST temperatures, compounding the evidence that it was the
polymer destabilizing the membrane. This issue was later solved by Kono et al. by
incorporating an additional polymer unit with a higher LCST, for example, acryloyl-
pyrrolidine which has a LCST of 52 �C [119]. This modification to the polymer lead
to a polymer construct with a LCST of 40 �C, increasing the stability of the
liposomes. Ta et al. incorporated poly(N-isopropylacrylamide-co-propylacrylic
acid) copolymer into the membrane of doxorubicin-loaded liposomes [117]. This
formulation was both responsive to pH and temperature; the particles released 60%
of the payload within 1 min after heating at 42 �C at pH 5 in vitro. In vivo studies
were carried out on Fischer rats bearing rat adenocarcinoma (13,762 MAT B III)
tumors. Hyperthermia was produced using a FUS, 1.15-MHz 8 element transducer,
with an average tumor temperature of 42.9 � 0.9 �C. The in vivo results suggested
that the dual responsive system releases a greater quantity of drug into the tumors
compared to conventional thermosensitive liposomes. This increase in tumor drug
concentration could be due to synergistic activation of the formulation in the acidic
tumor microenvironment; however, this was not confirmed [117]. One major issue
with this system is the lack of biodegradability of the copolymer incorporated into

Fig. 5.11 LCST phase transition of a polymer modified liposome. (Figure reused with permission
from [117])
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the liposomes, which could be problematic if the polymer dissociates from the
formulation in vivo. Park et al. took this idea forward by substituting the polymer
with a fatty acid conjugated biodegradable elastin like polypeptide (ELP) in a
liposomal formulation of DPPC, DSPE-PEG2000, cholesterol, and ELP
(55:2:15:0.4125) [120]. ELP acts as a LCST polymer in which below the transition
temperature, it is water soluble, when the temperature increases the peptide aggre-
gates into the membrane causing membrane instability [121, 122]. Incorporation of
ELP increased the stability of the formulation in serum with less than 20% doxoru-
bicin leakage over 30 min, while a lysolipid-containing formulation displayed over
50% drug release under the same conditions. This observation was mirrored in vivo
with the particle having a higher circulation time with 41% of the injected dose of
doxorubicin still in circulation after 5 h, compared to 14% for the lysolipid-
containing formulation. This increase in circulation time leads to an increase in
therapeutic efficacy in a murine squamous cell carcinoma model.

To conclude, polymer-modified thermosensitive liposomes have promise as
ultrasound activatable nanoparticles, with tunable release properties using copoly-
merization methods with a wide variety of monomers. However, the particles show
broad release profiles and the synthesis of the polymers are not controlled well due to
the use of radical polymerization methods. Newer living polymerization techniques
could help solve these issues with in vivo and in vitro studies still being carried out.

6.4 Theranostic Liposomes

Multifunctional nanomedicines have been developed over the past 15 years, which
preferentially accumulate in tumors. These particles have been designed to both treat
and image the tumor simultaneously. These nanoparticles are referred to as nano-
theranostics [123–125]. Nano-theranostic technologies can be engineered to selec-
tively bind to biomarkers on specific cells or lesions, potentially allowing for the
development of personalized medicines. The increase in tumor uptake due to the
EPR effect, along with the imaging modality of nano-theranostic particles can allow
for detection and treatment of metastases [126]. The ability to treat and visualize
metastases could offer significate advantages to nano-theranostic treatments, as
metastases are the leading cause of cancer-related death [127–129].

Originally imaged-guided systems were developed to aid in ablation therapies.
Initial studies were carried out using ultrasound-guided focused ultrasound plat-
forms [130]. However, this technique provided limited anatomical detail and no
information on the tumor temperature during ablation [131]. Therefore, a major shift
towards the development of MRI-guided systems was observed. MRI-guided
systems are superior in the anatomical detail acquired and allow monitoring of the
tumor temperature during ablation [132, 133].

Initial studies were carried out on liposomes co-encapsulating gadolinium-based
contrast agents alongside the drug payload. De Smet and co-workers used two
thermosensitive liposomes loaded with both doxorubicin and ProHance® (FDA
approved small molecule MRI contrast agent ([Gd].HP.DO3A)). The formulations
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investigated in this study were, one traditional temperature sensitive liposome
(TTSL; DPPC: HSPC: Cholestrol:DPPE.PEG2000; 50:25:15:3) and a low tempera-
ture sensitive liposome (LTSL; DPPC:MPPC:DPPE-PEG2000; 86:10:4). The stabil-
ity and release profiles at 37 �C and 42 �C were determined using phantoms. The low
temperature sensitive liposome formulation displayed a faster release at 42 �C and a
higher leakage of doxorubicin at 37 �C when compared to the traditional thermo-
sensitive formulation [134]. Due to the increased stability of the traditional thermo-
sensitive formulation, the authors took this formulation into in vivo studies in rats
bearing 9 L gliosarcoma tumors. An MRI-guided focused ultrasound system was
used to induce hyperthermia within the tumor burden for 30 min. During the
treatment, the local release of ProHance was monitored using T1 mapping of the
tumor. A good relationship between the increase in T1 relaxation and intratumor
doxorubicin concentration was found, indicating that release of encapsulated drug
can be monitored in situ via T1 relaxation changes of the co-encapsulated MRI
contrast agent [135]. This change in T1 relaxation agrees with the previous reports
that have shown that encapsulation of gadolinium contrast agents reduce relaxivity
due to water exchange between the bulk water and the encapsulated contrast agent is
retarded by the bilayer [136]. Rizzitelli et al. carried out a similar study using Doxil-
like liposomes (DPPC:DSPC:Chol:DSPE.PEG200- (10:5:4:1)) again loaded with
doxorubicin and ProHance. Within this study, sequential application of low-intensity
pulsed ultrasound was used to release the drug and MRI contrast agent from the
liposome while also increasing tumor uptake via a sonoporation mechanism. This
proposed mechanism was tested in vivo on BALB/c mice bearing mammary ade-
nocarcinoma tumors. The release of the payload was tracked by T1 relaxivity
enhancement with clear correlations between ultrasound application and overall
doxorubicin uptake. In this study, however, the combination of the liposomes and
the pulsed ultrasound caused complete regression of the tumor burden after 20 days
[137]. Other drugs have also been co-encapsulated with MRI contrast agents. Affram
and co-workers encapsulated gemcitabine alongside Magnevist® for the treatment of
pancreatic cancer. Within this study, mice bearing pancreatic carcinoma (MiaPaCa-2)
were used. The encapsulation of gemcitabine reduced the blood clearance by a factor
of 17, while also reducing the effective dose amount by half compared to free
gemcitabine. However, within this study, no significant increase in relaxivity was
observed, in ex-vivo tumor images. While this formulation shows promise for pan-
creatic treatment, the MRI contrast of the particle will need further optimization before
this can be realized [138].

The research carried out in our group is aimed at developing multimodal thermo-
sensitive theranostic liposomes. These thermosensitive liposomes incorporate (MRI
contrast and near-infrared fluorophore) labelled lipids directly into the bilayer to
allow imaging of tumor uptake, while also releasing a therapeutic payload upon mild
hyperthermia. We prepared topotecan-loaded liposomes, incorporating a near infra-
red fluorophore lipid conjugate (XL750) which was detectable by near infrared
fluorescence (NIR; 750–950 nm). The topotecan-loaded liposomes were adminis-
tered into SHO mice bearing ovarian adenocarcinoma tumors (IGROV-1). The near
infrared label allowed real time monitoring of the particle biodistribution. Drug
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release was measured by the fluorescent microscopy measuring the intrinsic fluores-
cent properties of topotecan. An increase in topotecan uptake was measured in the
tumors subjected to hyperthermia (42 �C). Hyperthermia was induced using a
heating block [139]. This trial study provided a proof of principle for real-time
biodistribution tracking of nanoparticle anticancer therapies using near infrared
imaging. After the successful trial study, the formulation was taken forward into
additional investigations this time using high-intensity focused ultrasound to induce
localized hyperthermia. A dual tumor mouse model using SHO mice with IGROV-1
tumors was used in the study. A dual tumor model was used to determine the effect
of ultrasound on nanoparticle uptake within the same animal. High-intensity focused
ultrasound application of 3 min at 42 �C 30 min post i.v injection greatly enhanced
the uptake of the liposomes into the heated tumors. The high-intensity focused
ultrasound induced increase in liposome uptake amplified by adding a second
treatment of 5 min at 42 �C, 90 min post injection (Fig. 5.12). Hyperthermia
temperatures were maintained and monitored using subcutaneously implanted fine-
wire thermocouples. Accumulation was determined by near infrared fluorescence
and hyperthermia-triggered drug release was detected by an enhancement in
topotecan fluorescence emission [83].

Both studies show the benefits of tracking the biodistribution and drug release
in vivo can lead to stark changings in relative tumor uptake of nanoparticles.

Another facet of our work is the incorporation of MRI labels into liposomal
nanoparticles. This can be done by incorporating a DOTA (1,4,7,10- tetra-
azacyclododecane-1,4,7,10-tetraacetic acid) headgroup onto a lipid tail [140]. By
adding MRI contrast into the bilayer, this allows for clear monitoring of the particles
pharmacokinetics, especially particle accumulation into tumors. Additional benefits
for MRI visibility are the use of clinically available magnetic resonance-guided
focus ultrasound platforms, as well as direct monitoring of hyperthermia in real
time via thermometry [141, 142].

Overall theranostic and/or stimuli responsive nanoparticles are becoming increas-
ingly more valuable tools for targeted drug release to specific tissues. The clinical
efficacy of theranostic particles will be shown in the near future, but they are an
important step into the realms of personalized medicine.

6.5 Micro- and Nano-Bubbles as Cavitation Sources

Ultrasound can also be used to increase the uptake of molecules or other particles
using cavitation. Blood is a degassed liquid, meaning that cavitation will not occur
unless it is subjected to very high-pressure ultrasound. A way around this is to use
cavitation nuclei which reduce the pressure threshold required to initiate cavitation.
Cavitation nuclei can be formed from nanoparticles encapsulating a heavy gas core.
Gases commonly used are fluorinated, i.e., octafluoropropane, decafluorobutane, and
sulfur hexafluoride. These gases are used because they are biocompatible and inert,
making them applicable for in vivo applications [143]. Microbubbles can be either
lipid or polymer particles loaded with a heavy gas with sizes varying between 1 and
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10 μm. Nanobubbles have the same general structure as microbubbles but are<1 μm
in size. Lipid-based bubbles are referred to as soft shelled and allow the encapsulated
gases to oscillate at low pressures. Polymer systems, on the other hand, are hard
shelled and the gas can only oscillate after destruction of the particle.

Microbubbles can be used to enhance drug delivery through multiple mecha-
nisms. They can initiate endocytosis, transcytosis, create pores in cell membranes
(sonoporation), and permeabilize cell to cell junctions. All these mechanisms are
believed to be primarily the result of inertial cavitation events causing damage to cell
membranes. The likelihood of cavitation events depends on the magnitude of energy
delivered and is calculated using the Mechanical Index (MI) formula. The MI is the
unitless ratio between the beam’s peak negative pressure and the square root of the

Fig. 5.12 (a) Schematic of hyperthermia treatment regime. (b) Near infrared fluorescence images
of tumor uptake after treatment. (c) Intrinsic topotecan fluorescence images indicating drug release
from the liposomes. (Figure reused with permission from [83])
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frequency. Intracellular delivery of propidium iodide to epithelial cells has been
successfully achieved at an MI between 0.2 and 0.4 [144].

To observe microbubble and cell membrane interactions, an elegant study was
carried out by Nico and co-workers using high speed photography and fluorescent
microscopy. The microbubbles were subjected to ultrasound at 1 MHz with a
0.4 MPa peak negative pressure. The oscillating microbubbles were visualized
using an ultrafast transmission microscope pushing and pulling on the membrane
exerting mechanical stress. This stress leads to rapid membrane deformation and
perforation after 5 s [145]. Kudo et al. measured the uptake of the membrane
impermeable fluorophore propidium iodide. The uptake of propidium iodide was
synchronous with the inertial cavitation and subsequent microjet formation fol-
lowing a 3 μs burst with a 1.1 MPa peak negative pressure. Interestingly,
sonoporation caused large micron-sized holes within the membranes. In some
cells, fluorescent signals were measured but no obvious pores were observable.
This suggested that the membranes re-seal rapidly after sonoporation
[146]. Mehier-Humbert and co-workers conducted a study to determine the size
of the membrane pores formed during stable cavitation. This in vitro work
employed phospholipid lipid-based microbubbles encapsulating perfluorocarbon
as the cavitation nuclei against MAT B III cells. The cells were exposed to 402 kPa
peak negative pressure for 10 s using a 1.15 MHz transducer. The pores formed
were approximately 100 nm in size and allowed the delivery of FITC modified
dextran (Fig. 5.13) [147]. These studies show that sonoporation is an effective way
to permeate cell membranes; this was taken forward as a method for increasing
drug delivery to selective areas [147–150].

As previously mentioned microbubbles can be used to permeabilize cell junc-
tions, one cell junction in the body that is exceptionally difficult to bypass is the
blood-brain barrier (BBB) [151, 152]. Mesiwala and co-workers showed that high-
intensity focused ultrasound could reversibly open the BBB at the focal point, with
normal function returning within 72 h. Microscopy enabled the observation of two
possible mechanisms by which high intensity focused ultrasound operated: either by
opening of the BBB while preserving brain architecture, or by opening it by
damaging the tissue exposed to ultrasound. Both mechanisms of opening were
attributed to widening and damaging the integrity of the capillary endothelial cell
tight junctions [153–155]. The opening of the BBB using microbubbles and
MRI-guided focused ultrasound was recently achieved by Black and collaborators
in humans during a phase I clinical trial (Fig. 5.14). This study was carried out using
a 1024 transducer array operated at a frequency of 220 kHz. In all five patients, the
BBB was successfully opened in the selected area reversibly and repeatedly, with no
clinically significant adverse effects [156].

This method of BBB opening could allow the delivery of large therapeutic
molecules normally unable to accumulate into the brain [157]. Hynynen’s group
proved this to be feasible by using microbubbles alongside MRI-guided focused
ultrasound to successfully deliver a dopamine D4 receptor-targeting antibody into
Swiss-webster mice brains [158]. This study was quickly followed by another study
again by the Hynynen group, where they delivered the FDA-approved anti-human
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epidermal growth factor receptor 2 monoclonal antibody Herceptin (trastuzumab).
The amount of Herceptin delivered was determined by measuring the amount of
human IgG in sonicated versus control sections. Additionally, this was correlated to
the extent of MRI-monitored BBB opening. This allows for a future noninvasive
method of determining drug delivery location [159]. Small molecules normally
unable to cross the BBB have also been delivered using focused ultrasound; i.e.,
doxorubicin, 1,3-bis(2-chloroethyl)-1-nitrosourea and epirubicin [160–162]. The
delivery of drugs by combining both the microbubble and the drugs into one moiety
was also achieved by Wheatley et al. who developed a poly(lactic acid) shelled
microbubble loaded with doxorubicin. The particles were around 2 μm in size with a
doxorubicin concentration of 6.2 mg/g. A dramatic improvement of doxorubicin
concentration within VX2-implanted rabbits was observed after injection of bubbles
+ ultrasound exposure [163].
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Fig. 5.13 (a) Images of sonoporation in MAT B III cells insonified with a focused transducer
(2.25 MHz, peak negative pressure 570 kpa). Pores sizes were in the order of 100 nm. Cells were
fixed immediately after sonication with glutaraldehyde and observed with SEM after gold
sputtering at a magnification of x10,000. (b) Uptake of various FITC-dextrans into MAT B III
cell after sonication with or without microbubbles (UCA). (Adapted from [147])
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However, a major drawback in the use of microbubbles is their very short in vivo
half-life between 5 and 10 min. Due to the short lifetime, microbubbles only act on
endothelial cells. Ultrasound exposures for microbubble compositions are usually
between 5 and 20 min and the ultrasound is usually applied just after or even during
microbubble injection. By changing the size of the bubbles to submicron, a much
longer half-life is observed [75]. However, the small size makes the growth step
during cavitation more difficult due to the increased surface tension.

Due to their smaller size, nanobubbles have been shown to be able to extrav-
asate into tumors. This was proven by Yang et al. who clearly showed that near-
infrared fluorescence-labelled nanobubbles accumulated into breast cancer
(MDA-MB-231) tumors [164]. This gives nanobubbles a clear advantage over
microbubbles which are limited to the vasculature. Fan and co-workers showed
that nanobubbles can also be used to enhance the delivery of doxorubicin into
mice bearing (PC3) prostate tumors. Nanobubbles (5x107) with an average size
of 485 � 33 nm was injected and then subjected to ultrasound at a frequency of
1 MHz and intensity of 1 W/cm2. Under these conditions, the nanobubbles were
all destroyed within 15 min. The tumors subjected to nanobubbles, doxorubicin,
and ultrasound showed significant reduction in size compared to the control
groups [165]. Zhang et al. constructed a pH-sensitive polymeric nanodroplet
loaded with doxorubicin and perfluorocarbon [166]. The nanodroplets were
constructed from pH-sensitive polymers: N, N0-diethylenediamine (DEA), hista-
mine (His), and 2-(diisopropylamino)ethylamine (DIP) grafted to polyethylene
glycol (mPEG) and poly (L-aspartic acid) (PAsp) copolymer. The pH sensitivity
was tested with a dramatic size increase in size from 161 � 9 nm at pH 7.4 to
400 � 11 nm at pH 6.8. The sharp increase in size in acidic environments lowers
the vaporization threshold for the encapsulated perfluorocarbon, allowing for
more efficient conversion of the nanodroplets into nanobubbles upon low fre-
quency ultrasound application. The system was tested in vivo on nude mice

Fig. 5.14 Axial T1 weighted gadolinium MR images, (a) baseline, (b) immediately after sonica-
tion, and (c) 24 h after the procedure. Red arrow used to indicate area of enhance contrast.
(Figure reused with permission from [156])
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bearing C6 glioma xenograft tumors. Mice were treated with the formulation on
day 1, 4, 7, and 11 in conjunction with low-frequency focused ultrasound. The
animals treated exhibited significantly slower tumor growth with 87.5% of
animal surviving the duration of the study (40 days) compared to the control
group (PBS) in which all animals died within 33 days [166]. The Hartley group
carried out an interesting study by encapsulating nanoemulsions inside liposomes
to form pseudo nanobubbles [167]. A range of lipids including: 1,2-Dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), 1,2-dihexade- canoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-Dipalmitoyl-sn-glycero-3-phosphate (DPPA), and
DSPE-PEG-2000.NH.folate were used in this study. The nanoemulsions were made
by hydrating DPPA, DPPC, or DMPC with perfluorohexane/perfluoropentane
(600/1000 mg), the resulting mixture was sonicated and extruded to achieve sizes
of �100 nm. The liposomes were formed separately from DMPC or DPPC and
DSPE-PEG-2000.NH.folate (98.8:1.2) using a thin-film hydration method, followed
by extrusion through a 200 nm membrane, this lead to liposomes of sizes varying
from 200 to 500 nm. The liposomes and nanoemulsions were formed separately and
mixed via sonication (20 kHz, 1.5 W/cm2) on ice to encapsulate the nanoemulsions
within the liposomes. To evaluate if the encapsulated nanoemulsions could vaporize
under ultrasound application, and liposome membrane rupture would occur in vitro
studies were carried out on HeLa cells. Liposomes encapsulating both calcein
(fluorescent small molecule) and the nanoemulsion were incubated with HeLa cells
for 2 h at 37 �C followed by a short burst of ultrasound (20 kHz, 1 W/cm2, 2 s). After
ultrasound exposure, the cells were washed and the calcein in the cytosol was
assessed using fluorescent confocal microscopy. These confocal images show that
both folate and the encapsulated nanoemulsions are required for calcein release into
the cytosol. This study shows that drug release from liposomes can be activated by
low frequency ultrasound by vaporization of a co-encapsulated nanoemulsions
causing membrane rupture [167]. The initial studies on nanobubbles show promise
due to their increased lifetimes and ability to cross the vasculature. With additional
development they could prove to be a valuable tool for drug delivery in cancer
therapy.

6.6 Polymeric Nanoparticles for Ultrasound Mediated Drug
Delivery

Kost et al. was first to use polymer systems for ultrasound-mediated delivery. They
showed that biodegradable polymers, such as polyanhydrides, polyglycolide, and
polylactides, increased the release rate of incorporated molecules by 20-fold and
increased the polymer degradation rate by fivefold when combined with ultrasound.
This effect was also investigated with nonbiodegradable copolymers ethylene/vinyl
acetate but only a tenfold increase in release rate was observed. The release rate was
proportional to the intensity of the ultrasound applied. For in vivo rat studies, the
group sonicated with a 20 kHz transducer for 20 min, delivering 5 W/cm2 at a duty
cycle of 50%. Drug concentrations in vivo were increased following ultrasound
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application, suggesting an increase in degradation of the implanted polymer. The
degradation was believed to be cavitation-dependent, not temperature dependent
[168]. After this pioneering publication, additional studies on polymer systems in
conjunction with focused ultrasound have been carried out [67, 169].

For example, the Rapoport group have made multiple types of polymeric micelles
using Pluronic P-105 block copolymer (poly(-ethylene oxide)-co-poly(propylene
oxide)-co-poly(ethylene oxide). In one study, a fluorescently labelled Pluronic
P-105 with C-368 (labelled on the hydroxyl groups) was added to the formulation
and the effect of continuous wave and pulsed ultrasound on doxorubicin uptake in
HL-60 cells was studied in both PBS and the micellar P-105 solutions. Continuous
wave and pulsed ultrasound at 20 kHz augmented DOX uptake in both PBS and
Pluronic micelles. Ultrasound intensity enhanced uptake with increasing power up to
33 mW/cm2 were significant sonolysis was observed. The uptake of the micelles was
also tested using an ultrasound pulse sequence over a continual beam. Pulse dura-
tions of up to 2 s long and continuous ultrasound facilitated comparable drug uptake.
Ultrasound pulse duration had no effect on drug uptake in the PBS sample.
This suggested that over the 2 s duration, the drug release and uptake were similar.
This resulted from two mechanisms controlling the ultrasound activation of the
micelles. These mechanisms work in synergy with the ultrasound releasing the
drug from the micelles while simultaneously increasing the uptake of the micelles
by permeating the cell membranes [170]. The authors further develop a second
generation of ultrasound activated polymeric micelles. The second generation
formulation is a mixture of: Pluronic P-105 block, PEG-PBLA (poly(ethylene
glycol)-poly(β-benzyl-L-aspartate)), and DSPE-PEG2000 (1,2-distearoyl-sn-glycero-
3-phosphoethanolamice-N-[methoxyl(polyethylene glycol)-2000). The incorpora-
tion of PEG into the formulation reduces particle recognition by the reticulo-
endothelial system [171]. Doxorubicin was encapsulated in the micelles. The
micelles and free doxorubicin were tested in vivo with and without sonication
using an ovarian carcinoma (A2780) tumor model in nu/nu mice. A 30 s ultrasound
treatment using a 1 MHz transducer increased doxorubicin accumulation in the
tumor by a factor of 1.7. The effect of the ultrasound treatment increased with
increasing time between injection and irradiation. This was attributed to releasing
the payload after the micelles had accumulated into the tumor interstitium via the
EPR effect. Tumor volumes decreased to 70% for free doxorubicin; however, the
same dose of doxorubicin (3 mg/kg) loaded into micelles reduced the tumor volume
to 36% [172]. Polymeric nanoparticles have also been formulated that were
imageable and activatable by ultrasound application. This study was carried out by
Ma et al. who used a porous agent made from mPEG-PLGA to act as the imaging/
delivery vehicle. The surface of the particle was further modified with two anti-
bodies; anti-carcinoembryonic antigen and anti-carbohydrate antigen 19-9 to convey
a targeting modality. In vitro uptake was compared between ultrasound (1 MHz,
20% duty cycle, 1 W/cm2, 60 s exposure time) and ultrasound-mediated micro-
bubble destruction (SonoVue, 2:5 ratio). Ultrasound alone showed an uptake effi-
ciency of 30%, whereas ultrasound-mediated microbubble destruction increased the
uptake by 10% due to sonoporation of the cell membranes. Ultrasound contrast
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images were investigated in vitro and in vivo. The compounds had similar contrast to
SonoVue microbubbles [173]. A combination of both ultrasound imaging and
ultrasound drug release could have clinical usefulness; however, to the best of my
knowledge, no polymer-based ultrasound activated polymer systems are in clinical
trials.

7 Conclusions and Future Perspective

Focused ultrasound is a powerful technique that enables drug delivery from nano-
particles into tumors, as well as permeation of biological barriers previously an
incredibly difficult challenge to circumvent. While nanoparticles have been shown to
play an important role in focused ultrasound treatments, the development of
purpose-made nanoparticles for focused ultrasound applications is still required to
maximize their effects on tissues and on therapeutic drug delivery. The first steps in
this development have been described above, and by using the factors described, we
can design nanoparticles that respond to ultrasound application. However, further
optimization of the formulations is needed to fully realize their clinical effectiveness
in conjunction with focused ultrasound. That being said, it is expected that near-
future studies in MRI-guided focused ultrasound will soon show the efficacy of this
technique in the clinic for deep-tissue drug delivery applications.
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1 Definition of Topic

Magneto-responsive nanomaterials proved to be extremely beneficial in a whole
bunch of industrial and commercial applications, ranging from catalytic systems,
magnetic storage, photonic and electronic devices to biological and biomedical
theranostics. In particular, the preparation of magnetic nanoparticles (MNPs),
mainly made of iron oxides, for both diagnostics (detection, imaging, biosensing)
and therapeutics (hyperthermia, magnetic targeting, and drug delivery) has occu-
pied a privileged position among other nanocomposites. Due to their nanoscale
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dimensions, unique physiochemical properties, intrinsic magnetic characteristics,
biocompatibilities, and abilities to function on the biomolecular and cellular levels,
MNPs have been thoroughly investigated in medicine as magnetic imaging
contrast-enhancing probes, hyperthermia agents, and magnetic-guided drug deliv-
ery carriers for disease theranostics. By avoiding healthy tissues, enabling reduced
toxicities, and controlling the delivery of chemotherapeutics to specific locations,
MNPs has indeed great potentials to increase drug therapeutic efficacies and
minimize their adverse side effects giving promise for next-generation clinical
nanomedicines for cancer treatment.

2 Overview

The rationale of this chapter is to focus on the recent developments and advance-
ments of MNPs and drug-conjugated MNPs for cancer theranostics in preclinical and
clinical settings. First, a brief overview on the use of MNPs as magneto-responsive
drug targeting agents, hyperthermia vehicles, and drug delivery carriers in cancer
theranostics is presented. Next, the most prevalent synthetic and characterization
techniques for biocompatible MNPs used for biomedical endpoints are outlined.
Then, notable examples demonstrating the progress of MNPs in multimodal diag-
nostic imaging, tissue engineering, and medical therapeutics are described. Special
focus is set on the use of drug-conjugated MNPs for therapeutic applications in
cancer treatments with discussion on the challenges and limitations of targeted drug
delivery. Finally, the potential of nanomedicines in influencing clinical care is
highlighted, presenting magnetic nanoformulations approved or yet to be approved
in the clinic.

3 Introduction

“Nanotechnology” refers simply to the chemistry of the “small” – very small where
novel and exciting phenomena occur. The manufacturing and syntheses of certain
biomolecules at the atomic and molecular resolution, in a controlled precise manner,
is a perfect example of what is today known as nanotechnology [1, 2]. This has
continuously inspired scientists to seek innovative methodologies to produce nano-
structures with tailored features, novel physical and chemical (physicochemical)
properties, and specific optical, electronic, and magnetic characteristics [3, 4]. At the
nanoscale, most of the material is surface and very little is volume (i.e., materials
have large surface-to-volume ratio). Things this small have much more outside
(surface) than they have inside (volume), leading to substantial space for biomo-
lecular and multivalent ligand conjugation. Consequently, extensive research
between functionalized nanoconstructs and natural biological living systems has
lately drawn a lot of attention, with continuous development of innovative
approaches and novel instrumentations to fully explore, understand, and predict
the nano-bio interface.
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In the last decades, many investigations have been devoted to study nano-
materials (NMs) or more specifically nanoparticles (NPs), a topic far too broad to
be reviewed here. A search for the terms “NMs or NPs” and “magnetic” narrows the
field considerably, but it is interesting to find the wide spectrum of successful
applications they have been used in, particularly for biological purposes
[5–7]. Research on preparation of various hybrid nanocomposites (i.e., gold NPs,
carbon nanotubes, quantum dots, silica NPs, MNPs, liposomal and polymeric
formulations, etc.) and their respective theranostic applications is quite robust and
continues to grow rapidly [8–10]. Particularly, MNPs made of iron oxides (i.e.,
magnetite (Fe3O4)/maghemite (γ- Fe2O3)) proved to be extremely beneficial in a
wide spectrum of industrial and research areas ranging from catalytic systems,
magnetic storage, photonic and electronic devices to biological, biomedical, and
drug delivery applications [11–14]. The use of colloidal and biocompatible MNPs
for both diagnostics [15–18] and therapeutics [19–23] has occupied a unique
position among other nanocomposites. The main reason for such immense biomed-
ical utilization is their low toxicities and excellent superparamagnetic properties
allowing them to be utilized as contrast-enhancing probes for magnetic resonance
imaging (MRI). Besides, MNPs hold great promise as hyperthermia agents and
chemotherapeutic carriers for controlled and magneto-responsive targeted drug
delivery, enabling minimized side effects and reduced drug resistance of the con-
ventional chemo-drugs. Many previous reviews in this field focus chiefly on the use
of MNPs as MRI contrast agents and their use in biomedical applications, particu-
larly diagnostic applications [24–28]. The uniqueness about this chapter is to rather
give an overview on the use of MNPs in advanced cancer theranostics, particularly
the potential utilization of drug-conjugated MNPs in magnetic drug targeting, drug
delivery, and magnetic hyperthermia. Special emphasis is set on important and
notable examples employing MNPs for multimodal imaging, tissue engineering,
and targeted drug delivery therapeutics in preclinical studies. Possibilities, chal-
lenges, and postulated barriers for effective translation of the developed magnetic
cancer nanomedicines into the clinic is also conferred, providing an overview on past
and present magnetic nanoformulations used currently in clinical settings or yet to be
clinically approved. Understanding current limitations and learning lessons from
approved cancer nanomedicines will definitely impact clinical success of drug-
conjugated MNP delivery systems and their future potential in magneto-responsive
anticancer clinical theranostics.

The main advantages of using MNPs for medical cancer theranostics are: (1) easy
scaled-up preparation; (2) facile chemical functionalization and drug conjugation;
(3) nano sizes (5–200 nm); (4) excellent biocompatibilities and stabilities; and
(5) superior magnetic responsiveness (Fig. 6.1). Such unique properties allow
MNPs to be utilized as imaging contrast probes, hyperthermia agents, magnetic-
guided vectors, and drug delivery carriers with great potentials in clinical settings.
Nevertheless, despite such unique capacities, urgent development of magnetic
nanoformulations are constantly needed to overcome several current major chal-
lenges and limitations, in continuous attempts to efficiently translate delivery of
therapeutics into clinical patient care. Such successful translation from “lab to clinic”
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is dependent upon several important factors including their physicochemical prop-
erties, intrinsic toxicities, drug loading/release, scaled-up syntheses, and, hence,
optimizing overall parameters for effectual medical performance. To begin with, a
brief overview on the utilization of MNP-based nanotechnology in advanced cancer
research, particularly their magneto-responsive use in drug targeting, hyperthermia,
and drug delivery, is presented. In that regards, many names have been denoted in
the literature for such MNPs ranging from monocrystalline iron oxide nanoparticles
(MIONs), crosslinked iron oxides (CLIONs), superparamagnetic iron oxides
(SPIONs), and ultrasmall SPIOs (USPIONs) depending on their physiochemical
properties. Herein, to avoid confusion, all will be referred to as simply MNPs, unless
otherwise indicated for a particular application.

3.1 MNP-Based Nanotechnology in Cancer Treatment

Although the search for enhanced cancer therapies are ongoing on a daily basis,
many present chemotherapeutic drugs are not reaching the desired efficacies. With a
deeper understanding and researching of how cancer progresses, innovative thera-
peutic approaches beyond the conventional therapies are constantly evolving. A
range of cancer therapies such as targeted therapy, immunotherapy, hormonal ther-
apy, angiogenesis inhibitors, and thermal ablation (i.e., hyperthermia) are under

Magnetic Resonance Imaging
Magnetic Hyperthermia 

Magnetic Targeting

Drug Delivery

Magnetic 
Nanoparticles

Scaled-up Preparation

Biocompatibility & stability

Iron oxide core

Functionalization

Magnetic Responsiveness

Theranostics

MNPs from 
“Synthesis to Theranostics”

MNP

Nano size

Imaging agents
(fluorescent dyes,

PET)

Polymer coat

Peptides

Drugs
AntibodiesSugar

Fig. 6.1 Illustrative image showing the architecture of magnetic nanoparticles (MNPs), their
functionalization, and their unique intrinsic properties. Such well-designed MNPs can be utilized
in advanced medical theranostics as magnetic imaging probes, hyperthermia agents, magnetic-
guided vectors, and drug delivery carriers
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extensive development and some have reached clinical trials [29]. Nevertheless, all
the conventional and emerging treatments are often limited by the accessibility to the
sites of metastases and the lack of selectivity/specificity towards tumor cells, espe-
cially for advanced stages of cancer. Furthermore, such approaches suffer from
tremendous harsh and long-term side effects, drug resistance, high dose require-
ments, and low-to-moderate efficacies. Recently, the use of personalized and specific
tumor molecular profiles, commonly known as personalized medicine, to determine
optimum individualized therapy options is examined [30]. In this approach, treat-
ment decisions are based on tumor molecular biomarkers (i.e., DNA, RNA, meta-
bolic profiles), rather than tumor tissue type or anatomical site of origin.
Nonetheless, doubts remain to whether cancer patients respond to such therapies
[31]. Up to now, it seems multimodal therapy (combination of radio, chemo, or
immuno, etc.), along with personalized cancer treatments, on case by case assess-
ment, provides the best chances for patients’ survival in clinical practice. Thus,
continuously seeking alternative and complementary ways to detect, treat, and
combat metastatic cancer with less side effects is an everyday necessity.

With the application of nanotechnology to the medical field (referred to as
nanomedicine), novel promising approaches to treat cancers, particularly the meta-
static types, have been actively established [32]. Doxil® (liposome-encapsulated
Doxorubicin (Dox)) is widely used to treat ovarian cancer and Karposi’s sarcoma
while protecting patients from the cardiotoxicity of the free drug [33]. Abraxane®

(protein-bound Paclitaxel (PTX)) is approved to treat metastatic breast cancer
[34]. Feraheme® (iron oxide MNPs), which is approved for the treatment of iron
deficiency anaemia, has shown efficacy for the early staging of lymph node metas-
tasis in patients with prostate and testicular cancers and are in current trials for brain
tumor imaging [35]. Although very few nanomedicines have reached the clinic [10],
many others have been hampered by many biological and chemical barriers, espe-
cially when it comes to injecting nanoformulations intravenously to target drugs to
specific sites of tumors. With identifying the problems and pitfalls of directing drugs
using nanomedicines and overcoming the many challenges encountered [36], it is
anticipated that future nano-based systems will introduce new capabilities, including
advances in localized drug delivery and treatment responses. Bearing in mind the
long time (10–15 years) it takes to efficiently move basic science discoveries into
clinical applications – often described as “bench to bedside” translational work, an
indeed great endeavors are awaiting in our conducts to effectively treat cancer.

3.1.1 Magnetic Drug Targeting
Since MNPs are highly responsive to an external magnetic field, such unique
property makes it possible to concentrate the particles in the target area by means
of a magnetic field using either an internally implanted permanent magnet or an
externally applied magnetic field (Fig. 6.2a). This phenomenon is known as mag-
netic drug targeting (MDT). In MDT, MNPs must have high magnetic susceptibility
to possess higher local concentration efficiency. A high-field, high-gradient, or rare
earth magnet (i.e., Neodymium Nd-Fe-B) over a targeted tumor site, in order to in
situ concentrate and retain MNPs is typically used. In fact, the idea of using magnetic
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particles for drug targeting in cancer therapy dates back to the early 1960. Relying on
intentional obstruction of tumor vessels, Freeman et al. were the first to propose that
magnetic microspheres could be transported through the vascular system and con-
centrated in a specific part of the body with the aid of an external magnetic field
[37]. Thereafter, many groups described the use of various types of magnetic
microparticles or NPs loaded with different chemotherapeutics for magnetically
guided drug targeting in cancer tumor-bearing animal models [38–42]. Importantly,
phase I–III clinical studies of drug-loaded magnetic targeted carriers in patients with
hepatocellular carcinoma were reported [43, 44]. However, in such or interrelated
studies [45], while preclinical results turned out in complete or partial tumor
remission, phase I–III clinical trials resulted in no clinically significant efficacies
compared to free drugs with insufficient tumor responses. Limited by the magnet
strength and tissue penetration depth (i.e., penetration depth of ~ 0.5 cm when using
a 0.6 T Nd-Fe-B permeant magnet), MDT is, thus, only suitable for diseased areas
that are fairly superficial or therapy that may need a minimal invasive procedure
[46–49]. In recent years, however, gradient magnetic field (e.g., 7 T MRI scanners)
has been proved to be a useful tool to efficiently and better direct MNP carriers [50].

3.1.2 Magnetic Fluid Hyperthermia
With their intrinsic magnetic abilities, one of the major potentials of MNPs in clinical
settings is their use as magnetic hyperthermia vehicles (Fig. 6.2b). However, to
realize the importance of such approach, we need to first define hyperthermia.
Hyperthermia implicates the use of “high temperature heat to damage and kill cancer
cells or to make cancer cells more sensitive to the effects of radiation and/or
chemotherapy” [51, 52]. In this therapy, tumors are typically heated to 41 �C and
up to 47 �C, as tumor cells possess higher heat sensitivity over normal cells, resulting
in damage to tumor cells only. The warming of a local (specific tumor site), regional
(organ, limb, or body cavity), or whole body (metastatic cancer) is achieved using
various techniques that deliver energy to heat the tumor (i.e., by electromagnetic
field, microwaves, radiowaves, ultrasound, or infrared waves). Although these
techniques are able to increase the intracellular temperature up to the cellular
death, they can provoke harmful side effects such as ionization of the genetic
material or lack of selectiveness, causing harmful secondary effects in the surround-
ing healthy tissues. Furthermore, each of these external triggers has certain limita-
tions: for example, electromagnetic fields can penetrate deeply (>15 cm) into tissue,
but they are difficult to focus [53, 54]. High-intensity focused ultrasound (HIFU) can
penetrate into tissue to a volume of several mm3, but its capabilities are diminished
when applied within bones or gas-filled organs [55]. Infrared waves, spanning
~750–1300 nm, penetrate tissue to depths of up to 1 cm, after which penetration
decreases substantially [56]. Thus, the search of new mechanisms capable of effi-
ciently increasing the temperature of damaged areas specifically, while keeping the
rest of tissues healthy is immensely needed.

Magnetic hyperthermia or magnetic fluid hyperthermia (MFH) involves deliver-
ing MNPs at the tumor site and applying an alternating magnetic field (AMF)
[57–59]. This thermotherapy is based on the fact that MNPs can transform
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electromagnetic energy from an external high-frequency field to heat due to relax-
ation of their rotating magnetic moments. For clinical use of MNPs in hyperthermia,
the NPs must have small sizes (to reach tumor sites), high saturation magnetizations
(to guarantee efficient heating), and homogenous distributions (to reach uniform
therapeutic temperature throughout tumor tissues), hence, inducing minimal damage
to peritumoral tissues. Clinical studies for application of MNP hyperthermia therapy
in humans were initiated in 2007 on prostate cancer [60]. The results revealed that
interstitial heating using MNPs was feasible and well tolerated in patients with
locally recurrent prostate cancer. More recently, MNPs were used in hyperthermia
therapy to treat metastatic bone tumors, with reduced lesion and visible bone
formation observed [60]. Another noteworthy development investigated the effec-
tiveness of MFH using dextran-coated MNPs and silane-coated MNPs (denoted as
BU48) on intracellular hyperthermia of human mammary carcinoma cells in vitro
and intratumorally injected in a mouse model in vivo [61, 62]. Their successful
studies led to preclinical and clinical testing in patients with prostate and glioblas-
toma tumors which led to clinical approval of NanoTherm® [63–65]. Recently,
therapies combining MFH/MDT or MFH/MDT and chemotherapy are currently
under extensive investigations, where designed thermo-responsive drug-loaded
MNPs release chemotherapeutic drugs selectively by applying external magnetic
field [66, 67]. The heat generated by MNPs change the structure of the thermo-
sensitive materials that usually turns into swollen structures, leading to the release of
loaded drugs at tumor sites, thereby increasing the effectiveness of therapy
[52]. Likewise, the combination of magnetic hyperthermia and radiotherapy has
been proved to be clinically effective in brain cancer and prostate cancer patients
undergoing phase II trials in humans [63].

3.1.3 Magnetic Drug Carriers
Many chemotherapeutic drugs clear from the body rapidly or are expelled out of
cancer cells/tumors, preventing their intracellular accumulation to cytotoxic levels
[68]. Consequently, the efficiency of systematic chemotherapeutics is reduced,
leading to serious off-target side effects. This challenge has been a major cause in
cancer chemotherapy utilizing potent drugs that are highly toxic to both cancerous
and normal cells, often leading to failure of tumor chemotherapy clinically [69]. The
clinical significance of using the nanovehicle approach lies in the ability to specif-
ically direct a drug or drug carrier to intended targets to minimize conventional drug-
originated systemic toxic side effects (Fig. 6.2). In general, targeted drug delivery
refers to largest drug accumulation within the target site using drug-loaded NPs. For
effective delivery, the MNP system should: (1) possess large payloads of drugs per
NP attached and delivered; (2) be targeted to specific diseased tumor, and (3) allow
controlled-release of drugs at the intended target intracellularly and intratumorally
with high efficacies. Directing MNPs to sites of metastasis in cancer is majorly based
on passive and/or active approaches, which can be achieved irrespective of NPs
possessing magnetic materials.

“Passive targeting” implies that the delivery of therapeutic NPs is primarily
driven by the enhanced permeability and retention (EPR) effect [70]. Because of
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the leaky endothelium and vascularate at the diseased site (i.e., tumor) that is absent
in normal tissues and organs, significant and increased localization of NPs (i.e.,
extravasation) can be achieved. This process is further aided by the dysfunctional
tumor-limited lymphatic drainage, preventing NPs to get back into the circulation. In
contrast to normal tissues, most solid tumors feature rapidly developed vasculature
with loose tight-junction and fenestrations (~ 200–2000 nm), allowing increased
tumor vascularate permeability [71]. These factors combined lead to selective NP
accumulation in many tumors through EPR effect. However, this effect is limited to
tumors larger than � 4.6 mm in diameter (�100 mm3 in volume), hindering its use
for targeting small, unvascularized metastases [72].

“Active targeting” (also known as targeted drug delivery), on the other hand, is
used to describe specific interactions between functionalized nanocarrier and the
target diseased cells having over or exclusive expression of epitopes or receptors. It,
thus, requires a chemical specificity that enables the NP to bind to unique moieties
that are presented by the specific cancer cell. The conjugation of specific targeting
ligands to the NP surfaces are typically based on two main chemistries: (1) reactive
functionalities present on the nanomaterial platforms; (2) functional groups present
on the targeting ligands (proteins, peptides, carbohydrates, antibodies, nucleic acids,
folic acid, enzymes, genes, growth factors, imaging agents, etc.) to be conjugated
[73]. Cancer cells, whether metastatic or part of the primary tumor, can upregulate
certain cell-surface molecules and secreted factors, and may even express specific
endogenous surface proteins that can be targeted. Thus, the binding affinity of the
NP to the molecules of interest must be carefully considered, as well as binding
specificity and immunological effects. Antibody conjugates (i.e., drug, polymer, or
radioisotope-labeled antibodies) are currently in the clinic for targeting cancer. 131I-
tositumomab (Bexxar) is a combination therapy that involves a radio-labeled CD20-
specific antibody for targeting follicular B cell lymphoma [74]. Antibody-based
conjugates have been also used on various nanodelivery systems [75–77]. Likewise,
short peptides, including those with integrin-binding domains, can be conjugated to
MNPs and can increase their binding to specific cell types within a tissue
[78–80]. High-throughput methods, such as phage display, are being constantly
examined to discover novel targeting ligands, ranging from antibodies and peptides
to nucleic acid-based ligands (aptamers) [81]. Small-molecule-binding domains,
such as the folate receptor which is overexpressed in human oral carcinoma,
metastatic breast, colorectal, and other cancers, are also under extensive investiga-
tions and demonstrate affinity to folic acid-functionalized NPs [82].

4 Experimental Methodology

4.1 Preparation of MNPs for Biomedical Applications

Achieving a series of size-controlled, narrowly dispersed, uniform, highly magnetic,
stable, colloidal, and biocompatible MNPs for biomedical and clinical endpoints
remain unambiguously challenging. Consequently, numerous publications
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describing various synthetic routes to prepare such high-quality MNPs have
appeared and are excellently reviewed elsewhere [5, 12, 14, 83–85]. In fact, partic-
ular attention should be directed to the synthetic methods of MNPs as those can
significantly affect the size, shape, structure, dimensions, properties and, hence, the
fate of the NPs in a certain biomedical application. The major difficulty in designing
any synthetic technique remains to employ simple, practical, and cost-effective ways
to produce large quantities of MNPs that are stable for months and do not precipitate
from their dispersions. The other key factor is using the above approach to get
uniform nanocolloids with controlled sizes and morphologies. Of the various phys-
ical, chemical, or biological methodologies utilized (i.e., laser pyrolysis,
sonochemical, vaporization-condensation processes, biological extracts etc.), solu-
tion phase chemical procedures including co-precipitation, thermal decomposition,
hydrothermal/solvothermal, microemulsion, and sol-gel syntheses are the most
employed [83, 86–88]. Most commonly, two main synthetic techniques were pop-
ularized for the preparation of MNPs utilized for biomedical or clinical endpoints:
co-precipitation and thermal decomposition. Thereafter, the as-prepared MNPs are
typically characterized using different microscopy and spectroscopy techniques
including transmission electron microscopy (TEM), high-resolution TEM
(HR-TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS),
zeta-potential, thermo-gravimetric analysis (TGA), X-ray diffraction (XRD), UV-vis
absorption, Fourier transform infrared (FTIR) spectroscopy, fluorescent emission
spectroscopy, and high resolution-magic angle spinning (HR-MAS) NMR [89]. For
magnetic characterization, magnetization curves and relaxivity measurements are
routinely recorded.

4.1.1 Co-precipitation Method
Co-precipitation of iron salts in basic aqueous media prepared in the presence or
absence of surfactants/polymers has been the foremost employed approach to
produce hydrophilic MNPs readily soluble in water (Fig. 6.3a) [90, 91]. This
protocol was first explored by Massart in 1981 and is, therefore, known as the
“Massart method” [92]. This co-precipitation procedure is probably the simplest,
easiest, and fastest methodology to obtain MNPs. However, the obtained NPs are
commonly agglomerated due to difficulty in controlling narrow size distribution,
shape, uniformity, and morphology [93]. Typically, magnetite or maghemite NPs are
prepared by aging appropriate stoichiometric ratios of ferrous (Fe2+) and ferric (Fe3+)
salts in an aqueous basic media (NH4OH or NaOH) at ~ 25–100 �C temperatures.
When preparing magnetite, the reaction should be done under inert atmosphere to
protect the core against oxidation to other oxide forms. The MNPs produced are
mostly spherical, negatively charged, and relatively homogenous. The yield, size,
shape, crystallinity, surface properties, and polydispersity of the final material
depend on many factors including the sequence of addition of reagents, pH, tem-
perature, stirring or mechanical agitation, and nature/concentration of the iron salts.
Changes in any of these parameters determine the composition of the nanocrystal
and, consequently, the electrostatic surface charge, morphology, and biological
performance of the prepared NPs [94]. A typical precipitation procedure to produce
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magnetite with relatively good size, shape, and uniformity consists of mixing a
solution of FeCl3�6H2O and FeCl2�4H2O (2:1 molar ratio) with stirring or mechan-
ical agitation of about 2000 rpm under inert atmosphere. The resulting solution is
heated to 70–100 �C, and immediately the speed is elevated to 7500 rpm while
adding quickly a solution of NH4OH (10% by volume). A dark precipitate of Fe3O4

magnetite NPs is classically produced. As discussed, in an aqueous alkaline medium,
polarizing or highly charged cations or anions (i.e., ammonium or alkaline) may give
rise to flocculation or agglomeration. Small NPs have an extremely high surface area
to volume ratio and cluster easily to minimize their surface energy. Thus, the
addition of chelating organic anions (i.e., carboxylates, phosphates, and sulfates)
or complexing polymers (e.g., dextran, polyethylene glycol (PEG), poly-
vinylpyrrolidone (PVP), polyglutamic acid (PGA), polyvinyl alcohol (PVA), poly-
acrylic acid (PAA), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA),
polyethyleneimine (PEI), etc.) during the formation of iron oxides prevents the
agglomeration to certain extent, and imparts protection and stabilization to the
NPs, preventing the core material from degradation or oxidation [5]. According to
the nature of the organic coat, and the molar ratio between the coat and the iron salts,
the chelation of these organic ions/complexing polymers on the iron oxide surface
can either prevent nucleation and then lead to larger particles or inhibit the growth of
the crystal nuclei, leading to small NPs. Importantly, the coat renders the NPs
biocompatible, which is significant for biomedical applications. In many cases, the
protecting coat can be used for further functionalization, i.e., with other NPs or
targeting ligands (i.e., carbohydrates, antibodies, cell penetrating peptides, small

NH4OH
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2FeCl3 + FeCl2 + 8NH3+ 4H2O        Fe3O4 + 8NH4Cl Fe(acac)3 + 1,2-RCH(OH)CH2OH + RCOOH +RNH2
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FeCl3 + FeCl2 + RCOOH + RNH2
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C
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Fecl2

Fecl3

Iron oxide MNPs

Ultrasmall iron oxide MNPs

water transfer

org. solv.

water

20 nm

water

Fig. 6.3 Schematic representation for the most popular methods utilized for the synthesis of iron
oxide MNPs for biomedical applications. Typical representative transmission electron microscopy
(TEM) images for each approach are shown. (Adapted with permission from Refs. [91, 114, 128])
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peptides, aptamers, folic acid) [73]. For instance, dextran-coated iron oxide-based
magnetic materials (i.e., CLIONs, SPIONs, USPIONs, and related systems) have
been clinically approved for imaging of liver lesions and lymph nodes (i.e.,
Feridex®, Resovist®, Sinerem®) [95, 96]. On the other hand, silica-coated magnetic
materials are also extensively utilized and has been used in clinical imaging
(GastroMARK®), due to their reactive silanol surface groups [97, 98]. A clear
advantage of this latter approach is the easy, versatile, and well-established chemis-
try used for further modification of the surface with the different commercially
available siloxanes [99–101]. It is to be noted that recent progress on the precipita-
tion of stabilized NPs using different capping agents (i.e., small organic molecules/
anions [102–104] or polymers/block copolymers [105–107]) has been exploited to
improve on size distributions, stabilities, and dispersibilities. Nevertheless, majority
of the resulting materials formed using the above-modified hydrolytic routes were
practically agglomerated and uncontrolled.

4.1.2 High-Temperature Thermal Decomposition Method
High-temperature thermal decomposition of organometallic precursors
(Fe(Cup)3, Fe(CO)5, Fe(acac)3, Fe-oleate, Fe-carboxylate or mixed M2+Fe2

3+-
oleate) in high-boiling nonpolar organic solvents at elevated temperatures
(�200–360 �C) has been elegantly demonstrated to yield hydrophobically coated
MNPs with noticeable improvements in size control, monodispersity, and uni-
formity [108–114]. Ligand-exchange approaches are then typically employed to
replace the hydrophobic chains on the particle surface by hydrophilic biomole-
cules rendering them water soluble (Fig. 6.3b) [115–118]. The synthesis of
nanocrystals using such organic-based thermolysis procedures have popularized
two major approaches: “hot-injection” by rapid introduction of reagents into the
hot solution (� 300 �C) containing surfactants or “heating-up” a premixed
solution of precursors, surfactants, and solvent to a certain temperature (up to
360 �C) to achieve the burst of nucleation and initiate the particle growth
[119]. This latter procedure has been successfully utilized to synthesize mono-
disperse nanocrystals of a wide range of materials [120]. Among the many
examples, thermal decomposition of organometallic compounds (i.e., iron-oleate
complex) in high-boiling-point nonpolar organic solvents (i.e., benzyl ether) has
proven to be an attractive route for the synthesis of highly monodisperse, uni-
form, and crystalline MNPs. Hyeon et al. synthesized superparamagnetic
maghemite ү-Fe2O3 nanocrystals via a high-temperature aging of iron-oleic
metal complex using iron pentacarbonyl (Fe(CO)5) in the presence of oleic acid
in dioctyl ether at 100 �C and heating up to 300 �C to produce uniform MNPs
[110]. In 2004, instead of using the toxic and expensive Fe(CO)5, the same group
reported the elegant ultralarge-scale synthesis of monodispersed nanocrystals via
the slow heating of metal-oleate complex and oleic acid in high boiling solvents
[108]. Cheon et al. prepared well-defined single-crystalline ү-Fe2O3 nanocrystals
with different shapes ranging from diamonds, triangles, to spheres were also
synthesized using the thermolysis of Fe(CO)5 in the presence of dodecylamine as
the capping ligand [121]. Various metal NPs were also synthesized using the
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heat-up thermal decomposition method. Sun and his colleagues prepared highly
uniform monodisperse FePt nanoparticles by heating a reaction mixture
containing platinum acetylacetonate, Fe(CO)5, 1,2-hexadecanediol, oleic acid,
and oleyl amine [113]. Based on this method, the Sun group enclosed the most
cited and widely followed synthesis of highly monodispersed controlled-sized
magnetite Fe3O4 nanoparticles (4 nm) from a high-temperature (200–300 �C)
1,2-hexadecanediol solution of iron(III) acetylacetonate (Fe(acac)3) in the pres-
ence of oleic acid and oleylamine [112]. Larger size NPs (8, 12, 16 nm) can be
formed via seed-mediated growth of the smaller nanocrystals. By controlling the
quantity of the NP seeds, different sizes of nanoparticles can be synthesized.
Furthermore, different sizes of metal ferrites (MFe2O4, where M = Co, Fe, Mn,
etc.) were also prepared in the form of monodisperse nanoparticles by the seed-
mediated growth process using Fe(acac)3 and M(acac)2 as reactants [114]. In
another noteworthy report, the synthesis of size- and shape-controlled magnetic
(Fe, Cr, Mn, Co and Ni) oxide nanocrystals, based on high-temperature pyrolysis
of metal fatty acid salts as the precursors and alkylamines as the activation
reagents in noncoordianting solvents (octadecene) heated at 300 �C, was also
reported [122]. Extensive mechanistic studies and observations have shown that
enhanced uniformity with better and narrower size distributions can occur at high
temperatures in organic solvents but is more difficult to control in aqueous media
at low temperatures [119, 120]. Despite the evident improvements in size control
and monodispersity using the above-mentioned procedures, such thermolysis
method has major limitations. First, it is necessary to heat the reaction mixture
to very high temperatures up to 360 �C which needs highly trained personnel and,
in practice, is dangerous and tedious. Second, the polyalcohol components used
as the iron-reducing agent are not only expensive, but also cause many side
reactions of polyaldehydes and polyorganic acids making the process of separat-
ing the byproducts extremely complex. Besides, difficult multistep processes of
synthesizing and purifying the intermediate precursors are applied reducing the
reaction efficiencies [123]. All this often leads to inconveniency for industrial
scale-up. Finally, there is a limit to the choice of the NP capping agents which
should be only long hydrophobic alkyl chains. This is a chief and major disad-
vantage of the thermolysis approaches, as no polymers can be directly used and
the final product is, thus, only dispersible in organic nonpolar solvents (i.e.,
hexanes). In short, these high-temperature thermolysis methods are complicated,
costly, toxic, industrially limited, and usually lead to NPs with poor solubility in
water greatly limiting their bio-clinical fates. Examples to improve on the thermal
decomposition in organic solvents to fabricate one-step water-soluble monodis-
perse magnetite nanoparticles have been reported. For instance, Li and coworkers
reported one-pot thermal decomposition of Fe(acac)3 using strong polar
2-pyrrolidone as a coordinating solvent to produce water-soluble magnetite
nanocrystals [124]. They also have succeeded in preparing water-soluble mag-
netite nanocrystals simply by refluxing inexpensive hydrated ferric salts in
2-pyrrolidone [125]. Ge et al. synthesized water-soluble magnetite nanocrystals
by rapidly injecting a preheated NaOH/diethylene glycol solution into a mixture
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of PAA/FeCl3/diethylene glycol heated at ~ 245 �C [126, 127]. Nevertheless,
those thermolysis procedures are not very popular due to their coating limitation
and, thus, followed to lesser extent by researchers.

4.1.3 Ko-precipitation Hydrolytic Basic (KHB) Method
As discussed above, using the conventional water-phase co-precipitation protocols,
there tends to be difficulties in achieving high well-defined narrow nanocrystalline
size, monodispersity, and uniformity. On the other hand, using the thermal decom-
position procedures requires heating to very high temperatures, which in practice is
dangerous, tedious, and need well-trained personnel and the resulting material is not
water soluble. Consequently, there is still no notable universal practical process to
produce MNPs with good monodispersity, required size distribution, and tailor-made
versatility. A simple, fast, and safe strategy to efficiently produce biocompatible,
colloidal, well-dispersed and stable MNPs, avoiding the complex high-temperature
thermal chemistry is, thus, highly desirable. In a recent work, we sought to design a
method of producing well-controlled highly-magnetic narrowly-dispersed metal
oxide nanocolloids [128]. Our methodology offers the simplicity of the conventional
co-precipitation procedures, with the high-quality dispersibility usually obtained by
the thermolysis processes. This methodology offers simpler, faster, nontedious, and
tailor-made strategy to effectively produce various acid-stabilized colloidal and
stable MNPs dispersed in hydrophilic or hydrophobic solvents, on demand. The
approach relies on sequential basic hydrolytic in situ precipitation (Ko-precipitation)
of inexpensive and nontoxic metal salts compartmentalized by stabilizing organic
acids (hydrophobic acids, polymeric acids, amino acids or polyamino acids) and
amines, without the use of high-boiling point solvents and elevated temperatures
(Fig. 6.3c). The so-called “Ko-precipitation Hydrolytic Basic (KHB)” method con-
sists of the following components: inexpensive metallic ions dissolved in aqueous
media (i.e., Fe3+ and M2+ salts, where M = Ti, Cr, Mn, Fe, Co, Ni, Cu and Zn),
organic carboxylic acid surfactants including saturated or unsaturated hydrophobic
acids (CnCOOH, Cn: hydrocarbon, 6 < n < 30) polymeric acids (i.e., hyaluronic
acid, carboxymethyl dextran, and their acid-based derivatives, acrylic-based poly-
mers (PAA, PLA, PLGA), or amino acids (i.e., arginine, lysine, glutamic acid) and
their polyamino acids, in addition to co-surfactants (alkylamines CnNH2, Cn: hydro-
carbon, 6 < n < 30), and a base (NH4OH or NaOH) [129]. In a specific example,
iron oxide nanocolloids were prepared by sequentially mixing Fe3+ salts, with
different concentrations of oleic acid for 20 min. Subsequently, hexylamine and
aqueous Fe2+ salts were then added into the mixture. Addition of the base allowed
the formation of ultrasmall, ultrastable, and well-dispersed nanocolloids of iron
oxide MNPs. The color of the solution changes gradually from reddish emulsion
to black solution upon MNP precipitation. The particle size can be tuned from 2 to
6 nm by controlling the acid to iron precursor molar ratios. Depending on the organic
acid used, the obtained MNPs can be readily dispersed in various solvents for
months with remarkable stabilities. It is worth mentioning that monosized MNPs
synthesized below a critical particle size <15 nm typically consist of a single
magnetic domain with superparamagnetism and high saturation magnetization
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properties. This is an important feature as superparamagnetic NPs respond rapidly to
an applied magnetic field, but exhibit negligible residual magnetism away from the
magnetic field, rendering such prepared particles especially attractive for in vitro and
in vivo biomedical applications.

5 Key Research Findings

5.1 MNPs for Diagnosis, Multimodal Imaging, and Tissue
Engineering

The effective treatment of metastatic cancerous disease chiefly depends on early
imaging and appropriate diagnosis. Molecular imaging with high-relaxivity con-
trast MRI probes is one of the most promising diagnostic approaches in this
regards, offering resolution of anatomy and early detection of specific associated
disease biomarkers [130, 131]. To date, several MNPs based on iron oxide have
been approved for clinical use as MRI contrast agents. One of the first MRI agents
approved by FDAwas an oral contrast based on large iron oxide particles for MR
imaging of bowel/gastrointestinal tract (i.e., GastroMark®/Lumirem™, hydrody-
namic radius (DH) = 300 nm) [97]. Another oral iron-based negative MRI
contrast is known as Abdoscan® (Ferristene), which is 50 nm iron oxide MNPs
in 3.5 μm spheres of polystyrene resin [132]. Nonetheless, production of both
contrasts was discontinued because of low commercial and medical interest. The
second type of negative contrasts that has passed through the preclinical and
clinical stages is imaging agents for intravenous, intratumoral, intrathecal, or
intramuscular administration. These are mainly used to image liver/spleen/lymph
nodes in patients with pelvic, prostate, bladder, or breast cancer, and are briefly
summarized here. Relatively large iron oxide MNPs are used for liver/spleen
imaging such as Feridex®/Endorem™ with DH = 80–200 nm, and Resovist®/
Cliavist™ with DH = 60 nm [98, 133]. Smaller iron oxide particles are selected
for lymph node/bone marrow/carotid atherosclerotic plaques imaging (i.e.,
Sinerem®/Combidex™, DH = 20–40 nm)] [134, 135], and perfusion and liver
lesion imaging (i.e., Clariscan®/Feruglose, DH = 20 nm)] [136]. Further details
on the use of MNPs as MRI contrast agents can be found in the following
references [28, 96, 137–139].

Though FDA cleared the use of the above-mentioned MNPs, the two main
clinically used commercial agents (i.e., Feridex I.V.® and Gastromark®) have been
discontinued by their manufacturers and, hence, withdrawn from the market mainly
because of unsatisfactory statistical evidence of efficacy. Moreover, the approved
Resovist®, Clariscan®, and Sinerem® showed either insufficient efficacy or proved
to be commercially uncompetitive with the gadolinium(Gd)-based positive contrasts
(i.e., Primovist/Eovist – which is preferred by medical doctors with high specificity
for liver targeting). In brief, these FDA-approved MNP products were discontinued
despite their excellent biocompatibility and safety profiles. Only Resovist® is cur-
rently available in only a few countries (i.e., Japan) and Sienna+® is in use in Europe
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for sentinel lymph node biopsies imaging [140–142]. These carboxydextran-coated
MNPs are subcutaneously injected into the interstitial tissue of patients with breast
cancer and detected with a specific detection system known as SentiMag® magne-
tometer, and not by MRI. Unfortunately, as of now, there is no commercially
available MNP-based imaging contrast agent for intravenous administration used
in the clinic.

5.1.1 MNPs for Multimodal Imaging
An important and powerful means in biomolecular imaging for patients with meta-
static cancer is MNP-based multimodal imaging (Fig. 6.4) [143, 144]. MRI, X-ray
computed tomography (CT), positron emission tomography (PET), single photon
emission computed tomography (SPECT), and fluorescence imaging display com-
plementary strengths in terms of spatial and temporal resolution, with the possibility
to generate contrast, sensitivity, and multiplex imaging [145]. Thus, dual- or multi-
modal labeled MNPs, which combine two or more imaging modalities into a single
vehicle, have been pursued for such purposes. Such all-in-one designed agents can
combine the advantages of different techniques, such as the important anatomical

Magnetic Nanoparticles for Multimodal Imaging
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Fig. 6.4 Schematic for the use of functionalized and labeled MNPs for multimodal diagnostic
imaging including optical, MRI, positron emission tomography (PET), X-ray computed tomogra-
phy (CT), and single photon emission computed tomography (SPECT). These imaging techniques
display complementary strengths in terms of spatial and temporal resolution, with the possibility to
generate contrast, sensitivity, and multiplex imaging, offering a powerful means in increasing the
specificity and signal strength of diagnosis for patients with metastatic cancer. (Reproduced with
permission from Ref. [268])
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information gained from the soft-tissue contrast of MRI with the high sensitivity of
PET, increasing the specificity and signal strength of diagnosis [146, 147]. Besides,
when fluorochromes are coupled to MNPs, optical imaging including fluorescence
reflectance imaging, fluorescence-mediated tomography (FMT), confocal micros-
copy, flow cytometry, and near-infrared (NIR) fluorescence imaging is feasible. In
particular, fluorochromes that emit in the NIR spectral window (preferably VT680,
AF680 or Cy5.5) penetrate tissue for several centimeters, thereby rendering fluores-
cence imaging techniques clinically practical. The target biomolecules can be also
specifically labeled with fluorescent probes, dyes, tags, crosslinking reagents or
imaging agents before being attached to MNPs. Josephson et al. conjugated arginyl
peptides to CLIO, followed by the attachment of the indocyanine dye Cy5.5,
allowing lymph nodes detection by MRI and NIR fluorescence simultaneously
[148]. In another work, Pittet et al. described the preparation of magneto-fluorescent
NPs having membrane-translocating properties for immune T-cell labeling in vitro
and multimodal imaging of administered cells in vivo [149]. In an elegant report,
Moore et al. prepared cancer-targeted multimodal imaging probes consisting of
Cy5.5-CLIO attached to FITC-labeled EPPT peptides to target the
underglycosylated mucin-1 (uMUC-1) antigen in vitro and in a tumor-bearing
animal model (Fig. 6.5a) [150]. In their work, in vivo MRI and NIR imaging
experiments showed specific accumulation of the probe in uMUC-1-positive tumors,
but no signal in control tumors. Such multimodal imaging probe has a potential to
greatly aid in screening prospective patients for early cancer detection as well as
staging and imaging of the recurrence of tumors and monitoring of therapeutic
efficacy. In another study, Nahrendorf et al. demonstrated the usefulness of trimodal
imaging probes where they labeled a dextranated and DTPA-modified magneto-
fluorescent NP (20 nm) with the PET tracer 64Cu to yield a PET, MRI, and optically
detectable probe allowing imaging of macrophages in inflammatory atherosclerotic
plaques (Fig. 6.5b) [151]. Following this study, the same group embarked on the
fabrication of hybrid PET-CT/FMT imaging CLIO probes containing the clinical
PET 18F-isotope and a far-red fluorochrome (VT680) for FMT, fluorescence histol-
ogy, and flow cytometry (Fig. 6.5c) [152]. Using a mouse model of cancer, they
demonstrated the distinct tumoral locations in multiple channels in vivo by measur-
ing tumoral proteases, macrophage content, and integrin expression simultaneously.
The combined PET-CT/FMT multichannel imaging offers parallel interrogation of
up to five molecular targets. Recently, Kirschbaum et al. illustrated imaging of innate
immune cells in a model of multiple sclerosis where they used high-field MRI to map
inflammatory infiltrates and fluorescently-labeled CLIO NPs for cellular tracking. In
their work, NPs showed good cellular specificity for innate immune cells in vivo,
whereas there was only sparse uptake by adaptive immune cells. Those results show
that noninvasive molecular imaging of innate immune responses can serve as an
imaging biomarker of disease activity with potential clinical applications in a wide
range of inflammatory diseases [153]. All these promising results and multimodal
NP capabilities enhance the simultaneous examination of disease biomarkers, and
ultimately improve our understanding of the underlying biological mechanisms
enabling early disease detection and diagnosis.
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Fig. 6.5 Examples of multimodal PET/CT/fluorescence-labeled MNPs. (A) Schematic image
of Cy5.5-CLIO NP probes attached to FITC-labeled EPPT (YCAREPPTRTFAYWG) peptides.
White light (left), NIR (middle) images, and a color-coded map (right) of mice bearing bilateral
underglycosylated mucin-1 antigen (uMUC-1)-negative (U87) and uMUC-1-positive (LS174T)
tumors showing specific accumulation of the probe in uMUC-1-positive tumors, but not in control
tumors. (B) Image of the tri-modality probe 64Cu-TNP containing a radiotracer 64Cu attached to
DTPA, iron oxide core with crosslinked aminated dextran coating for MRI, and the fluorochrome
VT680 for fluorescence imaging. PET-CT imaging of inflammatory atherosclerosis in apoE�/�
mice facilitated by 64Cu-TNP. Fused PET-CT images of the aortic root (a) of aged apoE�/� mice
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Not only fluorochromes can be conjugated to MNPs, but also gadolinium ion
(Gd3+)-based imaging probes were investigated. Gd-complexes generally have short
circulating times due to rapid excretion through urine [154]. For clinical diagnostics,
various Gd(III) complexes and chelates conjugated to different inorganic, biological,
or polymeric platforms have been developed, in an effort to better enhance MR
bright imaging of targeted organs and tissues [155, 156]. Several reports have shown
that Gd-bound nanoformulations offer several times higher T1 relaxivities, and hence
brighter contrast, than those corresponding to nonbound Gd chelates. Thus, for
significant improvement of diagnosis accuracy, it is imperative to develop
MNP-based dual contrasts comprising two different modes of imaging (T1- and
T2-weighted MR images). In one notable example, Bae et al. prepared Gd-labeled
biocompatible magnetite NPs (GMNPs) and demonstrated their use as dual contrast
agents for T1- and T2-weighted MR images by conducting in vitro and in vivo
imaging (Fig. 6.6a) [157]. In their work, oleic acid-coated MNPs were surface-
exchanged with a mixed layer of 3,4-dihydroxy-L-phenylalanine (DOPA)-
conjugated PEG and dopamine via strong coordination bonds of their catechol
groups with the surface of iron oxide [158]. The amine-terminated dopamine allows
subsequent modification with Gd-DTPA through the formation of an isothiourea
bond with DTPA. Their results showed that the designed GMNPs exhibited both
positive and negative contrast enhancement on T1- and T2-weighted MR images.
Such dual contrast approach may help to overcome the limitations of traditional iron
oxide-based or Gd-based contrast agents, thereby expanding opportunities of MRI
for diverse theranostic applications. Shen et al. prepared Gd-labeled super-
paramagnetic Fe3O4 NPs and fluorescent CuInS2 (CIS) quantum dots conjugated
with RGD peptides (Fig. 6.6b) for tri-mode targeted T1-, T2-weighted MR and
fluorescence imaging of pancreatic cancer [159]. Their MRI results showed signif-
icant brightened and darkened enhancement effects after NP injection through tail
vein in tumor-bearing mice, demonstrating that the designed NPs exhibit both
positive T1 and negative T2 contrast effects at the same time. The simultaneous
positive and negative enhancement significantly improves the diagnosis accuracy in
MRI, while the presence of quantum dots can assist in fluorescence imaging of tumor

�

Fig. 6.5 (continued) showing strong PET signal in these vascular territories with high plaque
burden, whereas no activity is observed in the same vasculature of wild-type mice (b). The
3D-maximum intensity reconstruction of the fused dataset (c) demonstrates focal PET signal (red)
in the proximal thoracic aorta (blue) of an apoE�/�mouse, but not in wild type (d ). (C) 18F-CLIO-
VT680 NPs made of iron oxide core and a dextran shell attached to the clinical PET isotope 18F with
click chemistry. An NIR fluorochrome was conjugated for FMT, fluorescence histology, and flow
cytometry. This probe can be derivatized with targeting ligands, such as peptides or small molecules
on demand. An imaging cassette and an adapter specifically developed for use in the Inveon
PET-CT platform (top). Surface-rendered CT image of a mouse inside the imaging cassette
(middle); the lid of the cassette was segmented out to show the fiducial wells that are used for
FMT/PET-CT fusion (yellow arrows). A 3D reconstruction of a CT, FMT, and PET dataset after
injection of 18F-CLIO-VT680 into a mouse model of cancer (bottom). (Reproduced with permission
from Ref. [150–152])
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Fig. 6.6 Schematic illustrations of multifunctional gadolinium (Gd)-labeled MNPs. (A) Syn-
thesis of Gd-labeled magnetite NPs (GMNPs) as dual contrast agents for T1- and T2-weighted MRI.
(a) T1-weighted and (b) T2-weighted MR images of a mouse injected with Magnevist and Feridex
(the orange arrows indicate the injection sites of Feridex, and the green arrows indicate the injection
sites of Magnevist); (c) T1-weighted and (d ) T2-weighted magnetic resonance images of a mouse
injected with GMNPs. While Magnevist appears as a bright area in the T1-weighted MRI and
Feridex shows a dark signal void in T2-weighted images, GMNPs displayed a bright signal
enhancement and a marked signal drop at the injection site on the T1- and T2-weighted MR images,
respectively. The above results showed that GMNPs exhibit both positive and negative contrast
enhancement on T1- and T2-weighted MR images. (B) Scheme for the formation of Fe3O4/(CIS)
@SiO2(Gd-DTPA)-RGD NPs containing Gd-labeled Fe3O4 NPs and fluorescent CuInS2 (CIS)
quantum dots conjugated with arginine-glycine-aspartic acid (RGD) peptides. (Left) T1- and (right)
T2-weighted MR images of the entire abdomen of pancreatic adenocarcinoma mice model injected
with the designed NPs through the tail vein after 12 hrs. T1 and T2 MR images of the tumor show
significant brightened (left) and darkened (right) enhancement effect after NP injection, demon-
strating that the designed multifunctional NPs exhibit both positive T1 and negative T2 contrast
effects at the same time significantly improving the diagnosis accuracy in MRI. (C) Chelator-free
68Ga-radiolabeling of Sienna+ with examples of SPECT-CT, PET-CT, and MR images showing its
successful use to detect sentinel lymph node location and metastatic status in a metastatic breast
cancer mouse model. Such multimodal [68Ga]Ga-Sienna+ MNP probes could, thus, be a useful
preoperative imaging tool to guide sentinel lymph node biopsy in clinical practice. (Reproduced
with permission from Ref. [157, 159, 160])
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tissue in clinical surgery. Very recently, the clinically approved Sienna+® MNPs
were radiolabeled with 68Ga without a chelator to produce [68Ga]Ga-Sienna+, and
used as PET/CT/MRI multimodal imaging tool to detect sentinel lymph node
location and metastatic status in a metastatic breast cancer mouse model
(Fig. 6.6c) [160]. SPECT-CT imaging confirmed metastasis in the left axillary
lymph nodes and lungs. In PET-CT, significantly higher [68Ga]Ga-Sienna+ uptake
was seen in the healthy axillary lymph nodes than in the metastatic one. In MRI,
[68Ga]Ga-Sienna+ uptake in healthy lymph nodes was observed by decreased MR
signal in T2/T2� weighted sequence, whereas metastatic lymph node appeared
unchanged. Thus, using multimodal [68Ga]Ga-Sienna+ MNP probes assisted multi-
modal imaging, healthy sentinel lymph nodes can be distinguished from the meta-
static ones and could, thus, be a useful preoperative imaging tool to guide sentinel
lymph node biopsy in clinical practice.

With the preparation of novel well-engineered magnetic hybrid nanomaterials
with superior fluorescent capabilities, uniform and tunable sizes, high magnetic
content loading, and maximized stable fluorophore coverage, this field is continu-
ously advancing. In particular, the controlled combined synthesis of gold or quantum
dots with MNPs can be used for multiplexed molecular diagnosis and in vivo
imaging applications, including NIR absorption, MRI responses, photon scattering,
and magneto-motive photo-acoustic imaging [161]. Gold nanoparticles (GNPs) have
been widely acknowledged to possess unique optical properties, particularly for
surface plasmon resonance (SPR) [162, 163]. When the NPs are irradiated by
laser, the SPR absorption of GNPs is followed by rapid conversion of light into
heat, allowing it to be used for biomedical photo-thermal ablation. Besides, exten-
sive research has been currently focused on the use of GNPs as contrast agents for
CT, replacing the ionic iodine-based contrast typically causing harmful effects,
especially for patients with renal problems [164, 165]. Thus, hybridization of
MNPs with gold results in a novel platform which benefits from the unique proper-
ties of both materials [166, 167]. The obtained hybrid NPs can be potentially used as
dual-contrast agents to provide synergistic effects in both CT and MR imaging, and
can be exploited for therapeutic applications such as photo-thermal ablation, hyper-
thermia, and thermo-sensitive drug delivery. For such purposes, Mahmoudi and
Shokrgozar reported compact uniform gold-coated MNPs by trapping fluorescent
polymeric dyes between the iron core and the gold shell (Fig. 6.7a) [168]. Such
approach not only produces a magnetically sensitive material with NIR and MRI
properties, but also offers new modality with permanent fluorescence capabilities
(no decay, bleaching, or dilution), allowing the use of such probes for molecular
imaging and long-term in vitro and in vivo tracking purposes. Quantum dots, on the
other hand, have emerged as superior fluorescent nanoprobes for dynamic molecular
imaging and for multiplexed biomedical diagnostics at ultrahigh sensitivity [169].
In one report, co-assembling MNPs with fluorescent quantum dots to form
colloidal magneto-fluorescent supernanoparticles (SPs) was conferred (Fig. 6.7b)
[170]. These colloidal SPs are made of MNP “core” fully surrounded by a “shell” of
fluorescent quantum dots and overcoated with thin silica layer. After surface
PEGylation, these silica-coated magneto-fluorescent SPs were shown to be
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Fig. 6.7 Schematic representations for the preparation of magnetic gold/quantum dots
hybrid nanomaterials. (A) Scheme for the preparation of gold-coated MNPs possessing a
fluorescent polymeric gap with respective TEM images (scale bar is 40 nm). (B) (a) Scheme
for the formation of core-shell magneto-fluorescent supernanoparticles (SPs) with respective
high magnification TEM images of SPs with average diameters of (b) 80 � 9 nm, (c)
120 � 13 nm, (d ) 235 � 30 nm, and (e) 360 � 60 nm (scale bars are 30 nm, 50 nm, 70 nm,
and 100 nm, respectively). ( f ) Representative images of dark-field scanning TEM and EDS
elemental mapping of as-prepared SPs (scale bars are 80 nm). Such examples present well
engineered and controlled combined synthesis of gold or quantum dots with MNPs to be used for
in vivo multiplexed molecular diagnosis and imaging applications including NIR absorption,
MRI responses, photon scattering, and magneto-motive photo-acoustic imaging. (Reproduced
with permission from Ref. [168, 170])
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magnetically manipulated inside living cells while being optically tracked. Impor-
tantly, these SPs can also serve as in vivo multiphoton and magnetic resonance dual-
modal imaging probes. All these notable examples suggest great potential use of
multifunctional hybrid MNP as a promising platform for multimodal imaging to aid
the early detection of cancer and to improve patient prognosis.

5.1.2 MNPs for Tissue Engineering
In a relatively new research area, many progresses have been made in the use of
magneto-responsive NPs to control biological live cells, cell functions, cellular
patterning, cell sheet assembly, and tissue engineering by applying magnetic fields
[171–175]. One of the goals of tissue engineering is to accomplish controlled
delivery of cells to develop functional substitutes of lost or damaged tissue con-
structs. Typically, tissue engineering is based on in vitro culturing of cells onto 3D
biocompatible and biodegradable scaffolds to mimic their native function, followed
by introduction of the colonized scaffold into the donor. These scaffold materials
should be designed with specific biochemical, physical, and mechanical cues such as
tissue-matching stiffness to result in improved repair and regeneration. Advances in
cellular patterning, including cell sheet, hydrogels, 3D printing, inkjet printing, and
laser-assisted bioprinting methods have been thoroughly investigated for organized
tissue engineering [176]. However, despite recent improvements, tissue engineering
still faces a number of challenges such as poor cell seeding and invasion due to the
tortuosity and depth of the scaffold, or the implanted material degrading and
releasing byproducts that may trigger certain inflammatory responses. A novel
promising strategy, known as magnetic force-based tissue engineering (Mag-TE),
has been successfully utilized for a number of applications including stem cell
guidance, retention, and differentiation, preparation of small diameter artificial
blood vessels, skeletal muscles preparation, urinary tissue, vascular tissue, and
bone tissue formation [177–179]. In Mag-TE, cells are labeled with functional
MNPs enabling the manipulation of cells as well as the control of cell functions by
applying an external magnetic field. This approach has been used to circumvent
many of the current limitations of tissue engineering, such as better cell seeding
efficacies and invasion into 3D scaffolds [180–182], or as part of a scaffold-free
strategy to build portions of transplantable tissues from mesenchymal stem cells
(MSCs), adipose-derived regenerative (ADR) cells, or induced pluripotent stem
(iPS) cells [183–185]. Moreover, it is possible to build scaffold-free portions of
skin, liver, or muscle tissue in a variety of shapes. As a proof-of-concept, oriented
dense muscle sheets, strings, and rings from mouse myoblasts were produced by
Mag-TE [178]. In addition to such proof-of-concept studies, Mag-TE has also been
assessed in vivo in a bone regeneration model where human multilayered MSC
sheets were produced and implanted in the cranial defect of a nude rat with
histological findings showing significant bone growth 14 days post implantation
[179]. In another report, the same group created multilayered MSC sheets with ~
300 μm thickness. The transplanted MSC sheet was successfully engrafted into
ischemic tissues of mice and stimulated neovascularization in response to limb
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ischemia [183]. This technique has been also used in pro-angiogenic therapy, where
multilayered ADR and iPS cell sheets were generated and engrafted successfully in
ischemic mouse models to promote vascularization of the hypoxic tissue. For
instance, Kito et al. examined the therapeutic potential of iPS cell sheets created
by Mag-TE technology for reparative angiogenesis [185]. Here, cells were labeled
with magnetite nanoparticle-containing liposomes (MCLs), mixed with extracellular
matrix (ECM) precursor embedding system, where the magnetized cells formed 3D
multilayered cell sheets. In vivo implantation of iPS cell sheets into ischemic tissues
of nude mice promoted revascularization and increased expressions of VEGF and
bFGF in ischemic tissue. Thus, transplantation of such or analogous cell sheets may
have great future potentials in regenerative medicine for ischemic limbs as well as
cardiac diseases.

As mentioned earlier, enhanced cell seeding efficacies and invasion into 3D
porous scaffolds can be achieved using MNPs. In this respect, a variation of Mag-
TE known as magnetic-assisted cell seeding (Mag-seeding) specifically facilitates
the seeding of cells into the deep internal space of the 3D scaffolds, resulting in
higher scaffold-seeding efficiencies. In this technique, cells are labeled with MNPs,
placed on top of the scaffold, and then driven to invade the scaffold by magnetic
forces from below. Mag-seeding has proven effective in promoting infiltration and
distribution of magnetically labeled fibroblasts in PLGA, collagen, and polystyrene
materials. Furthermore, incorporation of MNPs in biomaterials in combination with
magnetic force permits the construction of magnetically actuated scaffolds with
potentials in bone tissue regeneration [186–188]. Magnetically actuated scaffolds
also provide a platform for cell and drug delivery on demand [189]. Typically, this is
performed with ferromagnetic hydrogels (ferrogels), consisting of hydrogels incor-
porating MNPs and further enriched with growth factors and/or cells. Upon the
application of a magnetic field, the hydrogel contracts, expelling the biomolecules
and/or cells contained within it. If the ferrogel is placed at an injury site, it can act as
a potent delivery vehicle. Alternatively to release on-demand, growth factors can be
covalently conjugated to the ferromagnetic particles to be delivered in a sustained
manner. For example, thrombin- and bFGF-conjugated MNPs embedded in fibrin
hydrogels were found to encourage the proliferation and differentiation of cells to be
used in the regeneration of spinal cord injuries [190].

In summary, the magnetic manipulation of cellular functions and structures
through MNP-based actuation is a relatively new strategy, and it has shown consid-
erable potential in tissue engineering. Making populations of MNP-labeled cells
cluster by magnetically induced system is a desirable way of constructing cell sheets,
complex 3D tissue-like structures, and magnetically responsive composite scaffolds
with promising potentials in regenerative medicine.

5.2 MNPs for Therapeutics and Drug Delivery Applications

From liposomes and polymeric formulations to iron oxide MNPs, various nano-
materials and methods have been finding their niche in targeting cancer. Some
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important examples of such drug delivery systems have already been described, with
the most prominent illustrations focused on the FDA approved liposomal formulations
entrapping drugs noncovalently (Doxil®, DaunoXome®, Myocet®, etc.). Moreover,
several polymeric nanoconstructs include core-shell particles, which often involve a
material that noncovalently entrap the drug molecules. A noteworthy example is
PLGA-based biodegradable NPs, which are FDA-approved materials that incorporate
hydrophobic drugs [191]. Hydrogel NPs, also known as nanogels, are crosslinked
hydrophilic polymer networks engineered to bind drugs [192]. They can also swell or
shrink in response to factors such as pH or temperature. Gold NPs (shells, spheres and
rods) have been used for thermoablative photo-thermal therapies, where the interaction
between tissue-transparent NIR light and gold NPs results in the rapid heating of the
NP, killing the tumor cells in their vicinity [193, 194]. However, from all the above
vehicles, MNPs are uniquely special as they exhibit great promise in magneto-
responsive theranostic applications including MDT, MFH, and/or drug delivery. The
first step towards tapping this potential has been recently taken when MNP-based
formulations for the treatment of iron deficiency (Feraheme®) and solid tumors using
MFH (NanoTherm®) entered the clinic.

While different start-up companies (Geurbet, Magforce, Chemicell GmbH etc.)
manufacture MNPs for numerous magneto-responsive diagnostic purposes, very few
companies succeeded in commercializing MNPs for therapeutics and clinical end-
points. FeRx Inc. produced Dox-MTC, however, because of the insufficient efficacy
in phase II/III clinical trials, the company ceased its production in 2008. Magnetic
NP hydrogel (MagNaGel®) from Alnis Biosciences Inc. also commercialized a
material comprising chemotherapeutic agents, Fe oxide colloids, and targeting
ligands, but went out of business as well. Chemicell Inc. currently commercializes
fluidMAG®, nano-ferrofluids consisting of an aqueous dispersions of coated mag-
netic iron oxides with diameters of 50–200 nm for potential use for MRI-diagnostics,
cell separation, and MDT applications. A novel noteworthy MNP-based agent,
Feraheme® (also known as Ferumoxytol – AMAG Pharmaceuticals), has received
significant attention due to its FDA-cleared status for use in humans [195,
196]. Feraheme®(DH = ~ 30 nm; 30 mg Fe/mL), a SPION coated with a
low-molecular weight semisynthetic polyglucose sorbitol carboxymethyether
designed to minimize immunological sensitivity, is particularly indicated for the
treatment of iron deficiency anemia in adult patients with chronic kidney disease
(CKD) [197, 198]. Currently, and due to its proven advantageous characteristic, the
use of Feraheme® as contrast agent for MR angiography and brain tumor imaging is
being examined [199]. New clinical trials involving its use to measure inflamed
regions in patients with brain cancer (clinicaltrials.gov, NCT02452216 [200]) and
lymph nodes in patients with prostate cancer (clinicaltrials.gov, NCT01296139
[201]) are under current investigation. Furthermore, NanoTherm® (15 nm
aminosilane-coated MNPs; BU48) is commercialized by Magforce, Inc. for MFH
treatment mainly in patients with solid tumors, where the MNPs are intratumorally
introduced and then heated under AMF Nanoactivator® (thermoablation typically at
temperatures ~ 44.6�). The resulting magnetic field oscillates the iron oxide MNPs in
the NanoTherm® magnetic fluid, creating therapeutic treatment temperatures within
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the tumor. Another example Magnablate I (clinicaltrials.gov; NCT02033447 [202]),
designed to thermally ablate solid tumors using AMF, is in a current clinical trial as a
site-selective therapy for treatment of prostate tumors. As these therapies attack
cancer cells via a physical mechanism, it is likely that they will benefit from
synergistic combinations with other forms of therapies (i.e., radiotherapy) or poten-
tially drug-coated MNPs. Nevertheless, to date, “no drug-conjugated MNPs used as
MDT, MFH or drug delivery carriers have entered the clinic yet.” Thus, it is
imperative to devote a section for the recent advancements for the use of drug-
conjugated MNPs for cancer therapeutics and represent most notable examples in
this regards. But beforehand, to achieve effective nanotherapeutics, the challenges
and hurdles encountered to efficiently direct the delivery of MNP-based drug vehicle
to target diseased sites are briefly discussed.

5.2.1 Challenges of Delivering MNPs to Cancer
One of the biggest challenges in drug delivery systems is to target the delivery of
MNPs to specific tumor sites, without being cleared by our immune system. It was
shown in most of the published reports that the majority of intravenously adminis-
tered NPs are uptaken by leukocytes and macrophages and accumulate in the
reticuloendothelial system (RES), particularly the liver, spleen, bone marrow and
lymph nodes (depending on the NPs’ properties) [203]. This is an indirect passive
process, as receptors on the surface of leukocytes bind NPs as part of a normal
immune response. Because of the short circulation times and the low concentration
of NPs penetrating the tumor tissues (despite the EPR effect), low therapeutic levels
are achieved. Even when active targeting with specific ligand-receptor interaction is
sought, only marginal intracellular drug accumulation is achieved, since “active
targeting occurs only after blood circulation and extravasation.” Thus, the main
limitation concerns the residence time of NPs in the bloodstream. Consequently,
researchers actively explore strategies to enhance the blood half-life of intravenously
injected NPs to achieve accumulation of drug-loaded nanocarriers at the intended
sites, with reduction of their concentrations at the nontarget sites. As mentioned
earlier, many polymers have been used to coat MNP surfaces including but not
limited to polysaccharides (hyaluronan, dextran, chitosan, etc.), PVP, PVA, PGA,
PAA, PLA, PLGA, PEI, and the mostly used PEG along with a variety of their
derivatives and copolymers [84]. Coating with such polymers was found not only to
provide good stabilization and protection to the formulation, but also minimize
protein binding to the surface of NPs (i.e., opsonization), and, hence, prolong
blood circulation times. For instance, coating MNPs with carbohydrates, such as
dextran, results in the increased accumulation in lymph nodes and liver [96]. On the
contrary, “stealth” polymers, such as PEG coatings, have shown to inhibit uptake by
leukocytes and, thus, longer blood circulation times are achieved [204, 205]. The
increased systemic circulation times appears to be dependent upon the molecular
weight (MW) of PEG used (higher MWs > 50,000 exhibit better circulation half-
lives) [206]. Furthermore, charge of MNPs also plays an important role, where a
slightly negative or positive surface charge of MNPs is considered to be best for
longer blood circulation time and enhanced tumor targeting [69, 207]. Nonetheless,
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although coating with specific polymers and charge optimization have proven to be
advantageous, majority of administrated NPs still end up in unintended organs, and
thus require further optimization and careful assessment. Serious efforts to further
enhance barrier breaching and tissue penetration of NPs should be considered, as it is
widely accepted that NP payloads are more efficacious when distributed through
pathological tissues.

Another chief aspect for effective targeted drug delivery systems is achievement
of three key points: “enter, release, and exit.” Thus, to create pronounced therapeutic
efficacy, the drug must be loaded with high efficiency onto the NP, must be
intracellularly delivered to the target site where it must be released with high
selectivity, and finally must clear from the body with no side-toxicities [208]. Con-
sequently, the nanoformulations should have sufficient residence in the circulation,
retention by specific characteristics within intended sites (i.e., targeting), and con-
trolled drug release at the diseased site within a time that allows for effective
functionality of the drug. All those mentioned criteria should be carefully reviewed
as they tend to cause misunderstandings in defining specific drug targeting vehicles.
Quite frequently drug-loaded NPs show higher tumor accumulation relative to free
control drugs, but this does not translate to improved tangible efficacies. Further-
more, several complexities including identifying an effective ligand-receptor inter-
action, as well as the extent and distribution of target cell receptor expression, may
help explain observations such as the lack of improved uptake of ligand-targeted
vehicles relative to nontargeted ones by tumor cells [209, 210]. Our studies, and
others, also showed that the presence of the targeting ligands does not always result
in increased drug accumulation in tumors, suggesting that “active targeting” does not
automatically translate into “effective drug delivery.” On the other hand, the issues
of intratumoral distribution, tumor heterogeneity, and temporal receptor over-
expression are not easily addressed problems and require more attention when
designing drug delivery systems. Finally, promising outcomes from in vitro cellular
studies may be quite different from outcomes for in vivo xenograft animal models,
and, in turn, the translation of the in vivo outcomes into humans [211]. This
necessitates standardization of efficacy and toxicity assessment along with develop-
ment of improved in vitro animal models that can provide better correlations and
predictions of nanomedicine efficacies in humans.

5.2.2 Drug-Conjugated MNPs for Cancer Therapeutics
As mentioned, the key in effective drug delivery therapeutic systems is to create
optimal drug-NP interactions that prevent premature release while enabling time-
controlled physiologically responsive delivery to diseased sites. For such purposes, a
wide variety of drugs are conjugated to MNPs by chemical (i.e., covalent) or
physical functionalization (i.e., noncovalent adsorption, encapsulation, electrostatic,
hydrophobic-hydrophobic interactions). From the FDA approved formulations, the
noncovalent drug conjugation (i.e., electrostatic, dipole-dipole interactions (hydro-
gen bonding), van der Waals forces (hydrophobic), coordination, or encapsulation)
seem to be the desired choice. Besides it simplicity, a clear advantage compared to
covalent linkages is that the drugs do not undergo any covalent modification and are
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therefore subject to less scrutiny from our bodies [212]. Intracellular internally
activated drug release can then take place by simple diffusion and/or through
different endocytic mechanisms requiring chemical and biochemical stimuli (i.e.,
pH, hydrolysis, enzymatic activities) [213]. On the other hand, externally activated
release is based on external factors, such as magnet, light, temperature, and ultra-
sound [214]. Such stimuli-responsive nanocarriers [215] have demonstrated, albeit
at different degrees, improved in vitro and/or in vivo drug release profiles. In
addition, dual and multistimuli responsive NPs that respond to a combination of
two or more signals with precision site-specific drug delivery have been also
examined [216].

From the many chemotherapeutic anticancer drugs, Dox and its related
anthracycline family (epirubicin, daunorubicin) are the most widely used in clinical
practice for the treatment of a wide range of solid tumors and cancers including
leukemia, lymphoma, breast, lung, and ovarian. However, the side toxicity effects of
these drugs limit their direct administration and cumulative dosage. For instance,
free Dox may lead to myocardial damage and congestive heart failure and may occur
as the total cumulative dose of Dox approaches 550 mg/m2 [33]. Hence, there is a
huge incentive to develop effective chemotherapeutic cargos to selectively deliver
this family of chemotherapeutic drugs. Importantly, due to its free amino and
hydroxyl groups and extensive π-electron network and carbon rings, interaction
with various organic polymers and block copolymers coated on the NP surface is
feasible, rendering its formulation of particular interest to researchers. Recently, our
group developed a chemotherapeutic nanoformulation based on PVP-stabilized
MNPs (PMNPs) [129], and studied its selective delivery towards different types of
human breast and leukemic cancer cells, primary tumors, and solid tumors. The
general observation was that while metastatic cancer cells showed enhanced nano-
particulate uptake and higher killing efficacies, their normal nontumorigenic coun-
terparts showed less uptake and, hence, reduced potencies (Fig. 6.8A). When tested
on breast cancer in vitro, Dox-loaded fluorescein-labeled PVP-MNPs (Dox@Fl-
PMNPs) were found to be 8 times more effective in killing the metastatic breast
cancer cells (two- to threefold enhanced cytotoxicities for MDA-MB-231 compared
to MCF-7), compared to the normal nontumorigenic breast cells MCF-10A,
suggesting huge potentials as selective anti-cancer agents for breast cancer therapy
[217]. Importantly, Dox@Fl-PMNPs were also able to effectively penetrate and
deliver drugs to 3D forming primary tumor cells and patient tumor biopsies
(Fig. 6.8B). This delivery vehicle was based on passively targeting the anticancer
drug without a specific-receptor targeting approach. Thus, even with nonreceptor
targeted but rather tailored delivery system enhanced toxic responses can be
achieved. Besides, selective drug delivery to different types of human leukemia
cells using related chemotherapeutic MNP formulation was also tested. Our results
revealed that Dox@PMNPs showed significant toxicities, effectively killing the
different leukemia cells, albeit at different inhibitory concentrations (IC50 ranging
from ~ 0.5 to 5 μM Dox). In the first report, nanoparticulate uptake and cell death
were evaluated in four different types of human Acute Myeloid Leukemia (AML)
target cells: ML-2, HL-60, Mono-Mac-1, and TF1-vRaf, as well as on normal human
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Fig. 6.8 (A) Illustrative image for the use of Dox-loaded PVP-stabilized MNPs (Dox@PMNPs) as
selective drug carriers to different types of breast and leukemia cancer cells. (B) Confocal images of
metastatic breast cancer cells (left), primary breast tumor cells (middle), and 3D reconstruction CLSM
images of patient biopsy tumor treated with Dox@Fl-PMNPs, respectively (Dox-red, Fl-green,
Hoechst-blue, and overlay of 3 channels-yellowish). The drug-loaded NPs attack metastatic breast
cancer cells, causing apoptotic cell death, as well as penetrated 3D primary tumor cells and breast patient
solid tumor biopsies (~ 150 μm deep into the tumor) delivering the anticancer drug intratumorally. (C)
Live confocal microscopy images of representative Dox@PMNPs treated AML cell line, showing the
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SVG-p12 cells [218]. Interestingly, and superior to free Dox, Dox@PMNPs were
found to be more effective in killing the AML cells compared to the human normal
cells (�40	 fold; IC50 > 200 μM Dox), suggesting huge potentials as selective
AML anticancer agents (Fig. 6.8C). Free Dox was found to be concurrently toxic to
all the cell lines tested whether cancerous or normal. In another report,
Dox@PMNPs showed enhanced and significant inhibition towards the human
monocytic THP-1 cells compared to human promyelocytic leukemia cells HL-60
(two-fold enhanced cytotoxicities), with the least potency towards the normal
peripheral blood mononuclear cell (PBMC) cells (up to six-fold) [219]. From live
confocal imaging and electron microscopy studies (Fig. 6.8D), it was found that the
observed enhanced cytotoxic effects of Dox@PMNPs is mostly dependent upon the
selective and differential endocytic uptake of Dox@PMNPs, with subsequent
release of Dox intracellularly to the cytoplasm, which then translocates to the
nucleus after 24 h, causing apoptotic cell death. Importantly, the magnetic chemo-
therapeutic nanoformulation described here reduces the unwanted diffusive side
effects of the free drug and allows selective drug delivery to cancerous cells. This
selective payload may potentially enhance the efficacy of drugs in cancer patients
and may further allow physicians to image cancerous cells exposed to
Dox@PMNPs, opening new opportunities for in vivo image-guided cancer
theranostics.

Another group prepared Dox-loaded PEGylated SPION (DLPS) and evaluated its
in vivo potential as drug carrier system for the reduction of xenograft breast tumors
induced in nude mice [220]. When magnetic targeting was applied, the toxicity of
the treatment was reduced substantially, although there was no change in the
therapeutic outcome, probably due to the low magnetization of the as-synthesized
constructs. Kossatz et al. prepared negatively charged dimercaptosuccinic acid
(DMSA)-coated MNPs (denoted as MF66) electrostatically functionalized with
either Nucant pseudopeptide (N6L), Dox, or both (MF66-N6L-Dox) (Fig. 6.9A)
[221]. MF66-Dox and MF66-N6L-Dox in combination with hyperthermia were
more cytotoxic to breast cancer cells than the respective free drugs. A substantial
tumor growth inhibition (40% of the initial tumor volume, complete tumor regres-
sion in many cases) after intratumoral injection of the NPs in tumor-bearing female
athymic nude mice in vivo was observed. Those results represent a promising

�

Fig. 6.8 (continued) successful uptake of NPs by the cells causing their apoptotic cell death. Dose-
dependent nonlinear regression curves of the cytotoxicity assays on human ML-2, HL-60, Mono-
Mac-1, and TF1-vRaf (AML cancerous cells) as well as on SVG-p12 normal human cells as
determined by XTT cell proliferation assay. Results clearly show that while free Dox was potent
to all AML cell lines concurrently, Dox@PMNPs were found to be potent to the different AML cells
but not to the human normal cells (�40	 fold), suggesting huge potentials as selective AML
anticancer agents. Unloaded PMNPs were not toxic to any of the AML cell lines tested. x-axis: Dox
concentration expressed in M; y-axis: absorbance at 450 nm. (D) SEM images of representative
leukemic cell line after treatment with Dox@PMNPs for 24 h. (left) THP-1 cells without NPs,
(middle) NP-treated THP-1 cells, and (right) TEM image of NP-treated THP-1 cells clearly showing
the apoptotic features and potency towards the cancerous cells. (Reproduced with permission from
Ref. [217–219])
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strategy for translation into clinical practice when injecting the NPs intratumorally.
The utilization of DMSA-coated MNPs functionalized with the positively charged
anti-tumorigenic cytokine, interferon-γ (IFN-γ) with high rates of cancer inhibition
and anti-angiogenic effects in pancreatic adenocarcinoma models were also reported.
Thus, the simplicity of the developed DMSA-coated NPs (no covalent derivatization
is involved in its synthesis) together with its magnetic core responses (i.e., MFH or
MDT-assisted chemotherapy) make this system attractive for potential clinical use
[222]. In another elegant study, Wang et al. generated an NP platform that combines
a photodynamic therapeutic drug (Pc 4), with integrin β1-specific cancer targeting
fibronectin-mimetic peptide (Fmp) (Fig. 6.9B) [223]. Their results indicated that
both nontargeted IONP-Pc 4 and targeted Fmp-IONP-Pc 4 accumulated in head and
neck squamous cell carcinoma xenograft tumors with higher concentrations than the
nonformulated Pc 4, even when lower doses were used, reducing the size of tumors
more effectively than free Pc 4. Tietze et al. prepared MNPs coated with intercalated
lauric acid bilayers and loaded it with the anticancer drug Mitoxantrone (MTO)
(Fig. 6.9C) [224]. The drug appeared to be entrapped in the hydrophobic environ-
ment of the bilayer and spaces created by the soft clustering of the particles. After
intra-arterial administration of MTO-SPIO NPs into rabbits, drug accumulations
mainly in the tumor regions (57.2%) and to less extent in liver (14.4%) and kidneys
(15.2%) were observed. The therapeutic outcome was demonstrated by complete
tumor remissions and a survival probability of 26.7%. The authors noted that these
outstanding outcomes are on the road towards clinical testing. The preparation of

�

Fig. 6.9 (continued) monitored by microcomputed tomography (μCT). Figure is showing an
example of a treatment sequence within the alternating magnetic field (AMF), the corresponding
temperature distribution over the tumor surface and the effect on tumor volume. After tumor
implantation, MNPs were applied intratumorally 24 h prior to the first magnetic hyperthermia
treatment. Seven days later, a second hyperthermia treatment was performed. After the experimental
period of 24 days, the animals were sacrificed. (Right) Intratumoral distribution of MF66-N6L-Dox
as determined using μCT 24 h prior to the first hyperthermia treatment. (B) Schematic illustration
for the construction of Fmp-IO-Pc 4 NPs using Ocean’s carboxyl functionalized MNPs. (Left)
Levels of Pc 4 delivered as free Pc 4, IO-Pc 4, and Fmp-IO-Pc 4 in tumors at different time points by
whole-body imaging. As shown, the targeted NPs Fmp-IO-Pc 4 has a more prolonged retention in
tumors than either free Pc 4 or the nontargeted NP IO-Pc 4. (Right) Tumor growth curves showing
tumors in the Fmp-IO-Pc 4 (targeted) group grew significantly slower than those in the IO-Pc
4 group (nontargeted). (C) Construction of MNPs coated with intercalated lauric acid bilayers and
loaded it with the anticancer drug MTO. (Left) Magnetic drug targeting (MDT) in vivo therapy
outcomes of the treatment of VX-2 tumors implanted in the hind limb of rabbits; panels (a) and (b)
show a 3D-surface view of two rabbits. The images show the rear view of the rabbit positioned with
its back down. Yellow arrows point to the tumor region on the hind limb. After 3 weeks, a clear
reduction in tumor size can be observed and after 8 and 11 weeks, the tumors were no longer visible
or palpable. A reduction in muscle volume in the treated region can also be observed. (c) and (d )
3D-angiographic images of the tumor region of the respective animals. Angiographic imaging
demonstrates that not only the tumors but also the supporting vessel structures disappeared after the
treatment, while the main vessels supporting the distal part of the limb remained unaffected.
(Reproduced with permission from Refs. [221, 223, 224])
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such nanoconstructs is relatively simple and inexpensive, increasing the viability of
large-scale manufacturing for clinical settings. The family of FDA-approved or
noncommercially prepared dextran-stabilized SPIONs were also extensively studied
as drug delivery systems because many drugs can be retained noncovalently onto the
organic dextran/carboxydextran coatings [58, 211, 212]. Therapeutic studies in
animal models showed that these drug-loaded SPIONs caused greater tumor volume
shrinkage and significantly greater efficacies than treatment with respective free
drugs. Further treatment by MFH or MDT demonstrated enhanced antitumor effi-
cacies in some cases [46, 48].

An alternative way of creating magnetic drug delivery systems is to coat the iron
oxide core with a porous material, typically silica (i.e., core-shell MNPs), in which
one or multiple drugs can be encapsulated [225]. One notable example of this sort
was prepared by coating ultrasmall SPIONs with porous silica shell and an outer
layer of hydroxypropyl cellulose (HPC) to form temperature sensitive magnetic drug
carriers (Fig. 6.10) [226]. Gemcitabine (Gem) was then loaded into the silica pores,
and the resulting material was tested in vivo against PANC-1 pancreatic tumor
xenografts. Chemohyperthermia with intratumoral injections of GEM-magnetic
carriers (followed by heating) resulted in significant increases in apoptotic tumor
cell death compared to tumors treated with GEM-magnetic carriers’ injections or
hyperthermia alone. It is proposed that in the presence of the oscillating field, the
local heating in the magnetic drug carriers facilitated the release of GEM from the
silica pores, inducing higher cell growth inhibitory effects than chemotherapy or
hyperthermia alone, thus offering great potentials to significantly improve the
therapeutic efficacy of drugs for the treatment of pancreatic cancer. In another report,
Kong et al. produced radiofrequency-activated hollow silica coated magnetic nano-
capsules (SiMNPs) where the drugs were allowed to get sucked into their hollow
capsules (80–150 nm). These SiMNPs can penetrate into the interior of tumors and
allow a controlled on�off switchable release of the drug cargo via remote RF field
[227]. The in vitro treatment of MT2 breast cancer cells and B16/BL6 mouse
melanoma cells with nanocapsules containing either Camptothecin or Dox resulted
in significant suppression of cancer and/or tumor growth both in vitro and in vivo
breast cancer models. More approaches are also employed, in this regard, including
the use of thermo-responsive smart polymeric shells (i.e., by swelling and
de-swelling) or polymeric vesicles made of heterofunctional triblock polymer or
any other dual or multistimuli responsive polymeric nanocarriers [216, 228,
229]. Another modules such as magneto-liposomes or magneto-dendrimers can
also accommodate both hydrophilic and hydrophobic drugs and are well suited for
cellular tracking using MRI, multimodal imaging, and magnetic-guided therapeutics
[230–232]. Those specific systems are excellently reviewed elsewhere [233].

When the drug to be delivered is covalently bound to the MNP surface, the
covalent bond should be biocompatible (stable in the bloodstream) and intracel-
lularly biodegradable or cleavable on demand to allow controlled or
environment-responsive drug release. Generally, MNPs in which drug molecules
are covalently conjugated to the MNP surface exhibit low drug entrapment
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efficiency and more difficulty to release the drugs compared to noncovalent
counter-conjugates conferred above. Importantly, the drug’s structure and orien-
tation should not be altered during covalent attachment; otherwise, its biological
activity might be changed [234]. Bonding motifs used for this purpose are most
commonly either amide linkages, pH-degradable (i.e., acid-cleavable) or enzy-
matically cleavable bonds, and to less extent, thermo- or redox-responsive bonds.
Herein, some pronounced examples of drugs covalently attached to MNPs are
presented. In one study, Methotrexate (MTX) was covalently conjugated to
amine-functionalized NPs via amide bonds, demonstrating higher cytotoxicities
in human breast MCF-7, human cervical HeLa cells, brain tumor cells, and 9 L
glioma cells as compared to free MTX or negative control cells [67, 235,
236]. Amide bonds are chosen as they are not generally prone to hydrolysis at
low pH and are typically resistant to degradation by proteases inside the cells.
Another excellent report in this regards presented the development of a cooper-
ative dual-targeted delivery platform for PTX that has promise for prostate cancer
magnetically targeted treatment of tumor-bearing mice (Fig. 6.11A) [237]. The
designed nanomedicine was prepared by first conjugating PTX to the high
magnetic nanocarriers (HMNC), followed by functionalization with carboxylated
o-(2-aminoethyl)polyethyleneglycol (NH2-EPEG-COOH). Antiprostate-specific
membrane antigen antibodies (APSMA) were then conjugated onto the NPs
targeting the extracellular domain of the prostate-cancer specific membrane
antigen (PSMA). PTX-HMNC-EPEG-APSMA with magnetic field achieved
complete tumor regression where significant enhancement of PTX concentration
at the tumor site by nearly 20-fold was observed with significantly prolonging the
half-life of PTX in the circulatory system. This work demonstrates an efficient,
nontoxic, and promising system for MNP-based chemotherapy with significant
potential for human prostate cancer chemotherapy. Acid-cleavable (i.e.,
pH-degradable) bonds are another widely used linkers in covalent drug conjuga-
tion. Those bonds include, but are not limited to, hydrazones, Schiff bases
(imines), acetals/ketals, oximes, and esters [238–240]. Of those various choices,
many studies use hydrazone bonds because such systems tend to yield very
reproducible results, are easy to prepare, and have performed comparatively
well as pH-responsive nanocarriers [241–245]. In one noteworthy report, mag-
netic nanocubes covered with poly(methylmethacrylate) (PMMA) and covalently
conjugated to Dox via a hydrazone linker, inhibited tumor growth in mice bearing
HeLa xenografts which was found to be further enhanced by placing a magnet
above the tumor (Fig. 6.11B) [242]. The designed pH-responsive drug delivery
system based on hydrazide-decorating PMMA-coated magnetic nanocubes dem-
onstrated great potential for controlled antitumor drug release in vitro and
remotely targeted cancer therapy in vivo.

Another important class is based on enzymatically cleavable bonds which occur
in cellular compartments such as endosomes/lysosomes. The enzymes that catalyze
these hydrolytic processes are typically phosphatases (for linkers with cleavable
phosphate groups), esterases for the degradation of ester bonds, glycosidases, and
proteases that cleave specific oligopeptides. One example in this regard is reported
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by Ansari et al. using lysosomally degradable peptides as drug�NP linkers
[246]. In their work, the chemotherapeutic drug azademethylcolchicine was
tethered to FDA-approved ferumoxytol NPs via a specific oligopeptide linker
(AlaCysArgSerCitGly-HPheTyrLeuTyr) that is cleaved by membrane meta-
lloproteinases expressed in breast cancer cells, generating a nanotherapeutic activated
by tumor specific MMP-14 for tumor vascular targeting. In addition to being enzyme
cleavable, the linker served as a selective vascular targeting moiety to enable active
targeting of the nanosystems to tumor regions. The nanosystem exhibited enhanced
accumulation in tumor regions, which was visualized and monitored by MRI, and
effectively reduced tumor growth in mice. Overall, similar examples of enzymatically
cleavable linkers have demonstrated great potentials for improving targeted
theranostics of cancer. A less commonly employed linkers are the redox-cleavable

Fig. 6.11 (continued)
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bonds degraded under oxidizing or reducing conditions such as thioketal or disulfide
bonds [247]. Such systems have primarily been used in RNA therapies by delivering
small interfering RNA (siRNA) [248–251] with promising potential in clinical out-
comes. In one elegant work, Stephen et al. developed targeted convection-enhanced
delivery [251] of O(6)-benzylguanine (BG) to glioblastoma multiforme (GBM) using
redox-responsive, crosslinked, and biocompatible chitosan-PEG copolymer shell
coated MNPs (NPCP), modified through covalent attachment of BG and
tumor-targeting peptide chlorotoxin (CTX) (Fig. 6.11C) [247]. Inhibition of O
(6)-methylguanine-DNA methyltransferase (MGMT) using BG has shown
promise in patients; however, its clinical use is hindered by poor pharmacoki-
netics that leads to intolerable toxicity, thus, demanding improvements in BG
biodistribution and efficacy. NPCP-BG-CTX demonstrated controlled and local-
ized BG release under reductive intracellular conditions and proper trafficking

Fig. 6.11 (continued)
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Fig. 6.11 (A) Stepwise synthesis of the dual-targeted nanomedicine, paclitaxel-conjugated
PEGylated antiprostate-specific membrane antigen antibodies-immobilized high magnetic nano-
carrier (PTX-HMNC-EPEG-APSMA); (right) quantitative analysis of the effects of various treat-
ments on tumor size along with images of representative mice at 28 days after treatment for control,
free PTX, and PTX-HMNC-EPEG combined with magnetic treatment (MT). PTX-HMNC-EPEG-
APSMA/MT provided the most significant suppression of tumor progression and increase in animal
survival relative to the other groups. Values are represented as means � SD (n = 8). Red arrows
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of BG in human GBM cells in vitro was achieved. In vivo, convection-enhanced
delivery of NPCP-BG-CTX produced an excellent volume of distribution (Vd)
within the brain of mice bearing orthotopic human primary GBM xenografts.
Significantly, concurrent treatment with NPCP-BG-CTX and the typically used
chemotherapeutic drug temozolomide (TMZ) showed a threefold increase in
median overall survival in comparison to NPCP-CTX/TMZ treated and
untreated animals. The combination of tumor cell-specific BG controlled deliv-
ery along with the enhanced in vivo efficacy observed demonstrates the great
potential of these NPs to improve clinical outcomes in GBM patients.

Finally, smart hybrid magnetic drug delivery nanosystems that comprise combi-
nation therapies for stimulus-controlled drug release are also reported. As an exam-
ple, Hayashi et al. described the remarked in vivo therapeutic efficacy of multiple
myeloma by combing magnetic hyperthermia and chemotherapy using smart NPs
made of Fe3O4/Dox/polypyrrole-PEG-FA NPs that generate heat in response to
AMF sequentially releasing Dox (Fig. 6.12) [252]. The smart NPs are composed
of a polymer with a glass-transition temperature (Tg) of 44 �C, which produce heat
when the AMF is applied softening the polymer phase and leading to Dox release. In
such system, the combination of MFH and chemotherapy using the designed smart
NPs have proven effective to completely cure the tumor and achieve treatment
without recurrence of malignancy and with no significant toxicity observed. The
authors concluded that they will assess the therapeutic efficacy of the designed smart
NPs by intravenous injection in tumor-bearing animal models.

�

Fig. 6.11 (continued) indicate the position of the implanted tumor. (B) Schematic illustration of the
fabrication of an intracellular pH-responsive drug delivery system based on hydrazide decorating
PMMA coated magnetic nanocubes (N-PMNCs). N-PMNCs@DOX was intravenously injected
into nude mice without applying magnetic field or in the presence of magnetic field (Mag)
N-PMNCs@DOX. Notable antitumor efficacy could be observed in the tumor tissue treated with
(mag) N-PMNCs@DOX after treatments for 21 days along with optical photos of tumors collected
from all mice. The results clearly indicate that (mag) N-PMNCs@DOX could efficiently targeted to
tumor tissue by magnetic field for local drug delivery and subsequently inhibit the growth of tumor.
(C) (a) Illustration of chitosan-PEG (CP) coated NPs (NPCP) crosslinked and functionalized with
O6-benzylguanine (BG) and tumor-targeting peptide chlorotoxin (CTX), symbolized as NPCP-BG-
CTX. (b) Crosslinking of NPCP coating through intracellular reducible disulfide linkages. (c)
Activation of BG by bromination and subsequent reaction with amines on the chitosan backbone.
(d ) Modification of NPCP with BG and CTX to produce NPCP-BG-CTX. (e-g) Increased survival
by convection-enhanced delivery (CED) of NPCP-BG-CTX in combination with the chemothera-
peutic drug temozolomide (TMZ) in an orthotopic GBM6 xenograft model. (e) Tumor inoculation and
treatment timeline. NPs were administered 24 h prior to TMZ treatment. Treatments were performed
twice weekly for 2 weeks. ( f ) Kaplan–Meier survival curve. (g) Median survival and log rank statistical
comparison of the three treatment groups. The results indicate that the prolonged time of survival for
NPCP-BG-CTX/TMZ treated animals was caused by the therapeutic effect of NPCP-BG-CTXNPs and
that the NPs administered by CED achieve excellent tumor coverage and increase median survival in an
orthotopic primary GBM xenograft model. (Reproduced with permission from Ref. [237, 242, 247])

6 Magneto-Responsive Nanomaterials for Medical Therapy in Preclinical and. . . 279



A
D

F

E G

B C

PV
A

Po
ly

m
er

iz
at

io
n

Am
id

at
io

n

PE
G

FA

FA
-P

EG
-N

H
2

H
O

O
C

H
O

O
C

COOH

COOH

COOH

COOH

C
O

O
H

C
O

O
H

D
O

X
Fe

3+

N
2H

4

Fe
3O

4

Fe
3O

4/D
O

X/
PP

y-
PE

G
-F

A
AC

M
F

M
H

T 
+ 

ch
em

ot
he

ra
py

M
H

T
C

he
m

ot
he

ra
py

D
O

X/
PP

yC
O

O
H

C
lu

st
er

ed
AC

M
F

D
O

X

D
O

X 
re

le
as

e

H
ea

t g
en

er
at

io
n 

in
re

sp
on

se
 to

 A
C

M
F

AC
M

F-
re

sp
on

si
ve

sm
ar

t N
Ps

Th
e 

co
m

bi
na

tio
n 

of
 M

H
T 

an
d

ch
em

ot
he

ra
py

 u
si

ng
 th

e 
sm

ar
t N

Ps

48 44 40 36 32
0

5
10

Ti
m

e 
/ m

in

Temperature/ºC

N
o 

tre
at

m
en

t

15
20

Po
ly

m
er

 w
ith

Tg
 o

f 4
4 

ºC
Fe

3O
4 N

Ps

Fe
3O

4/D
O

X/
PP

y-
PE

G
-F

A
Fe

3O
4/D

O
X/

PP
yC

O
O

H

Fe
C

l 3
Py

C
O

O
H

D
O

X

Fi
g
.6

.1
2

(A
)
S
yn

th
es
is
of

D
O
X
-c
on

ta
in
in
g
ca
rb
ox

yl
ic
po

ly
py

rr
ol
e
fu
nc
tio

na
liz
ed

F
e 3
O
4
N
P
s
(D

O
X
/P
P
yC

O
O
H
)
co
at
ed

w
ith

po
ly
et
hy

le
ne

gl
yc
ol

(P
E
G
)
an
d

fo
lic

ac
id
(F
A
)(
de
no

te
d
as

F
e 3
O
4
/D
O
X
/P
P
y-
P
E
G
-F
A
N
P
s
or

sm
ar
tN

P
s)
.(
B
)S

ch
em

at
ic
ill
us
tr
at
io
n
of

th
e
sm

ar
tN

P
s
th
at
pr
od

uc
e
he
at
in
re
sp
on

se
to
al
te
rn
at
in
g

cu
rr
en
t
m
ag
ne
tic

fi
el
d
(A

C
M
F
)
se
qu

en
tia
lly

re
le
as
in
g
D
O
X
.
(C

)
Il
lu
st
ra
tio

n
of

ca
nc
er

tr
ea
tm

en
t
w
ith

th
e
co
m
bi
na
tio

n
of

m
ag
ne
tic

hy
pe
rt
he
rm

ia
(M

H
T
)
an
d

ch
em

ot
he
ra
py

us
in
g
th
e
sm

ar
tN

P
s.
(D

)
P
ho

to
gr
ap
h
an
d
th
er
m
al
im

ag
e
of

a
m
ou

se
ex
po

se
d
to
A
C
M
F
fo
r
20

m
in
af
te
r
in
je
ct
io
n
w
ith

th
e
sm

ar
tN

P
s.
(E
)
A
ve
ra
ge

ch
an
ge

of
th
e
tu
m
or

te
m
pe
ra
tu
re

of
th
e
m
ic
e
in
je
ct
ed

w
ith

F
e 3
O
4
/D
O
X
/P
P
y-
P
E
G
-F
A

N
P
s,

F
e 3
O
4
/P
P
y-
P
E
G
-F
A

N
P
s,

an
d
no

N
P
s
w
ith

re
sp
ec
t
to

A
C
M
F

ex
po

su
re
tim

e
(n

=
5)
.(
F
)
F
ol
lo
w
-u
p
ph

ot
og

ra
ph

s
of

m
ou

se
ex
po

se
d
to
A
C
M
F
fo
r
20

m
in
af
te
r
in
je
ct
io
n
w
ith

F
e 3
O
4
/D
O
X
/P
P
y-
P
E
G
-F
A
N
P
s.
(G

)
P
ho

to
gr
ap
hs

280 K. El-Boubbou



5.3 Nanomedicines in the Clinic

The successful translation of nanomedicines into the clinic is broadly dependent
upon different types of materials exhibiting varying biodistribution, pharmacokinet-
ics, compatibility, degradation, and circulation properties [253, 254]. No single
parameter can be denoted as the most important prerequisite for effective clinical
cancer therapy. Equally important, are the chemical barriers such as optimizing
nanomaterials’ physicochemical properties, intrinsic toxicities, drug loading/release,
and scaled-up syntheses. The nanomedicines should be composed of biodegradable
nontoxic materials that may be cleared by the liver and kidneys. They should have
biologically inert, amphiphilic, and appropriate surface coatings to increase the
in vivo circulation times, and decrease off-target site accumulation. Moreover, the
nanomedicines should have high drug loading capacity, releasing the drugs in a
controlled manner. Most currently approved and clinically investigated NMs are
chiefly based on coatings with PEG, hydrophilic sugars (i.e., dextran), or serum
proteins (i.e., human serum albumin) [255].

Clinical trials focusing on delivering chemotherapeutics in nanoformulations are
abundant; however, the clinically approved formulations are mainly of liposomal,
polymeric, or micellar nature [9, 256]. Those formulations are excellently reviewed
in details by Anselmo and Mitragotri [10]. Such formulations contain drugs enclosed
in inorganic vehicles that allow the drugs to stay in the bloodstream longer so that
more of the drug can reach the target sites. Doxil® or CAELYX® (PEGylated
liposomal Dox, 1995), DaunoxomeDaunoXome® (Liposome-encapsulated Dauno-
rubicin, 1996), DepoCyt® (liposomal Cytarabine), Myocet® (non-pegylated liposo-
mal Dox citrate, 2000), Oncaspar® (PEG-asparaginase, 2006), Abraxane® (albumin-
bound PTX, 2013), and Genexol-PM® (PTX-loaded polymeric micelles, 2013) are
current approved formulations used to treat various types of cancers, mainly meta-
static ovarian, breast, lymphomatous meningitis, myeloid leukemia, acute lympho-
blastic leukemia, AIDS-related Kaposi’s sarcoma, and pancreatic cancer [257]. The
main reason for their approval was the equivalent/improved efficacies and reduced
side-toxicities or improved safety profiles as compared with free drug chemother-
apies. Quite frequently, those formulations – especially Doxil® and Abraxane® –
have been used as examples of nano-based drug delivery systems, mainly because
their sizes are in the nanometer size range. It is to be noted, however, that the
synthesis of these formulations was not inspired by any means of today’s nano-
chemistry [208]. Interestingly, while NPs and targeting antibodies (i.e., antibody
drug-conjugates) are both approved for clinical use, systems combining these two
technologies are lacking in approved products [258, 259]. Nevertheless, few

�

Fig. 6.12 (continued) of nontreated mice, mice injected with Fe3O4/DOX/PPy-PEG-FA NPs, mice
exposed to ACMF, mice treated with chemotherapy, mice treated with MHT, and mice treated with
combination of MHT and chemotherapy 45 days after treatment. Mice bearing subcutaneous xenograft
tumors derived from the RPMI8226 multiple myeloma cell line were intratumorally injected with NPs
(5 mg/kg) and then exposed to ACMF. (Reproduced with permission from Ref. [252])
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technologies are being investigated in the clinic. Of those, particular attention should
be placed on HER-2 targeted PEGylated liposomal Dox (MM-302) for treatment of
breast cancer [260]. Currently, the most investigated attempts to modulate
biodistribution in nonapproved targeted particles introduce antibody targeting
(e.g., HER2, EGFR, or transferrin receptor targeting) [77, 261]. If successful, these
systems will represent the first clinically approved examples of targeted NPs, which
will likely facilitate the clinical investigation of additional targeted systems.

With respect to MNPs, while many iron oxide MNP formulations have been
approved by the FDA, very few MNP formulations are employed in human clinical
settings (Table 6.1). While NanoTherm® and Sienna+® are intratumorally or sub-
cutaneously injected, Feraheme® and Resovist® (approved in limited countries) are
the only two formulations intravenously injected. For treatment purposes, and as
discussed earlier, the only two MNP-based formulations presently used in clinical
setting are Feraheme® for the treatment of iron deficiency anemia and NanoTherm®

Table 6.1 MNPs used in human clinical settings

Iron oxide
magnetic
formulation

Hydrodynamic
size (nm) Coating Application

Clinical
relevance

Resovist®,
Cliavist™
(Ferucarbotran)

60 Carboxydextran Liver/
hepatocellular
carcinoma
imaging
(Diagnosis)

In use in
only a few
countries
(i.e.,
Japan)

Sienna+® 60 Carboxydextran Sentinel lymph
node
localization
(diagnosis)

Approved
and in use
in Europe

Feraheme®,
Rienso®

(Ferumoxytol)

30 Polyglucose
sorbitol
carboxymethylether

Anemia
deficiency in
adult patients
with
CKD/brain
tumor imaging
(therapeutics/
diagnosis)

Approved
and in use
in the
United
States and
Europe/
Clinical
Trials

NanoTherm® 15 Aminosilane Magnetic
hyperthermia
on solid tumors
(therapeutics)

Approved
and in use
in Europe
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therapy for the local treatment of solid tumors. Even the most recent approved
Feraheme® does not have an intended use for cancer therapeutics with ongoing
clinical trials in progress. Thus, up to now, no drug-conjugated MNPs are currently
employed in the clinic. In that sense, many studies concerning drug-conjugated MNP
safety concerns with respect to their use in medicine such as biodistribution,
cytotoxicities, and inflammation responses are continuously carried out [262,
263]. The general consensus seems to indicate that iron oxide MNPs exhibit very
little or no cytotoxic activity when administered at concentrations up to 100 μg
Fe/mL [234], and even up to 8 mg Fe/mL in formulations such as Feraheme®

[264]. Typically, clinical doses of such MNPs in humans are determined between
0.56 and 8 mg Fe/kg patient body weight, which is much less than the normal blood
iron concentration (
33 mg Fe/kg body weight) and relatively low compared with
total body iron (~ 3500 mg) [19]. However, even when concerned potential toxicities
such as some side effects and allergic reactions do occur, it is believed that the
toxicity of those NPs are not caused by the magnetite cores, but rather by the particle
sizes, the surface coatings and instability in biological media/serum [263]. Given
that even subtle changes in MNP formulation can lead to significant changes in
cytotoxicity behavior, it seems that the best is to evaluate the toxicity of each unique
MNP configuration separately prior to clinical trials.

6 Conclusion and Future Perspective

The utilization of MNPs in magneto-responsive imaging and drug-targeted delivery
is expected to play a chief and promising role in theranostics of cancer and other
diseases. Besides magnetic hyperthermia (with some formulations already in the
clinic or in clinical trials), the greatest therapeutic potential is probably associated
with drug-conjugated stimuli-responsive MNP systems that can be targeted to
specific tumor sites releasing the drug selectively. Our increasing research capabil-
ities to fine engineer MNPs and to conjugate drugs to these systems in effective
controllable ways make it possible to create drug-loaded MNPs with tunable drug
release profiles in responses to specific internal or external stimuli. In brief, impor-
tant features should be met for successful and selective drug delivery system:
(1) controlled design of the NPs, (2) increased blood circulation times and reduced
RES accumulation, (3) enhanced uptake by targeted tumor cells, (4) effective and
selective drug delivery in target sites, and (5) appropriate clearance from the body.
However, due to limitations and challenges facing the nanodrug delivery systems,
only marginal advances in effective drug delivery technologies result. Overcoming
the many challenges of identifying a successful active drug delivery system requires
an understanding of events involving transport of drug or drug carrier to the tumor
site after administration as well as the body’s immuno-response. Nanoparticulate
approaches can have real impact in improving drug delivery by focusing on the
major problems, such as enhancing drug loading capacity, uptake by the target cells
versus nontarget cells, and control of drug release at the target site. Likewise,
increasing blood circulation times is expected to enhance delivery to the tumor
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sites as specific biomarker receptor targeting occurs only after optimizing blood
circulation times (i.e., by appropriated polymeric coatings). All this will allow
effective targeting to specific locations and more drug accumulation near the
tumor site, optimizing both the delivery and efficacy of chemotherapeutic drugs.

Importantly, there are some critical issues to be addressed before effective
nanomedicine translation to clinic. Considering the substantial preclinical research
efforts put into targeted drug delivery, it is somewhat surprising that very few
formulations has been approved in clinical practice for medical therapy. A large
number of NP cancer therapeutics has been claimed to exhibit excellent effective
results when used in animal models, but not in humans. In most cases, the approved
drugs reformulated in nanomedicines provide only a small increase in performance
that large pharmaceutical companies do not consider it worth investment and
development. Thus, the clinical translation of effective nanoformulation seems
challenging and not as easy as anticipated. Consequently, there are urgent needs to
turn the MNP drug delivery potentials into tangible outcomes (i.e., formulations that
can benefit patients) by carefully addressing several key issues: (1) simple and large
scaled-up NP fabrications; (2) standardization of NP with quantitative systematic
assessments of their efficacies; (3) establishment of clear and detailed toxicity,
immunogenicity, clearance, and safety profiles for the specific formulation in use.
The systematical investigation on the interface between the engineered NPs and
biological environments at various physiochemical conditions, anatomic locations
and different tissue environments are necessary when designing effective
MNP-based drug delivery system for clinical use. Moreover, the drug delivery
systems with good potential to clinical translation should not be very complex,
because of the high possibility of failure during transition from lab production to
large-scale synthetic production. The practical translation into commercial human
nanomedicines could be facilitated by an increased focus among researchers on the
requirements of effective therapeutic development, preclinical evaluations, and more
data and regulatory requirements for clinical patient care.

Finally, the highly heterogeneous tumor microenvironment demands advanced
drug delivery approaches and noninvasive imaging methods to assess drug delivery
efficiencies and tumor responses to therapy in individual patients. MNP-based drug
carriers offer great potentials to deliver precision oncology with assistance of imaging
capabilities, giving noninvasive imaging evaluation of targeted NP drug delivery and
intratumoral distribution of the drug carrier. Advancements in drug-conjugated drug
systems have enabled the development and exploration of novel nanotherapeutic
concepts for cancer treatment including combination therapies and delivering multi-
ple drugs/targeting agents in one vehicle tailored to a patient’s specific condition. As
of the moment, “no MNPs are used in humans in clinical settings whether as imaging
or drug delivery carriers.” However, despite this current absence, the excellent safety
profile of these magnetic nanocarriers means that they hold substantial potential for
future theranostic human clinical use, as demonstrated by the planned clinical trials of
Feraheme®. Hopefully, this MNP formulation and many other related ones presented
here will produce magneto-responsive drug therapeutic systems having commercial
competitiveness and satisfactory efficacies.
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1 Definition of the Topic

Magnetic nanoparticles (MNPs) – especially single-domain-based super-
paramagnetic (SPM) nanoparticles in ferrofluid form – are primarily utilized in
magnetic fluid hyperthermia (MFH)-based thermotherapy for cancer treatment
applications due to their following advantages: (i) unique magnetic properties,
(ii) better chemical stability, and (iii) high cytocompatibility. In MFH therapy,
the cancer cells are quickly heated to the therapeutic temperatures of ~42–45 �C
using the MNPs on exposure to externally applied alternating magnetic fields
(AMFs), where the induced heat might damage the consequent proliferation of
cancer cells by promoting apoptosis/mitotic death and thus preventing the tumor
growth.

2 Overview

Cancer is one of the major life threatening diseases for human beings in
modern world. However, recent advancements in nanoscience and nanotechnol-
ogy have created new therapeutic pathways for the treatment of cancers by
overcoming the major limitations associated with the conventional treatment
methods – including organ damage, infertility, etc. Among different nano-
therapies (applied in cancer treatment by the use of definite nanomaterials/
nanoparticles), MFH-based thermotherapy via biocompatible MNPs has
evolved as the most efficient therapeutic pathway for treating cancers without
any significant side effects/minimal damage to the normal cells (that surround
the tumors). This has been feasible mainly due to (i) high sensitivity of the
cancer cells towards the elevated temperatures as compared to the normal cells,
and also (ii) the size-dependent magnetic behavior of the MNPs and their
inherent heat generating capability because of Brownian and Néel relaxation
losses under the externally applied alternating magnetic fields (AMFs). But, the
induced heat might vary with their physicochemical (size/shape/crystallinity),
magnetic, and/or water dispersibility properties that depend upon the type of
synthesis process or reaction conditions including their nonmagnetic surface
coatings.

Herein, we have started with a brief introduction about (i) the magnetic
behaviors of the materials, and basic principles of MFH including different
MNPs, and (ii) the major characterization techniques required determining the
physicochemical/magnetic/dispersibility properties of the MNPs. Then, we have
discussed in detail about the heating performance of the MNPs with respect to
their type, size, shape, and/or surface coatings. Finally, we have discussed about
the current developments in the cancer treatment via MNPs-based MFH in
in vitro/in vivo scenarios.
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3 Introduction

3.1 Basic Principles

3.1.1 Superparamagnetic Behavior
It is primarily needed to understand the superparamagnetic behavior of the magnetic
nanoparticles for their effective involvement in MFH applications [1–3]. In general,
bulk size magnetic materials are mainly classified into the following five categories –
dia-/para-/ferro-/ferri-/anti-ferro- magnetic – depending upon the magnetic dipole-
dipole interactions, chemical ordering of the atoms, and electronic configuration
(i.e., unpaired electrons in the outermost orbitals) [4]. However, magnetic (especially
ferro-/ferri-magnetic) nanoparticles possessing superparamagnetic (SPM) behavior
are effectively used in MFH applications, which means that these nanoparticles
immediately get magnetized on exposure to a low applied magnetic field and
demagnetized completely (i.e., zero coercivity and remanence for reversal of the
magnetization) on the removal of the applied magnetic field. The SPM behavior is a
size-dependent phenomenon and occurs in single-domain ferro-/ferri-magnetic
nanoparticles [5].

Usually, large (i.e., bulk size) magnetic particles possess multidomain structure,
where regions of uniform magnetization (i.e., magnetic domains) are separated by
domain walls. This results in hysteresis loops with high coercivity (Hc) and remnant
magnetization (Mr) due to distinct orientations of the spin/orbital magnetic moments
in all the domains under an applied magnetic field [6, 7]. However, the transition
from multidomain to single-domain structure occurs when the size (volume) of the
magnetic materials is lowered below a certain point, where larger (maximum)
coercivities and uniaxial anisotropy are obtained [8]. Then, the particles having
size below the critical size (Ds, single domain size) is considered as single domain
particles [9]. So, as the size of these single domain particles decreases, the coercive
force decreases.

But, the SPM domain can be attained in these nanoparticles only when their size
(or volume) is further reduced below the single-domain size [10]. Initially, the
concept of SPM is developed by Neel to define the thermal fluctuations in the
single-domain ferromagnetic structures [11]. Generally, the magnetic anisotropy
energy (EA) is directly proportional to the volume (V) of a particle and is given by
EA = KV Sin2θ, where V is the particle volume, K is the anisotropy energy constant,
and θ is the angle between the magnetization vector and easy axis of magnetization
[12]. The energy barrier KV separates the two energetically equivalent easy direc-
tions of magnetization. With decreasing particle size (i.e., volume of the single-
domain nanoparticles), the thermal energy, kBT, exceeds the energy barrier KV
(KV < 25kBT ) and the magnetization is easily flipped, i.e., there is no more
preferential orientation of the moment in the particle [13]. Therefore, the magnetic
moments of the nanoparticles can be easily aligned in the direction of an applied
magnetic field which might lead to high magnetic susceptibility (χ)/saturation
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magnetization (Ms) and consequently, the zero coercivity/magnetic remanence can
be observed in the hysteresis curves of the SPM nanoparticles [14, 15]. Besides, the
ferri-magnetic (particularly iron oxide) nanoparticles change from single-domain
state to SPM state at sizes usually less than 20 nm. For instance, the single-domain
(Ds) and SPM-domain sizes of the magnetite (Fe3O4) nanoparticles are estimated to
be around ~128 nm and ~10 nm, respectively [16].

3.1.2 Magnetic Fluid Hyperthermia (MFH)

Outline
In general, hyperthermia is a process of artificially increasing the body temperature
for therapeutic purposes, where hot water-baths, radiofrequency, ultrasound, or
microwaves are the commonly used sources for heat generation [17, 18]. But, the
heat generated via above-mentioned modes is not localized and diffused with
nonuniform temperature distribution. However recently, magnetic nanoparticles
(MNPs, especially SPM nanoparticles) are used to produce localized heat (ranging
between 42–45 �C) for the cancer treatment applications on exposure to an exter-
nally applied alternating magnetic field (AMF), which is known as magnetic fluid
hyperthermia (MFH) therapy [19–23]. The first attempt of MFH cancer therapy via
magnetic particles is made by Gilchrist et al. in 1957 [24]. At present, the MFH
therapeutic modality has reached the stages of clinical trials after numerous optimi-
zations in the physicochemical/magnetic and heat generation properties of the SPM
nanoparticles [25–27].

SPM Nanoparticles

Superparamagnetic Iron Oxide Nanoparticles
Iron oxides are one of the most commonly available and abundant compounds in
nature and they can also be easily synthesized in the laboratory. Generally, iron
oxides are found to have 16 different phases, which are either in the form of
hydroxides (iron (II)/(III) hydroxides), oxyhydroxides (akaganeite, feroxyhyte,
lepidocrocite, ferrihydrite, and goethite), or oxides/mixed oxides (magnetite,
maghemite, hematite, and beta/epsilon phase iron oxides) [28–30]. Among these
phases, magnetite (Fe3O4) and maghemite (γ-Fe2O3)-based iron oxides (having
inverse spinel structure) are more stable and exhibit ferrimagnetism at room tem-
perature with high magnetization, biocompatibility, and biodegradability as com-
pared to others [31–34]. Therefore, Fe3O4/γ-Fe2O3-based superparamagnetic iron
oxide nanoparticles (SPIONs) are widely utilized in MFH applications
[35–37]. Moreover, these SPIONs with controlled physicochemical/magnetic prop-
erties can be synthesized via either one of the methods including chemical
coprecipitation, thermal decomposition, hydrothermal/solvothermal, sonochemical,
microemulsion, microwave, or microbial methods [1, 28, 38], where the aggregation
of the SPIONs during the synthesis process can be controlled by using appropriate
surfactants/capping agents [39, 40].
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Superparamagnetic Spinel-Ferrite Nanoparticles
Spinel-ferrites are typically comprised of iron oxides and a metal cation in their
chemical ordering with formula of M(FexOy), where M indicates metal cations,
e.g., cobalt ion (CO2+), manganese ion (Mn2+), etc. [41, 42]. Usually, ferrites-
based MNPs are extensively deployed in numerous applications such as catalysis,
electromagnetic/optical devices, and sensing instruments [31, 43] due to their
enhanced magnetic properties including saturation magnetization. However,
ferrite nanoparticles with SPM behavior are also involved in MFH applications,
and these nanoparticles are mainly synthesized through sol–gel, coprecipitation,
ball-milling, hydrothermal, or microemulsion process [44, 45]. Nevertheless, the
toxicity issue (i.e., restricted biocompatibility due to toxic metal cations) of the
SPM ferrite nanoparticles is one of the major limitations in using them for direct
MFH-based cancer treatments as compared to the SPIONs.

Heat Generation Mechanisms
Magnetic materials generate heat on exposure to an alternating magnetic field
(AMF). Herein, the magnetic energy of the materials is dissipated as thermal energy
due to different loss mechanisms including eddy current loss, hysteresis loss,
susceptibility/relaxation losses, and/or their combinations [46–48]. Besides, the
heat generation using the single-domain-based SPM nanoparticles is mainly due to
their alignment in the direction of the applied AMF [49, 50]. Moreover, the electro-
magnetic to thermal energy conversion takes place when the applied AMF could
overcome the energy barriers which are present in the SPM nanoparticles due to their
magnetic anisotropy energy or the viscosity of the dispersive/carrier fluid and thus
resulting in the realignment of their magnetic moments [51]. Hence, either Neel or
Brown relaxation mechanism is responsible for heat generation in these SPM
nanoparticles (e.g., SPIONs in ferrofluid form).

Moreover, the heating ability of these nanoparticles is mainly evaluated via a
calorimetric approach [52]. Herein, the increase in temperature of the SPIONs-based
ferrofluids is noted via fiber-optic temperature probe in correspondence to the
exposure of the AMF (at a specific amplitude/frequency) that is generated by a
magnetic field induction system with water-cooled turn (e.g., 9 or 17) coil(s) linked
to a radiofrequency generator – as shown in Fig. 7.1.

Generally, heating efficacy of the nanoparticles is evaluated in terms of specific
absorption rate (SAR in W/gFe) – based on the initial slope of the time-dependent
temperature (TDT) curve – which can be determined using the following equation –
Eq. (7.1) [53, 54].

SAR ¼ C ΔT
m Δt

(7:1)

Where, C is the specific heat capacity (in J kg�1 K�1) of the dispersion
medium (i.e., water), m is the mass fraction of Fe (in grams), and ΔT/Δt is the
initial slope of time-dependent temperature (TDT) curves. Moreover, intrinsic
loss power (ILP in nHm2 kg�1) is also measured by normalizing SAR with
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respect to the applied AMF using the following equation (i.e., Eq. 7.2). ILP is a
newly introduced parameter to make direct comparison (of the heating efficacies
of SPM nanoparticles) among the diverse MFH experiments which are performed
under various AMF (field strengths/frequency) conditions by different
researchers [55].

ILP ¼ SAR

H2f
(7:2)

Various review articles, books, and/or book chapters have already discussed
about the synthesis procedures of the SPM nanoparticles and their different biomed-
ical applications such as magnetic resonance imaging, magnetofection, magnetic
targeting, and also magnetic fluid hyperthermia (MFH) [14, 18, 29, 31, 32,
56–60]. However, there is a severe lack of comprehensive articles (i) to explain
the essential characterization techniques and (ii) to exclusively discuss the heating
ability of SPM nanoparticles with the emphasis on all important parameters in
calorimetric/in vitro/in vivo conditions. Therefore, in this chapter we have
(i) reviewed about all of the significant characterization techniques – along with
their experimental methodologies – required to investigate the most vital properties
of the SPM nanoparticles, and (ii) systematically discussed about the heat generation
capacities (including the heating efficacies) of the recently developed SPM nano-
particles with main focus towards all the significant heat-influencing parameters
including size, size distribution, shape, surface coatings, composition, applied
AMFs, and dispersion media in calorimetric scenario along with in vitro and
in vivo MFH therapeutic effects.

Fig. 7.1 Schematic diagram of the calorimetric method used to evaluate the heating efficiency of
magnetic nanoparticles in magnetic fluid hyperthermia (MFH), wherein the change in the temper-
ature of the SPIONs-based ferrofluids is recorded upon exposure to AMF
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4 Experimental and Instrumental Methodology

SPM nanoparticles – particularly SPIONs (used majorly in MFH applications) – are
synthesized via different chemical methods and subsequently characterized by using
different instruments/techniques to investigate their inherent physicochemical/mag-
netic properties [61].

For this purpose, the as-prepared SPIONs are used in the form of powder (via
drying) and ferrofluids suspension (via dispersing them in a suitable carrier liquid).
At first, the morphology (sizes/shapes) and crystallinity/phase purity of the SPIONs
are usually characterized by using transmission electron microscopy (TEM)/scan-
ning electron microscopy (SEM) and X-ray diffraction, respectively [62–64]. Then,
the surface structure of the SPIONs (i.e., type and amount of surface coating
molecules) is characterized via Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA) [65–67]. Moreover, magnetic properties (satura-
tion magnetization, Ms) and dispersibility (including size distribution and surface
charge) of the SPIONs are determined via vibration sample magnetometer (VSM)
and dynamic light scattering (DLS) techniques, respectively [68–70]. In this section,
we have discussed about the basic principles of the characterization techniques
(TEM/SEM/XRD/FTIR/TGA/VSM/DLS) along with the sample preparation
process.

4.1 Size/Shape and Crystallinity

4.1.1 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a particle image-based characterization
tool, where the accelerated electrons having high energies (in vacuum) are exploited
to obtain the information about (i) the morphology (size & distribution/shape) and/or
(ii) the crystallography of the nanoparticles. In TEM, an electron beam which is
generated from an electron gun, and subsequently focused by the electromagnetic
condensers, is transmitted through a thin sample specimen positioned in a holder.
The incident electron beam interacts with the atoms in the specimen and results in
inelastic/elastic-scattering/diffraction of the electrons to form different contrast
images (e.g., bright�/dark-field or diffraction images). Moreover, the voltages that
are used to accelerate the electron beam are ranging from 80–300 kV to obtain
normal or high resolution TEM (HRTEM) images.

Bright-Field Images
In bright-field images, the samples are appeared to be darker with a brighter
background, due to the strong scattering/deflection of the incident electrons ascribed
to the high density/thickness of the sample specimens. This technique is useful for
determining the morphological characteristics of biological, crystalline/amorphous,
or metal-based samples.
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Dark-Field Images
In dark-field images, the samples are seemed to be brighter with a darker back-
ground. This reverse phenomenon can be attained by tilting the primary electron
beam so that the chosen diffracted beam travels along the optical axis and pass
through the centered aperture. This technique is useful for detecting the crystalline
grains/defects, which is not observable in bright-field images.

Diffraction Images
A diffraction pattern of the samples is obtained based on the diffracted electrons
observed via back focal plane of the objective lens. Herein, a selected small area
(enclosed by the aperture) of the sample is contributed to the diffraction pattern,
which results in selected area electron diffraction (SAED) pattern. Moreover, the
SAED patterns are obtained with (i) a regular array of spots (where several sets of
planes are parallel to the beam) for a single crystal-based sample and (ii) a ring
pattern (which is sum of random orientations of the individual patterns) for a
polycrystalline-based sample.

Usually in TEM imaging, 5–10 μl of ethanol/water-dispersed SPIONs is dropped
onto a TEM copper-grid, which is subsequently dried overnight at room temperature
(RT)/40 �C to evaporate the dispersing solvent (i.e., water/ethanol) [71]. Finally, the
TEM grid is placed inside the sample holder for obtaining TEM images.

4.1.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is another image-based characterization tech-
nique – as similar to TEM – used to investigate the morphological characteristics
and/or surface topography of the particles. Normally, SEM is operated under
0.5–30 kV voltage range to obtain better images. Herein, a beam of accelerated
electrons is used to scan the specimen sample, which results in the emission of a
series of radiations – that are exploited to form images. The emitted radiations
include:

• Secondary electrons (having energy less than 50 eV) – ejected from the outer-
orbital of the atoms of the sample ascribed to multiple inelastic scattering effects.

• Back-scattered electrons (having energy greater than 50 eV) – reflected/back-
scattered out of the interaction volume of the specimen attributed to the elastic
scattering effects.

• Characteristic X-rays – arise from the energy difference between two electrons
during their ejection from/refilling in the orbitals of the atoms.

In SEM imaging, a small amount of powdered samples of the SPIONs is spread
across the surface of a double-sided carbon tape, which is further mounted on a stub
and then sputter-coated with gold for better imaging purposes [72]. Then, the coated
stub is placed inside the sample holder and loaded into the SEM instrument for
further imaging.
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4.1.3 X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is a crystallographic characterization technique – utilized
for investigating the crystalline phases/sizes and crystal structures/orientations of the
particles. In XRD, the monochromatic X-rays – generated in an X-ray tube based on
the anodic bombardment of high-energy electrons and filtered via monochromator –
are elastically scattered by the sample particles (due to interactions). Subsequently,
constructive interference pattern is formed to give diffraction peaks by satisfying the
Bragg’s Law (nλ = 2d sin θ) [20]. Here, n is the order of reflection (i.e., an integer
corresponding to the order of diffraction plane), λ is the wavelength of X-ray, d is
the inter-planar spacing (i.e., the distance between two diffraction planes), and θ is
the angle of diffraction (i.e., angle between the diffraction plane and the incident
X-ray).

Typically, the powdered samples of the as-prepared SPIONs are used for XRD
analysis with a working scan range (i.e., 2θ) of 20�–80�. Moreover, the crystalline
nature (e.g., phases) of the SPIONs is identified from their unique d-spacing/
diffraction peaks by a comparison with the standards gathered by Joined Committee
of Powder Diffraction Standards (JCPDS) or International Centre for Diffraction
Data (ICDD). Furthermore, the crystallite sizes of the SPIONs are determined by
using Scherrer formula – i.e., D = (kλ/β cos θ), where D is the average crystalline
size (in nm), k is the particle shape factor (i.e., k is 0.9 for spherical shapes), λ is the
wavelength of X-rays (in Å), β is the peak width measured at half intensity
(in radians), and θ is the diffraction angle (in degrees).

4.2 Structure/Surface Coatings

4.2.1 Fourier Transform Infrared (FTIR)
Fourier transform infrared (FTIR) spectroscopy is a surface characterization tool that
is useful in determining the characteristic chemical bonds in the molecules (along
with the functional groups) of the particles (e.g., SPIONs). These chemical bonds are
identified based on their absorption/transmission behaviors (given in terms of
intensities) in reference to the frequency of the incident IR radiation (given in
terms of specific wavenumbers/wavelength). Usually, the molecules gain energies
while absorbing the photons from the irradiated IR spectra, and these energies move
from the lower/ground state to the higher/excited state. This results in either one of
the following vibrational states (among the bonds between atoms in molecules)
including stretching (symmetric/asymmetric) and bending vibrations that are char-
acteristic to the applied IR frequency. Finally, the IR spectrum is provided in terms of
absorption/transmission intensity vs. wavenumber.

Herein, a small amount of powdered SPIONs is directly placed inside a specimen
holder, and scanned in the FTIR range of 550–4000 cm�1 [73]. The absorption peaks
in the range of 550–600 cm�1 are typically corresponded to the Fe–O stretching
vibrations of iron oxide cores, and the peaks above 600 cm�1 are ascribed to the
different vibrations of the coating molecules that are chemically adsorbed to the
surface of the SPIONs [74].
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4.2.2 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is a thermal characterization tool which can be
employed to quantitatively determine the weight change of the particles under
gradual increase of their temperature in a controlled environment. In general, the
weight change experienced by the particles is mainly due to their decomposition,
dehydration, evaporation, oxidation, or reduction/absorption, which is mainly
useful in defining the (i) chemical composition and/or (ii) thermal stability of the
particles.

A thermo�/microgram-balance (as shown in Fig. 7.2) in TGA apparatus is used
to observe the changes in the weight of the material while heating the sample via an
in-built oven, where a thermocouple is used to monitor the temperature. Herein,
dried powder samples of the SPIONs is weighed in an alumina pan and placed inside
the TGA apparatus, which is consequently heated from RT to 800 �C at a specific
heating rate under an inert atmosphere [68]. Finally, the temperature vs. percentage
of weight loss of the SPIONs shall be plotted to determine the amount of coating
molecules and iron oxide core.

4.3 Magnetic Properties and Dispersibility

4.3.1 Vibrating Sample Magnetometry (VSM)
Vibrating sample magnetometry (VSM) is a magnetic characterization technique
applied to measure the magnetic properties (such as magnetization/hysteresis loop)
of the particles at RT. VSM works on the basic principle of “Faraday’s Law of
Induction” which notifies that the varying magnetic field might generate an electric
field which can be measured to accumulate information about the corresponding
magnetic field. The sample particles is initially placed between two electromagnets
(via a sample holder) – as shown in Fig. 7.3, magnetized by applying a constant
magnetic field (H, via electromagnets), and then vibrated in a sinusoidal fashion
(in Z-axis).

Due to the change in magnetic flux of the particles (ascribed to its sinusoidal
oscillation), a voltage is induced. Then, the induced voltage signal is quantified by
the nearby detection/pick-up coils, and moreover, the amplitude of this signal is

Fig. 7.2 A simplified scheme
of the thermo�/microgram-
balance used in
thermogravimetric analysis
(TGA) apparatus.
(Reproduced from Ref. [68])
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directly proportional to the magnetic moments (M) of the sample particles. Besides,
a hysteresis (M-H) loop for the particles is acquired by ramping the applied field
initially to a maximum positive field, then cycled to a maximum negative field (via
zero) and again increased to the maximum positive field. Finally, the data including
the applied magnetic field and the corresponding magnetization are acquired.

Herein, dried powder samples of SPIONs are placed in the sample holder of
VSM, and consequently, a magnetic field (in a particular range) is applied to measure
the magnetic properties of the SPIONs (in the form of a hysteresis curve) at RT.

4.3.2 Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) is primarily used to measure the hydrodynamic size/
distribution of the particles (e.g., SPIONs) suspended in a medium (e.g., water) to
determine their dispersibility/solubility. In DLS, a beam of light from a laser, which
is passed through the dispersed sample particles, is scattered by the particles in the
medium and subsequently observed through a photon detector. The intensities of the
scattered light (measured at a known angle (i.e., θ)) might fluctuate with time as the
particles diffuse in the dispersion medium due to (i) the Brownian motions and
(ii) also because of the variations in the sizes (i.e., hydrodynamic diameter) of the
diffusing particles. The correlation between the diffusion co-efficient of the particles
and their size can be obtained (via correlator) through the Stokes-Einstein equation –
Eq. (7.3) [75].

Dh ¼ kB Tð Þ= 3πηDtð Þ (7:3)

Fig. 7.3 Schematic diagram
of detection set-up of
vibration sample
magnetometer (VSM).
(Reproduced from commons.
wikimedia.org/VSM)
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Where, Dh is the hydrodynamic diameter of the particles, kB is the Boltzmann’s
constant, T is the measurement temperature, η is the medium viscosity, and Dt is the
diffusion coefficient of the particles. Commonly, Dh is measured in the range of 0.3 nm
to 10 μm via DLS.

In addition to Dh, DLS is also utilized to determine the zeta (ζ) potential of the
particles to evaluate their suspension (colloidal) stability in the dispersing media.
Generally, the particles possess surface charge when they are suspended in a medium.
ζ potential is measured based on the scattering of light while the charged particles (in the
medium) diffuse in response to an applied electric field, where this phenomenon is
known as electrophoretic light scattering [76]. Normally, the velocity of the diffusing
particles is determined via the Doppler shifts in the scattered light and is proportional to
the electric (i.e., ζ) potential of the particles at the shear/slipping plane – as shown in
Fig. 7.4. Moreover, the direction and the velocity of the diffusing particles can be
utilized to determine (i) their surface charges as either positive (+) or negative (�), and
(ii) the magnitude of the charges (in mV), respectively. Usually, the particles having high
ζ potentials – i.e., <�30 mV and > +30 mV are considered to be stable since the
particles do not agglomerate or flocculate beyond these ranges [77].

In general, the SPIONs based ferrofluid (FF) suspensions are prepared with
appropriate dilutions, poured into the cuvettes, and finally analyzed for Dh/ζ poten-
tial via DLS at a standard temperature of 25 �C. Usually, an average of three
measurements is taken to maintain the consistency in the DLS data.

4.4 Calorimetric Magnetic Fluid Hyperthermia

Generally, calorimetric magnetic fluid hyperthermia (CMFH) studies are performed
to investigate the heat induction properties of the SPM nanoparticles by exposing

Fig. 7.4 Zeta potential as
function of the surface charge
of a nanoparticle at the shear
plane. (Reproduced from
http://www.horiba.com)
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them to alternating magnetic fields (AMFs) using a hyperthermia instrument – for
example, magneTherm from nanoTherics, as shown in Fig. 7.5.

Herein, the hyperthermia instrument (magneTherm) mainly consists of 9/17 turn
coils that are used to produce the AMFs having definite amplitudes (H) and fre-
quencies (f), which can be varied in the range of 7.1 kA/m to 15.3 kA/m, and
175.2 kHz to 1001.1 kHz, respectively. The corresponding H�f product values are
calculated in the range of 2.4 � 109 Am�1 s�1 or (2.4 G Am�1 s�1) to 9.9 G
Am�1 s�1 [78]. Usually, the required AMFs are generated by initially fixing the
frequency via a function generator, and then by modifying the suitable electric
voltage/current through a laboratory power supply machine. Moreover, a chiller is
connected to the turn coil to maintain a specific coil temperature (i.e., ~37 �C) by
recirculating the water while preventing the over-heating of the coil (due to constant
electric voltage/current supply).

In a typical CMFH study, about 1 milliliter (ml) of the aqueous suspensions of
SPM nanoparticles (aqueous ferrofluids) is poured in a clean vial and a temperature
probe is inserted into the suspension through its lid. The vial (along with the probe) is
affixed in a Styrofoam container and subsequently inserted into the space between
the coils. The initial temperature of the aqueous ferrofluids is monitored for about
~2 mins with the help of the temperature probe (coupled to a data acquisition
software, DAS) to check for any heat induction from the coil. Then, the AMFs
(with specific H�f values) are applied and the time-dependent temperature (TDT) rise
of the aqueous ferrofluids is consequently observed through the temperature probe.
Finally, the TDT plots are made and the heating efficacies of the aqueous ferrofluids
are calculated – i.e., SAR in W/gFe and ILP in nHm2 kg�1 as per Eqs. (7.1 and 7.2).

4.5 In Vitro and in Vivo Magnetic Fluid Hyperthermia

In a typical in vitro MFH study, ~7 to 8 million cancer cells are grown in a 75 cm2

culture-flask (at 37 �C, and 5% CO2 in an incubator) by using growth media with
fetal bovine serum (FBS). After the growth, these cancer cells are trypsinized and

Fig. 7.5 A typical hyperthermia instrument – magneTherm from nanoTherics
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centrifuged (at ~800 to 1000 rpm) to acquire them in a pellet form which is then
redispersed in specific amount of media to form the cancer cell stock. Then, ~1
million cancer cells (counted through hemocytometer) are taken (from the stock) and
resuspended in media containing the SPM nanoparticles at specific concentrations.
Then, these cancer cells along with the nanoparticles are subjected to AMF to reach
the therapeutic temperature (42–45 �C), which is then maintained for the next 30–60
mins by attuning the AMF [78]. In addition, the equal number (i.e., ~1 million) of
cancer cells is (i) treated under same AMF (without nanoparticles) and (ii) incubated
with only nanoparticles (without AMF) at predefined concentrations.

After the MFH treatment, ~40 to 120μl of cell suspension is mixed with appro-
priate media and plated in triplicates followed by 24–72 h of incubation at 37 �C
under 5% CO2. Similar procedure is followed for the cells treated with only AMF
and only nanoparticles at definite concentration. Finally, the viability (i.e., prolifer-
ation capacity) of the cancer cells (from all wells) is determined via an assay – for
example MTT assay by measuring the absorbance of live cancer cells after the
sequential addition of MTT (with 4–5 h incubation) and stopping solution. The
formula for determining the viability of cancer cells (with/without MFH therapy) is
given by the following equation – Eq. (7.4) [79].

Cell viability ¼ 100�Absorbance of well treated with SPIONs or AMF or both

Absorbance of control well� without any SPIONs or AMF

(7:4)

In a typical in vivo MFH study, mice are usually grown with tumors (having
specific cancer cell type – for example: human multiple myeloma cells) to reach a
diameter of ~50 mm3, and divided into four different groups (with n= 5 per cohort):
(i) no treatment; (ii) application of only magnetic field; (iii) only intravenous
administration of SPM nanoparticles at specific concentration; and (iv) intravenous
administration of SPM nanoparticles at same concentration and subsequent applica-
tion of AMF (to reach the therapeutic temperature (42 or 45 �C)) for specific time
after 24 h of administration [80]. An optical fiber probe is inserted into the tumor site
or thermal imaging is used to monitor temperature rise during MFH treatments. After
MFH, the mice are observed for specific time (~1 month) to notice any reduction in
the size of the tumor. Based on this observation, 1–2 rounds of treatment are given to
improve the efficacy of MFH treatments.

However, mice are euthanized if the size of tumor reaches a diameter of
1500–3500 mm3. After euthanizing, tissue samples from the mice are obtained and
immediately immersed in 4% paraformaldehyde solution for 24 h for histology
analysis. Then, Prussian blue staining method is used to qualitatively determine
the intracellular Fe ions. Moreover, in biodistribution studies, the mice are sacrificed,
and their tissues are taken out, washed, and then weighed. The tissue sample
(~10 mg) is dissolved with 1 mL of aqua regia in a Teflon vial and then diluted
with ultrapure water. Then, the iron concentration in the tissue solution is measured
by using an iron calorimetric assay kit. Thus, the histology and biodistribution
studies are performed via in vivo MFH studies.
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5 Key Research Findings

Magnetic fluid hyperthermia (MFH) studies are performed to investigate the heat
induction properties of the MNPs – i.e., mainly SPM nanoparticles (e.g., SPIONs)-
based ferrofluids under an applied alternating magnetic field (AMF) produced by a
hyperthermia instrument [35, 81–87]. The heat induced by the ferrofluids (via Néel
and/or Brownian relaxation) and the corresponding heating efficiencies (in terms of
SAR/ILP) are generally examined with respect to the physicochemical properties
(i.e., size/size distribution/shape), surface coatings, composition, applied AMFs and
dispersion media, which are discussed as follows.

5.1 Influence of Size/Size Distribution/Shape of SPM
Nanoparticles

The sizes and the size distributions (i.e., monodispersed (narrow distribution) /
polydispersed (broad distribution)) of the SPM nanoparticles considerably influence
their heat generation properties.

For instance, Gonzales-Weimuller et al. have studied the heating effects of iron
oxide nanoparticles in MFH by tailoring their size, where a highest SAR of 447 W/g
is obtained for 14 nm particles (as compared to SAR values of 180, 130, and 200 W/
g for nanoparticles with sizes of 5, 10, and 12.8 nm) on exposure to AMF with
H= 24.5 kA/m and f= 400 kHz [88]. In a similar fashion, Presa et al. have observed
increment in SAR values (from 4 to 58 W/g) by increasing the size of the SPIONs
from 6 to 14 nm after exposing them to the AMF with H = 7.5 kA/m and
f = 522 kHz [89]. In another similar study, Bakoglidis et al. have investigated the
heating effects of the SPIONs with their sizes ranging from 5–18 nm by exposing
them to high-frequency alternating current (ac) magnetic field with H = 20 kA/m
and f = 765 kHz [90]. Herein, the SAR value has gradually incremented as the size
of the nanoparticles is increased from 5 to 10 nm (in superparamagnetic region), but
the SAR value has (i) decremented as the nanoparticle size changes from 10 to 13 nm
(in superparamagnetic-ferromagnetic transition region) and (ii) again increased once
their size has reached 18 nm (in ferromagnetic region). In another latest study, Tong
et al. have synthesized magnetic iron oxide nanoparticles (MIONs) with different
sizes ranging from superparamagnetic (i.e., with sizes of 6, 8, 11, and 15 nm) to
ferromagnetic (with sizes of 19, 25, 33, and 40 nm) regimes, and subsequently
studied their heating effects under the AMF with H = 20.7 kA/m, and f = 325 kHz
[91]. The SAR values of the MIONs have dramatically increased for their sizes
between 11 and 33 nm, and reached a plateau around 33–40 nm by exhibiting the
maximum SAR value of 2560 W/gFe for 40-nm-sized nanoparticles. Thus, the
change in sizes have significant influence on the heating effects of the nanoparticles,
but the superparamagnetic size limit for the nanoparticles (~ 10 nm) should be
retained for their effective application in biological conditions.

Iacovita et al. showed very high SAR value of ~1400 W/g for small monocrys-
talline iron oxide nanoparticles as compared to SAR value of 400 W/g for the large
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polycrystalline nanoparticles under the external AMF with H = 65 kA/m and
f= 355 kHz [92]. Similarly, in another investigation, Khandhar et al. have displayed
that the 16 nm spherical-shaped Fe3O4 nanoparticles with broader average-size
distribution (σavg = 0.266) have shown reduced SAR value (i.e., 100 W/g) as
compared to the value (i.e., 144 W/g) of nanoparticles with the same size and
narrower size distribution (σavg = 0.175) at an applied AMF with H = 13.4 kA/m
and f= 376 kHz [93]. In contradiction to the above-mentioned studies, Patsula et al.
have showed high SAR value (i.e., 142 W/g) for 14-nm-sized polydispersed nano-
particles (with PDI = 1.21) as compared to the value (i.e., 22 W/g) of its mono-
dispersed counterpart (with PDI = 1.02) at an applied AMF with H = 24 kA/m and
f = 400 kHz [94]. Hence, the particle size distribution controls the heating efficacies
of the MNP, but narrow size distribution is essential for uniform heat induction for
in vitro MFH applications.

Magnetic nanoparticles with diverse shapes are proven to show enhanced heating
effects as compared to its spherical-shaped counterparts. For example, Maity et al.
have presented enhanced SAR value (i.e., 500 W/g) for nanoflower-shaped particles
as compared to the value (135 W/g) for spherical-shaped SPIONs on exposure to
AMF with H = 89 kA/m and f = 240 kHz [79]. Analogous result is reported by
Hugounenq et al., where a high SAR value of 1992 W/g for nanoflower-shaped
particles by applying a field with H = 21.5 kA/m and f = 700 kHz [95]. Similarly,
Lartigue et al. have reported a SAR value of 1500 W/g for multi-core nanoparticles
by exposing them to AMF with H = 25 kA/m and f = 520 kHz [96].

In another study, Guardia et al. have demonstrated SAR values up to 2452 W/g
for cube-shaped iron oxide nanocrystals at an applied AMF with H = 29 kA/m and
f = 520 kHz [97]. Similarly, Martinez-Boubeta et al. showed superior magnetic
heating efficiency (SAR ~ 500 W/g) using the ferrimagnetic iron oxide nanocubes
with an edge length about 20 nm at an applied AMF with H = 30 mT and
f = 765 kHz [98]. In a similar investigation, Lv et al. have synthesized octahedral-
shaped Fe3O4 nanoparticles and investigated their magnetic hyperthermia perfor-
mances in a gel suspension, where the results indicated high SAR values up to
2629W/g by exposing to the AMFwith H= 800 Oe and f= 358 kHz [99]. Likewise,
Mohapatra et al. have shown improved SAR values (up to 275 W/g) for octahedral-
shaped nanoparticles at an applied field with H = 310 Oe and f = 247 kHz [100]. In
another investigation, Nemati et al. have revealed high SAR value (i.e., 240 W/g) for
the octopod-shaped nanoparticles as compared to the value (i.e., 140 W/g) of
spherical nanoparticles with the similar size at applied AMF with H = 800 Oe and
f = 310 kHz [101].

In another recent investigation, Das et al. have performed calorimetric MFH
experiments using the Fe3O4 nanorods that also represented for a large SAR value
(i.e., 862 W/g at AMF with H= 400 to 800 Oe and f= 310 kHz), which are superior
to spherical and cubic nanoparticles (�140 and �314 W/g, respectively) – as shown
in Fig. 7.6 [102]. Similarly, Nemati et al. presented high heating efficacies (i.e.,
SAR = 125 W/g) for the nanodiscs as compared to the spherical-shaped nano-
particles (i.e., SAR= 90 W/g) for an applied field with H= 800 Oe and f= 300 kHz
[103]. Moreover, the same group has reported a high SAR value of 800 W/g for the
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iron oxide nanocubes with the similar applied magnetic field conditions [104]. Thus,
the diverse shapes of the magnetic nanoparticles significantly affect their heating
efficacies in MFH applications. Nevertheless, the shape-dependent toxicity should
be considered for biological scenarios.

5.2 Influence of Surface Coatings and Composition of SPM
Nanoparticles

Similar to the effect of size, size distribution, and shape, the surface coating of the
SPM nanoparticles (attached during or after the synthesis process to make them
dispersed/non-agglomerated) have considerable influences on their heat-generation
behaviors and subsequent effect on the heating efficacies in MFH. For example,
Regmi et al. have reported different heating efficacies (i.e., SAR values of 37, 46,
and 64 W/g) for SPIONs coated with fatty acids with different chain lengths (i.e.,
C12, C14, and C18) [105]. In another similar study, different heating efficacies with
SAR values of 140, 220, and 350 W/g are reported for the nanoparticles coated with
diverse surfactants such as cetyl trimethylammonium bromide (cationic), poly
(vinylpyrrolidone) (non-ionic), and sodium cholate (anionic), respectively, on expo-
sure to AMF with H = 25 kA/m and f = 765 kHz [106]. Likewise, SAR values of
20 W/g and 60 W/g are presented for the nanoparticles coated with oleic acid and

Fig. 7.6 SAR vs. field plot
for the Fe3O4-based
nanospheres, cubes, and
nanorods. (Reproduced from
Ref. [102])
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trisodium citrate, respectively, while exposing them to AMF with H = 24 kA/m and
f = 418.5 kHz [107].

Analogously, Liu et al. have elaborately optimized the surface coatings (i.e.,
methoxy poly (ethylene glycol) (mPEG) with different molecular weights of 2000,
5000, and 20,000) for Fe3O4 nanoparticles, where a high SAR value of 930 W/g is
attained for 19-nm-sized nanoparticles coated with mPEG 2000 on exposure to AMF
with H = 27 kA/m and f = 400 kHz as compared to their counterparts with different
sizes (9 and 31 nm) and/or coated with mPEG 5000 or 20,000 – as shown in Fig. 7.7
[108]. Similarly, Mohammad et al. have studied the effect of gold shell on the heat-
release process and the corresponding heating efficacies of the SPIONs, where the
gold-coated SPIONs have exhibited a higher SAR value of 463.9 W/g as compared

Fig. 7.7 (a) The SAR values of the different-sized Fe3O4 nanoparticles for different mPEG: 9 nm
(orange), 19 nm (yellow), 31 nm (blue). (b) A schematic diagram of magnetic nanoparticle-based
hyperthermia agents with iron oxide core and increasing mPEG coatings (2000, 5000 and 20,000).
(Reproduced from Ref. [108])
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to the value of 313.5 W/g for free-SPIONs for the applied AMF with H = 123 Vat a
current of 11 A, and f = 430 Hz [109].

Moreover, SPIONs are synthesized with different σ-conjugated small-molecule
surfactants such as glycine [110], citric acid/albumin [111], sodium oleate [112],
pentenoic acid [113], and glycyrrhizic acid [114] that have exhibited corresponding
SAR values of 77.6 W/g (at H = 0.385 kOe and f = 250 kHz), 16.72/10.66 W/g
(at H = 3 kA/m and f = 215 kHz), 14 W/g (at H = 15.9 kA/m and f = 62 kHz),
110.56 W/g (at H = 0.1 kW power and f = 142 kHz), and 17.92 W/g (at H = 8.8
kA/m and f = 300 kHz).

Furthermore, Kandasamy et al. have systematically synthesized the SPIONs with
π-conjugated short-chained surfactants (having different carboxyl- or/and amine-
functional groups) such as terephthalic acid (TA), aminoterephthalic acid (ATA),
trimesic acid (TMA), pyromellitic acid (PMA), 1,4-diaminobenzene (14DAB),
4- aminobenzoic acid (4ABA), and 3,4-diaminobenzoic acid (34DABA), which
correspondingly resulted in heating efficacies of 140, 158, 60, 72, 302, 219, and
330 W/g under the exposure to AMF with H = 10.9 kA/m and f = 751.5 kHz [78,
115–117]. Herein, 34DABA-coated SPIONs have exhibited the highest heating
efficacies, which could be mainly due to (i) enhanced π � π conjugation paths of
surface-attached 34DABA coating molecules because of intra-functional group
attractions and (ii) improved anisotropy from the formation of clusters/linear
chains of the SPIONs in aqueous ferrofluid suspensions, owing to intra�/inter-
functional group attractions and/or inter-particle interactions due to increasing
concentrations (as shown in Fig. 7.8). Hence, the surface coatings have substantial
role in altering the heating efficacies of the magnetic nanoparticles in MFH
applications.

In addition, the variation in the composition of the magnetic nanoparticles – i.e.,
doping with different metal cations (e.g., M = Mn or Co in MFe2O4) which results in
superparamagnetic spinel-ferrite nanostructures (MnFe2O4 and/or CoFe2O4) – has also
the key impact on their heating abilities. For instance, Cruz et al. have reported SAR
values of 168 W/g and 29 W/g, respectively, for the MnFe2O4 and CoFe2O4 nano-
particles on exposure to the applied AMF with H = 13.9 kA/m and f = 274 kHz
[118]. Recently, Phong et al. have studied the heating efficacies of the CoFe2O4

nanoparticles (having sizes in the range of 13–24 nm), where the SAR values are
found to be decreased with the increase of their particle size, and the smallest
CoFe2O4 nanoparticles (with 13.5 nm) exhibited the highest SAR value of 142 W/g
under a low AMF with H = 100 Oe and f = 240 kHz [119]. In another recent study,
Psimadas et al. showed higher SAR value of 122 W/g for the Fe3O4 nanoparticles in
comparison to the value of 41 W/g for the CoFe2O4 nanoparticles under the applied
AMF with H = 19.9 kA/m and f = 95 kHz [120]. In contrast to the abovementioned
studies, Lee et al. have reported higher heating efficacies for the single-component
MnFe2O4 (15 nm) and CoFe2O4 (9 nm) nanoparticles (SAR values of 411 W/g and
443 W/g, respectively) as compared to the single-component Fe3O4 (12 nm)
nanoparticles (SAR value of 349 W/g) for the applied AMF with H = 37.3
kA/m and f = 500 kHz [121]. In addition, they have tuned the SAR values
with the formation of core–shell (or exchange-coupled) nanoparticles by varying the
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combination of the core and shell components – i.e., CoFe2O4@MnFe2O4= 2280W/g,
CoFe2O4@Fe3O4= 1120W/g,MnFe2O4@CoFe2O4= 3034W/g, Fe3O4@CoFe2O4=
2795W/g, and Zn0.4Co0.6Fe2O4@Zn0.4Mn0.6Fe2O4= 4000W/g – as shown in Fig. 7.9.
Moreover in another study, Noh et al. have achieved a significantly larger SAR
value of 10,600 W/g for cube-shaped core-shell Zn0.4Fe2.6O4@CoFe2O4 nano-
particles on exposure to AMF with H = 37.3 kA/m and f = 500 kHz [122].

Similarly, Robles et al. have demonstrated a large increase in SAR value for
the spherical-shaped core-shell Fe3O4/CoFe2O4 nanoparticles (199 W/g) as com-
pared to SAR value of similar sized Fe3O4 nanoparticles (i.e., 8 W/g). Moreover,
they have also reported that the SAR value of the Fe3O4/CoFe2O4 nanoparticles is
increased from 199 to 461 W/g (for applied AMF with H = 800 Oe and
f = 310 kHz) as the thickness of the CoFe2O4 shell is increased from 0.9 � 0.5
to 2.1 � 0.1 nm [123]. In a similar fashion, Angelakeris et al. have presented
core-shell MnFe2O4@CoFe2O4 and CoFe2O4@MnFe2O4 nanoparticles with
SAR values of 73 W/g and 160 W/g, respectively, for the applied AMF with
H= 28 kA/m and f= 765 kHz [124]. Thus, the composition (including core-shell
structure) of the nanoparticles has major influence on their heating capacities;
however, the toxicity of the metal cations should be monitored for better biolog-
ical results.

Fig. 7.8 Different types of interactions in 34DABA-coated SPION-based ferrofluid suspensions –
(i) intrafunctional group interactions, (ii) interfunctional group interactions, and (iii) interparticle
interactions. (Reproduced from Ref. [78])
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5.3 Influence of Applied AMFs and Dispersion Media of SPM
Nanoparticles

Apart from size, size distribution, shape, surface coatings, and composition of the
SPM nanoparticles, the applied AMFs (with increasing amplitudes/frequencies)
have enormous influence to alter their heat-generating ability. For example, Bekovic
et al. have studied the heating effects of magnetic nanoparticles at low AMF with H
and f ranging from 0.5–3.5 kA/m to 50–185 kHz, where the SAR values have
correspondingly increased from 0 to 0.5 W/g [125].

Similarly, Orsini et al. have determined the heating ability of 12 nm-sized iron
oxide nanoparticles under AMF with H or H0 = 3.98–23.87 kA/m, and
f = 229.3–828 kHz, which resulted an increase in SAR values (i.e., from 0 to
~120 W/g or 200 W/g) in quadratic manner (i.e., SAR = AH0

2 or Bf2) upon the
increment in the amplitudes or frequencies of the applied field – as shown in Fig. 7.10
[126]. In similar fashion, Kandasamy et al. have exposed the SPIONs to AMFs with H
and f in the respective ranges of 7.1–15.39 kA/m and 175.2–1001.1 kHz, where a
linearly increasing trend for the SAR values (i.e., from 48.6 to 432.1 W/g) is obtained
with the increment in the magnetic fields [78]. Likewise, Hemery et al. have performed
similar MFH investigations for multicore iron oxide nanoparticles by varying the
applied magnetic fields (including H (0–30 kA/m) and f (149–1023 kHz)), where a
significant increase of SAR values from 0 to ~2000 W/g is noted [127]. Analogous
investigations are performed by other researchers and similar results are obtained
[128–130]. Thus, the increase in SAR values can be attained by incrementing the
amplitudes (H)/frequencies (f) of the applied magnetic fields; however, the H x f
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product in AMF should not exceed 5 � 109 A�m�1�s�1, since it is the maximum
recommended product value for use in human MFH treatment.

Moreover, dispersion medium directly affects the heat generation capability of the
SPM nanoparticles. For instance, Andreu et al. have studied the heating capacities of the
as-synthesized spherical-shaped nanoparticles by dispersing them in different medium
such as n-hexane (C6H14), n-dodecane (C12H26), n-hexadecane (C16H34), tetracosane
(C24H50), and epoxy resin under the AMF with H = 3 kA/m and f = 111 kHz, which
resulted in corresponding SAR values of 4.6, 2.7, 3.0, 7.3, and 0.8 W/g [131]. In
another study, Piñeiro-Redondo et al. have investigated the heating capacities of
the nanoparticles by dispersing them in different solvents – with increasing viscosities
(η) – such as water (η = 1 mP s), ethylene glycol (η = 17 mP s), 1–2-propanediol
(η= 40.1 mP s), and polyethylene glycol (PEGwith η= 90 mP s), where an increase in
viscosity of the solvents (i.e., from 1 to 90 mP s) resulted in a significant decrement of
the SAR values (i.e., from 36.5 to 21 W/g) [132]. In a similar investigation by
Kandasamy et al., the diaminobenzoic acid-coated SPIONs are magnetically separated
and dispersed in a definite volume of (i) nonbiological media such as ethylene glycol
(EG), diethylene glycol (DEG), triethylene glycol (TEG), and glycerol (GC) and
(ii) biological media such as phosphate buffer saline (PBS), Dulbecco’s modified
eagle medium (DMEM), DMEM+5% fetal bovine serum (FBS), and FBS, via vigorous
vortexing process to determine the heating abilities of nonbiological ferrofluids
(NBFFs – 1 to 4) and biological ferrofluids (BFFs – 1 to 4), respectively, under the
AMF with H = 10.9 kA/m and f = 751.5 kHz [78].

The results (as shown in Fig. 7.11) indicated that the SAR value of (i) NBFFs is
gradually increased from 372.6 W/g to a maximum value of 440.4 W/g (for
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[126])
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corresponding ferrofluids of NBFF-1 to NBFF-3) and then decreased to 266.9 W/g
(for NBFF-4), and (ii) BFFs is gradually decreased from 321W/g (BFF-1) to 307 W/g
(BFF-2), reached to a minimum value of 288.9 W/g (BFF-3), and then increased to
336.9 W/g (BFF-4). The decrement in the SAR values from BFF-1 to BFF-3 could be
due to the large aggregation of the SPIONs in the respective biological media, as
apparent from the large increment in their hydrodynamic sizes, attributed to the
complex interactions between the surface- functional groups of the SPIONs and
the carrier liquids. However, the BFF-4 exhibited the highest SAR value among all
of the BFFs, which could be due to its lowest hydrodynamic size.

In another investigation, Ludwig et al. have immobilized the magnetic nano-
particles in tissues simulated with 1% agarose gels and 10% polyvinyl alcohol
(PVA) hydrogels, where a strong reduction of the SAR value (i.e., from 585 to
314 W/g) is found after the immobilization of nanoparticles in PVA as compared
to agarose gel [133]. Similar results are obtained by other investigations that have
been focused on the influence of solvent/dispersion medium towards the heating
efficacies of the nanoparticles [93, 107, 134–136]. Thus, the size/size distribu-
tion, shape, surface coatings, composition, applied AMFs, and dispersion media
have significant impact in modifying the heat generating abilities of the SPM
nanoparticles.

5.4 Biological Magnetic Fluid Hyperthermia of SPM
Nanoparticles

MFH-based thermotherapy has attracted major attention as one of the capable cancer
treatment modalities since the heating of the cancer cells in the range of 42–45 �C
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might cause crucial damages in these cells to induce apoptotic cell death [30]. For
this purpose, the SPM nanoparticles are significantly involved in in vitro and in vivo
cancer treatments, which are discussed as follows.

5.4.1 In Vitro Studies
Saeedi et al. have performed an in vitro MFH study where the viability of L929 cells
has drastically reduced by induced heat using the glycyrrhizic acid coated iron oxide
nanoparticles under AMF (with H = 11.7 kA/m and f = 300 kHz), while the AMF
itself has no lethal effect on the control cells as indicated by their high viability
[114]. In another investigation, Maity et al. have attained ~74% cytotoxicity in
MCF-7 cancer cells by exposing them to the heat induced by magnetic nanoclusters
under AMF with H = 89 kA/m, and f = 240 kHz [79]. In another recent investiga-
tion, Jadhav et al. have demonstrated 80% hyperthermic killing ability for iron oxide
nanoparticles in fibrosarcoma cells on exposure to AMF with H = 26 kA/m and
f = 265 kHz [137].

Similarly, Hemery et al. have investigated in vitro MFH efficiency of multicore
(nanoflowers) vs. monocore (nanospheres) nanoparticles in glioblastoma cells as
shown in Fig. 7.12 [138]. A higher cytotoxicity of ~80–90% is achieved for
multicore nanoparticles (as compared with 40% cytotoxicity for monocore counter-
parts) after 30 min treatment under the AMF with H = 12 kA/m and f = 473 kHz,
which is mainly due to (i) higher SAR value and internalized concentration of
265 W/g and 800 pg/cell for multicore nanoparticles (in comparison to 134 W/g
and 300 pg/cell for monocore nanoparticles), respectively, and (ii) a mechanical

Fig. 7.12 Cellular internalization (via DY700/Hoechst 33342/Lysotracker™ green staining) and
in vitro magnetic hyperthermia (under AMF with H = 12 kA/m and f = 473 kHz)-based cell
viability studies of the monocore (nanospheres) vs. multicore (nanoflowers) nanoparticles.
(Reproduced from Ref. [138])
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disruption of the plasma and lysosomal membranes induced by the increased surface
roughness of multicore nanoparticles.

In a similar fashion, Kandasamy et al. showed ~90% killing efficiency in
MCF-7 cancer cells after treating them with terephthalic/aminoterephthalic acid
coated SPIONs under the AMF with H = 10.9 kA/m and f = 751.5 kHz
[116]. Likewise, they have also demonstrated a hyperthermic killing efficiency
of 61–88% (via MFH) in HepG2 cancer cells by using the heat induced via
diaminobenzoic acid-coated SPIONs under similar AMF conditions [78]. In
another study, Zhang et al. have showed significant apoptosis in SK-BR-3 cells
by using the heat induced via herceptin-directed magnetic nanoparticles under
the AMF with H = ~35 kA/m and f = 150 kHz [139]. In another similar
investigation, Majeed et al. have demonstrated decreased viability (�55%) in
HeLa cells that are treated with iron oxide nanoparticles along with induction
heating (i.e., MFH with AMF having H= 400 A and f= 250 kHz) as compared to
those cells with only induction heating (i.e., without nanoparticles) and control
(i.e., without nanoparticles and AMF) [140]. Likewise, in a study performed by
Attar et al., above 90% cytotoxicity is observed in different cancer cell lines after
consequent incubation with nanoparticles and application of AMF with H = 8
kA/m and f = 80 kHz. Similarly, Aljarrah et al. have significantly increased
doxorubicin-induced cytotoxicity by pre-incubation of MCF-7 cells with iron
oxide nanoparticles followed by a magnetic field exposure [141].

5.4.2 In Vivo Studies
Gilchrist et al. have initially performed in vivo cancer treatment (through MFH)
using the heat induced by the magnetic particles under AMF with H = 16–19.2
kA/m and f = 1.2 MHz [142]. Recently, Zhao et al. have used magnetic iron oxide
nanoparticle induced hyperthermia for the treatment of human head and neck cancer
(Tu212 cell line) developed in a mouse xenograft model by using AMF with H = 7
kA/m and f = 130 kHz, where the pathological results demonstrated high epithelial
tumor cell destruction associated with the hyperthermia treatment [143]. In another
investigation, Hayashi et al. have reported a strong reduction in the volume of
myeloma tumor in mice (i.e., one-tenth that of the control mice) after 35 days of
MFH treatment (as shown in Fig. 7.13) by using folic acid (FA) and polyethylene
glycol (PEG) modified SPION nanoclusters (FA-PEG-SPION NCs) under AMF
with H = 8 kA/m and f = 230 kHz [80].

In addition, the MFH treated mice are found to be alive even after 12 weeks,
whereas the control mice are found to be dead only at 8 weeks after the tumor
induction. In a similar fashion, Yi et al. have demonstrated a significant decrease
in the sizes of C6 glioma tumor in rats via MFH therapy (at the AMF with H = 10
kA/m and f = 200 kHz) by using optimized nanoparticle dosage [144]. In another
investigation, Araya et al. have reported a reduction of A549 lung adenocarci-
noma in mice models by using the heat inducted via ferucarbotran-based nano-
particles under AMF with H = 24 kA/m and f = 142 kHz [145]. Moreover, based
on the previous in vitro and in vivo works, Spirou et al. have outlined the
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necessary considerations (after the synthesis and characterization of the MNPs –
i.e., SPM nanoparticles) that a researcher must address in order to perform
preclinical MFH testing for effective cancer treatments [146].

6 Conclusions and Future Perspectives

In summary, this chapter initially described a brief introduction about different types
of magnetic materials, unique behavior of the SPM nanoparticles, basic principles of
heat generation in MFH, and also several techniques for characterizations of the
physicochemical/magnetic/dispersibility properties of the MNPs/SPM nanoparticles
(i.e., SPIONs) – crucial for further MFH analysis. Then, we have discussed the
influences of different key parameters including the physicochemical properties (i.e.,
size/size distribution/shape), surface coatings, composition, applied AMFs, and
dispersion media on the heating performance of the SPM nanoparticles
(as presented by different worldwide studies). Finally, we have highlighted the
recent MFH investigations of the SPM nanoparticles in in vitro and in vivo scenar-
ios. From the above discussed works, it can be concluded that (i) the key parameters
should be carefully optimized for attaining better heating efficacies in calorimetric
MFH studies, and (ii) the MFH-based thermotherapy can be efficiently used as
individual therapy for effective cancer treatments, which could be useful in further
clinical investigations.

Fig. 7.13 Photographs of mice 35 days after MFH treatment with folic acid (FA)- and polyethyl-
ene glycol (PEG)-modified SPION nanoclusters (FA-PEG-SPION NCs) under AC magnetic field
with H = 8 kA/m and f = 230 kHz. (Reproduced from Ref. [80])

324 D. Maity and G. Kandasamy



References

1. Lin MM, Kim H-H, Kim H et al (2010) Iron oxide-based nanomagnets in nanomedicine:
fabrication and applications. Nano Rev 1

2. Ali A, Zafar H, Zia M et al (2016) Synthesis, characterization, applications, and challenges of iron
oxide nanoparticles. Nanotechnol Sci Appl 9:49–67. https://doi.org/10.2147/NSA.S99986

3. Pankhurst QA, Connolly J, Jones SK, Dobson J (2003) Applications of magnetic nanoparticles in
biomedicine. J Phys D Appl Phys 36:R167–R181. https://doi.org/10.1088/0022-3727/36/13/201

4. Huber DL (2005) Synthesis, properties, and applications of iron nanoparticles. Small
1:482–501. https://doi.org/10.1002/smll.200500006

5. Bedanta S, Kleemann W (2009) Supermagnetism. J Phys D Appl Phys 42:013001. https://doi.
org/10.1088/0022-3727/42/1/013001

6. Klostergaard J, Seeney CE (2012) Magnetic nanovectors for drug delivery. Nanomedicine 8:
S37–S50

7. Sheng-nan S, Chao W, Zan-zan Z (2014) Magnetic iron oxide nanoparticles: synthesis and
surface coating techniques for biomedical applications. Chinese Phys B 23:1–19. https://doi.
org/10.1088/1674-1056/23/3/037503

8. Tapeinos C (2018) Magnetic nanoparticles and their bioapplications. In: Parinov IA, Chang
S-H, Topolov VY (eds) Smart nanoparticles for biomedicine. Elsevier, Cham, pp 131–142

9. Akbarzadeh A, Samiei M, Davaran S (2012) Magnetic nanoparticles: preparation, physical
properties, and applications in biomedicine. Nanoscale Res Lett 7:144. https://doi.org/
10.1186/1556-276X-7-144

10. Mody VV, Singh A, Wesley B (2013) Basics of magnetic nanoparticles for their application in
the field of magnetic fluid hyperthermia. Eur J Nanomedicine 5:11–21. https://doi.org/
10.1515/ejnm-2012-0008

11. Cullity BD, Graham CD (2011) Introduction to magnetic materials, 2nd edn. Wiley, Hoboken
12. Carlos L, Jafelicci M, Beck W (2011) Magnetic and multifunctional magnetic nanoparticles in

nanomedicine: challenges and trends in synthesis and surface engineering for diagnostic and
therapy applications. In: Biomedical engineering, trends in materials science. InTech, pp 397–424

13. Lee N, Hyeon T (2012) Designed synthesis of uniformly sized iron oxide nanoparticles for
efficient magnetic resonance imaging contrast agents. Chem Soc Rev 41:2575. https://doi.org/
10.1039/c1cs15248c

14. Corot C, Robert P, Idée JM, Port M (2006) Recent advances in iron oxide nanocrystal
technology for medical imaging. Adv Drug Deliv Rev 58:1471–1504. https://doi.org/
10.1016/j.addr.2006.09.013

15. Wang Y-XJ, Hussain SM, Krestin GP (2001) Superparamagnetic iron oxide contrast agents:
physicochemical characteristics and applications in MR imaging. Eur Radiol 11:2319–2331.
https://doi.org/10.1007/s003300100908

16. Laurent S, Dutz S, Häfeli UO, Mahmoudi M (2011) Magnetic fluid hyperthermia: focus on
superparamagnetic iron oxide nanoparticles. Adv Colloid Interf Sci 166:8–23. https://doi.org/
10.1016/j.cis.2011.04.003

17. Pennacchioli E, FioreM, Gronchi A (2009) Hyperthermia as an adjunctive treatment for soft-tissue
sarcoma. Expert Rev Anticancer Ther 9:199–210. https://doi.org/10.1586/14737140.9.2.199

18. Chen H, Zhang W, Zhu G et al (2017) Rethinking cancer nanotheranostics. Nat Rev Mater
2:17024. https://doi.org/10.1038/natrevmats.2017.24

19. Kandasamy G, Maity D (2015) Recent advances in superparamagnetic iron oxide nano-
particles (SPIONs) for in vitro and in vivo cancer nanotheranostics. Int J Pharm
496:191–218. https://doi.org/10.1016/j.ijpharm.2015.10.058

20. Kitture R, Ghosh S, Kulkarni P et al (2012) Fe3O4-citrate-curcumin: promising conjugates for
superoxide scavenging, tumor suppression and cancer hyperthermia. J Appl Phys 111:064702.
https://doi.org/10.1063/1.3696001

21. Ahmed M, Douek M (2013) The role of magnetic nanoparticles in the localization and
treatment of breast cancer. Biomed Res Int 2013:281230. https://doi.org/10.1155/2013/281230

7 Superparamagnetic Nanoparticles for Cancer Hyperthermia Treatment 325

https://doi.org/10.2147/NSA.S99986
https://doi.org/10.1088/0022-3727/36/13/201
https://doi.org/10.1002/smll.200500006
https://doi.org/10.1088/0022-3727/42/1/013001
https://doi.org/10.1088/0022-3727/42/1/013001
https://doi.org/10.1088/1674-1056/23/3/037503
https://doi.org/10.1088/1674-1056/23/3/037503
https://doi.org/10.1186/1556-276X-7-144
https://doi.org/10.1186/1556-276X-7-144
https://doi.org/10.1515/ejnm-2012-0008
https://doi.org/10.1515/ejnm-2012-0008
https://doi.org/10.1039/c1cs15248c
https://doi.org/10.1039/c1cs15248c
https://doi.org/10.1016/j.addr.2006.09.013
https://doi.org/10.1016/j.addr.2006.09.013
https://doi.org/10.1007/s003300100908
https://doi.org/10.1016/j.cis.2011.04.003
https://doi.org/10.1016/j.cis.2011.04.003
https://doi.org/10.1586/14737140.9.2.199
https://doi.org/10.1038/natrevmats.2017.24
https://doi.org/10.1016/j.ijpharm.2015.10.058
https://doi.org/10.1063/1.3696001
https://doi.org/10.1155/2013/281230


22. Cheng Y, Morshed RA, Auffinger B et al (2014) Multifunctional nanoparticles for brain tumor
imaging and therapy. Adv Drug Deliv Rev 66:42–57. https://doi.org/10.1016/j.
addr.2013.09.006

23. Torchilin VP (2014) Multifunctional, stimuli-sensitive nanoparticulate systems for drug deliv-
ery. Nat Rev Drug Discov 13:813–827. https://doi.org/10.1038/nrd4333

24. Deatsch AE, Evans BA (2014) Heating efficiency in magnetic nanoparticle hyperthermia.
J Magn Magn Mater 354:163–172. https://doi.org/10.1016/j.jmmm.2013.11.006

25. Kumar CSSR, Mohammad F (2011) Magnetic nanomaterials for hyperthermia-based therapy
and controlled drug delivery. Adv Drug Deliv Rev 63:789–808. https://doi.org/10.1016/j.
addr.2011.03.008

26. McCarthy JR, Weissleder R (2008) Multifunctional magnetic nanoparticles for targeted
imaging and therapy. Adv Drug Deliv Rev 60:1241–1251. https://doi.org/10.1016/j.
addr.2008.03.014

27. Verma J, Lal S, Van Noorden CJF (2014) Nanoparticles for hyperthermic therapy: synthesis
strategies and applications in glioblastoma. Int J Nanomedicine 9:2863–2877

28. Laurent S, Forge D, Port M et al (2008) Magnetic iron oxide nanoparticles: synthesis,
stabilization, vectorization, physicochemical characterizations and biological applications.
Chem Rev 108:2064–2110. https://doi.org/10.1021/cr068445e

29. Hasany SF, Abdurahman NH, Sunarti AR, Jose R (2013) Magnetic Iron oxide nanoparticles:
chemical synthesis and applications review. Curr Nanosci 9:561–575. https://doi.org/10.2174/
15734137113099990085

30. Wu W, Wu Z, Yu T et al (2015) Recent progress on magnetic iron oxide nanoparticles:
synthesis, surface functional strategies and biomedical applications. Sci Technol Adv Mater
16:023501. https://doi.org/10.1088/1468-6996/16/2/023501

31. Hedayatnasab Z, Abnisa F, Daud WMAW (2017) Review on magnetic nanoparticles for
magnetic nanofluid hyperthermia application. Mater Des 123:174–196. https://doi.org/
10.1016/j.matdes.2017.03.036

32. Hasany SF, Ahmed I, Rajan J, Rehman A (2013) Systematic review of the preparation
techniques of Iron oxide magnetic nanoparticles. Nanosci Nanotechnol 2:148–158. https://
doi.org/10.5923/j.nn.20120206.01

33. Veiseh O, Gunn JW, Zhang M (2010) Design and fabrication of magnetic nanoparticles for
targeted drug delivery and imaging. Adv Drug Deliv Rev 62:284–304. https://doi.org/10.1016/
j.addr.2009.11.002

34. Patil U, Adireddy S, Jaiswal A et al (2015) In vitro/in vivo toxicity evaluation and quantifi-
cation of Iron oxide nanoparticles. Int J Mol Sci 16:24417–24450. https://doi.org/10.3390/
ijms161024417

35. Périgo EA, Hemery G, Sandre O et al (2015) Fundamentals and advances in magnetic
hyperthermia. Appl Phys Rev 2:041302. https://doi.org/10.1063/1.4935688

36. Maity D, Kandasamy G, Sudame A (2017) Superparamagnetic Iron Oxide Nanoparticles
(SPIONs) based magnetic hyperthermia: a promising therapy in cancer treatment. In: Berhardt
LV (ed) Advances in medicine and biology, 117th edn. Nova Science Publishers, pp 99–160

37. Praetorius NP, Mandal TK (2007) Engineered nanoparticles in cancer therapy. Recent Pat
Drug Deliv Formul 1:37–51. https://doi.org/10.2174/187221107779814104

38. Thanh NTK, Maclean N, Mahiddine S (2014) Mechanisms of nucleation and growth of
nanoparticles in solution. Chem Rev 114:7610–7630. https://doi.org/10.1021/cr400544s

39. Reddy LH, Arias JL, Nicolas J, Couvreur P (2012) Magnetic nanoparticles: design and
characterization, toxicity and biocompatibility, pharmaceutical and biomedical applications.
Chem Rev 112:5818–5878. https://doi.org/10.1021/cr300068p

40. Amstad E, Textor M, Reimhult E (2011) Stabilization and functionalization of iron oxide
nanoparticles for biomedical applications. Nanoscale 3:2819. https://doi.org/10.1039/c1nr10173k

41. Mahmoudi M, Sant S, Wang B et al (2011) Superparamagnetic iron oxide nanoparticles
(SPIONs): development, surface modification and applications in chemotherapy. Adv Drug
Deliv Rev 63:24–46. https://doi.org/10.1016/j.addr.2010.05.006

326 D. Maity and G. Kandasamy

https://doi.org/10.1016/j.addr.2013.09.006
https://doi.org/10.1016/j.addr.2013.09.006
https://doi.org/10.1038/nrd4333
https://doi.org/10.1016/j.jmmm.2013.11.006
https://doi.org/10.1016/j.addr.2011.03.008
https://doi.org/10.1016/j.addr.2011.03.008
https://doi.org/10.1016/j.addr.2008.03.014
https://doi.org/10.1016/j.addr.2008.03.014
https://doi.org/10.1021/cr068445e
https://doi.org/10.2174/15734137113099990085
https://doi.org/10.2174/15734137113099990085
https://doi.org/10.1088/1468-6996/16/2/023501
https://doi.org/10.1016/j.matdes.2017.03.036
https://doi.org/10.1016/j.matdes.2017.03.036
https://doi.org/10.5923/j.nn.20120206.01
https://doi.org/10.5923/j.nn.20120206.01
https://doi.org/10.1016/j.addr.2009.11.002
https://doi.org/10.1016/j.addr.2009.11.002
https://doi.org/10.3390/ijms161024417
https://doi.org/10.3390/ijms161024417
https://doi.org/10.1063/1.4935688
https://doi.org/10.2174/187221107779814104
https://doi.org/10.1021/cr400544s
https://doi.org/10.1021/cr300068p
https://doi.org/10.1039/c1nr10173k
https://doi.org/10.1016/j.addr.2010.05.006


42. Liu C, Zou B, Rondinone AJ, Zhang ZJ (2000) Chemical control of superparamagnetic
properties of magnesium and cobalt spinel ferrite nanoparticles through atomic level magnetic
couplings. J Am Chem Soc 122:6263–6267. https://doi.org/10.1021/ja000784g

43. Kharisov BI, Dias HVR, Kharissova OV (2014) Mini-review: ferrite nanoparticles in the
catalysis. Arab J Chem. https://doi.org/10.1016/j.arabjc.2014.10.049

44. Tatarchuk T, Bououdina M, Judith Vijaya J, John Kennedy L (2017) Spinel ferrite nano-
particles: synthesis, crystal structure, properties, and perspective applications. In: Springer
Proceedings in Physics. pp 305–325

45. Kefeni KK, Msagati TAM, Mamba BB (2017) Ferrite nanoparticles: synthesis, characterisa-
tion and applications in electronic device. Mater Sci Eng B Solid-State Mater Adv Technol
215:37–55. https://doi.org/10.1016/j.mseb.2016.11.002

46. Moroz P, Jones SK, Gray BN (2002) Magnetically mediated hyperthermia: current status
and future directions. Int J Hyperth 18:267–284. https://doi.org/10.1080/
02656730110108785

47. Maureen L, Awalpreet S, Kaur P et al (2016) Hyperthermia using nanoparticles – promises and
pitfalls. Int J Hyperth 00:1–13. https://doi.org/10.3109/02656736.2015.1120889

48. Krishnan KM (2010) Biomedical nanomagnetics: a spin through possibilities in imaging, diag-
nostics, and therapy. IEEE Trans Magn 46:2523–2558. https://doi.org/10.1109/
TMAG.2010.2046907

49. Kita E, Oda T, Kayano T et al (2010) Ferromagnetic nanoparticles for magnetic hyperthermia
and thermoablation therapy. J Phys D Appl Phys 43:474011. https://doi.org/10.1088/0022-
3727/43/47/474011

50. Obaidat I, Issa B, Haik Y (2015) Magnetic properties of magnetic nanoparticles for efficient
hyperthermia. Nano 5:63–89. https://doi.org/10.3390/nano5010063

51. Shaterabadi Z, Nabiyouni G, Soleymani M (2018) Physics responsible for heating efficiency
and self-controlled temperature rise of magnetic nanoparticles in magnetic hyperthermia
therapy. Prog Biophys Mol Biol 133:9–19. https://doi.org/10.1016/j.pbiomolbio.2017.10.001

52. Abenojar EC, Wickramasinghe S, Bas-Concepcion J, Samia ACS (2016) Structural effects on
the magnetic hyperthermia properties of iron oxide nanoparticles. Prog Nat Sci Mater Int
26:440–448. https://doi.org/10.1016/j.pnsc.2016.09.004

53. Shah RR, Davis TP, Glover AL et al (2015) Impact of magnetic field parameters and iron oxide
nanoparticle properties on heat generation for use in magnetic hyperthermia. J Magn Magn
Mater 387:96–106. https://doi.org/10.1016/j.jmmm.2015.03.085

54. Kozissnik B, Bohorquez AC, Dobson J, Rinaldi C (2013) Magnetic fluid hyperthermia:
advances, challenges, and opportunity. Int J Hyperth 29:706–714. https://doi.org/10.3109/
02656736.2013.837200

55. Kallumadil M, Tada M, Nakagawa T et al (2009) Suitability of commercial colloids for
magnetic hyperthermia. J Magn Magn Mater 321:1509–1513. https://doi.org/10.1016/j.
jmmm.2009.02.075

56. Hong-Ying S, Chang-Qiang W, Dan-Yang L, Hua A (2015) Self-assembled super-
paramagnetic nanoparticles as MRI contrast agents – a review. Chinese Phys B 24:127506.
https://doi.org/10.1088/1674-1056/24/12/127506

57. Kim J, Piao Y, Hyeon T (2009) Multifunctional nanostructured materials for multimodal imaging,
and simultaneous imaging and therapy. Chem Soc Rev 38:372–390. https://doi.org/10.1039/
b709883a

58. Zhang W, Wu C, Silva SRP (2018) Proposed use of self-regulating temperature nanoparticles
for cancer therapy. Expert Rev Anticancer Ther 18:723–725. https://doi.org/10.1080/
14737140.2018.1483242

59. Jones CF, Grainger DW (2009) In vitro assessments of nanomaterial toxicity. Adv Drug Deliv
Rev 61:438–456. https://doi.org/10.1016/j.addr.2009.03.005

60. Blanco-Andujar C, Teran FJ, Ortega D (2018) Current outlook and perspectives on
nanoparticle-mediated magnetic hyperthermia. In: Iron Oxide nanoparticles for biomedical
applications. Elsevier, pp 197–245

7 Superparamagnetic Nanoparticles for Cancer Hyperthermia Treatment 327

https://doi.org/10.1021/ja000784g
https://doi.org/10.1016/j.arabjc.2014.10.049
https://doi.org/10.1016/j.mseb.2016.11.002
https://doi.org/10.1080/02656730110108785
https://doi.org/10.1080/02656730110108785
https://doi.org/10.3109/02656736.2015.1120889
https://doi.org/10.1109/TMAG.2010.2046907
https://doi.org/10.1109/TMAG.2010.2046907
https://doi.org/10.1088/0022-3727/43/47/474011
https://doi.org/10.1088/0022-3727/43/47/474011
https://doi.org/10.3390/nano5010063
https://doi.org/10.1016/j.pbiomolbio.2017.10.001
https://doi.org/10.1016/j.pnsc.2016.09.004
https://doi.org/10.1016/j.jmmm.2015.03.085
https://doi.org/10.3109/02656736.2013.837200
https://doi.org/10.3109/02656736.2013.837200
https://doi.org/10.1016/j.jmmm.2009.02.075
https://doi.org/10.1016/j.jmmm.2009.02.075
https://doi.org/10.1088/1674-1056/24/12/127506
https://doi.org/10.1039/b709883a
https://doi.org/10.1039/b709883a
https://doi.org/10.1080/14737140.2018.1483242
https://doi.org/10.1080/14737140.2018.1483242
https://doi.org/10.1016/j.addr.2009.03.005


61. Faraji M, Yamini Y, Rezaee M (2010) Magnetic nanoparticles: synthesis, stabilization,
functionalization, characterization, and applications. J Iran Chem Soc 7:1–37

62. Maity D, Ding J, Xue J-M (2008) Synthesis of magnetite nanoparticles by thermal decompo-
sition: time, temperature, surfactant and solvent effects. Funct Mater Lett 01:189–193. https://
doi.org/10.1142/S1793604708000381

63. Maity D, Choo SG, Yi J et al (2009) Synthesis of magnetite nanoparticles via a solvent-free
thermal decomposition route. J Magn Magn Mater 321:1256–1259. https://doi.org/10.1016/j.
jmmm.2008.11.013

64. Chandrasekharan P, Maity D, Yong CX et al (2011) Vitamin E (d-alpha-tocopheryl-co-poly
(ethylene glycol) 1000 succinate) micelles-superparamagnetic iron oxide nanoparticles for
enhanced thermotherapy and MRI. Biomaterials 32:5663–5672. https://doi.org/10.1016/j.
biomaterials.2011.04.037

65. Maity D, Pradhan P, Chandrasekharan P et al (2011) Synthesis of hydrophilic superparamagnetic
magnetite nanoparticles via thermal decomposition of Fe(acac)3 in 80 Vol% TREG + 20 Vol%
TREM. J Nanosci Nanotechnol 11:2730–2734. https://doi.org/10.1166/jnn.2011.2693

66. Maity D, Ding J, Xue J-M (2009) One-pot synthesis of hydrophilic and hydrophobic Ferro-
fluid. Int J Nanosci 08:65–69. https://doi.org/10.1142/S0219581X09005748

67. Maity D, Chandrasekharan P, Si-Shen F et al (2010) Polyol-based synthesis of hydrophilic
magnetite nanoparticles. J Appl Phys 107:09B310. https://doi.org/10.1063/1.3355898

68. Tenório-Neto ET, Jamshaid T, Eissa M et al (2015) TGA and magnetization measurements for
determination of composition and polymer conversion of magnetic hybrid particles. Polym
Adv Technol 26:1199–1208. https://doi.org/10.1002/pat.3562

69. Maity D, Ding J (2011) Single step synthesis of hydrophobic and hydrophilic nanoparticles via
thermal decomposition. Int J Nanosci 10:943–947. https://doi.org/10.1142/
S0219581X11008745

70. Maity D, Zoppellaro G, Sedenkova V et al (2012) Surface design of core–shell super-
paramagnetic iron oxide nanoparticles drives record relaxivity values in functional MRI
contrast agents. Chem Commun 48:11398. https://doi.org/10.1039/c2cc35515a

71. Tan YF, Chandrasekharan P, Maity D et al (2011) Multimodal tumor imaging by iron oxides
and quantum dots formulated in poly (lactic acid)-d-alpha-tocopheryl polyethylene glycol
1000 succinate nanoparticles. Biomaterials 32:2969–2978. https://doi.org/10.1016/j.
biomaterials.2010.12.055

72. Mi Y, Liu X, Zhao J et al (2012) Multimodality treatment of cancer with herceptin conjugated,
thermomagnetic iron oxides and docetaxel loaded nanoparticles of biodegradable polymers.
Biomaterials 33:7519–7529. https://doi.org/10.1016/j.biomaterials.2012.06.100

73. Prashant C, Dipak M, Yang CTet al (2010) Superparamagnetic iron oxide – loaded poly (lactic
acid)-d-alpha-tocopherol polyethylene glycol 1000 succinate copolymer nanoparticles as MRI
contrast agent. Biomaterials 31:5588–5597. https://doi.org/10.1016/j.
biomaterials.2010.03.070

74. Maity D, Kale SN, Kaul-Ghanekar R et al (2009) Studies of magnetite nanoparticles synthe-
sized by thermal decomposition of iron (III) acetylacetonate in tri(ethylene glycol). J Magn
Magn Mater 321:3093–3098. https://doi.org/10.1016/j.jmmm.2009.05.020

75. Muthukumaran T, Gnanaprakash G, Philip J (2012) Synthesis of stable magnetic Nanofluids of
different particle sizes. J Nanofluids 1:85–92. https://doi.org/10.1166/jon.2012.1006

76. Kedar U, Phutane P, Shidhaye S, Kadam V (2010) Advances in polymeric micelles for drug
delivery and tumor targeting. Nanomed Nanotechnol Biol Med 6:714–729. https://doi.org/
10.1016/j.nano.2010.05.005

77. Maity D, Chandrasekharan P, Yang C-T et al (2010) Facile synthesis of water-stable magnetite
nanoparticles for clinical MRI and magnetic hyperthermia applications. Nanomedicine
5:1571–1584. https://doi.org/10.2217/nnm.10.77

78. Kandasamy G, Sudame A, Luthra T et al (2018) Functionalized hydrophilic super-
paramagnetic Iron oxide nanoparticles for magnetic fluid hyperthermia application in liver
Cancer treatment. ACS Omega 3:3991–4005. https://doi.org/10.1021/acsomega.8b00207

328 D. Maity and G. Kandasamy

https://doi.org/10.1142/S1793604708000381
https://doi.org/10.1142/S1793604708000381
https://doi.org/10.1016/j.jmmm.2008.11.013
https://doi.org/10.1016/j.jmmm.2008.11.013
https://doi.org/10.1016/j.biomaterials.2011.04.037
https://doi.org/10.1016/j.biomaterials.2011.04.037
https://doi.org/10.1166/jnn.2011.2693
https://doi.org/10.1142/S0219581X09005748
https://doi.org/10.1063/1.3355898
https://doi.org/10.1002/pat.3562
https://doi.org/10.1142/S0219581X11008745
https://doi.org/10.1142/S0219581X11008745
https://doi.org/10.1039/c2cc35515a
https://doi.org/10.1016/j.biomaterials.2010.12.055
https://doi.org/10.1016/j.biomaterials.2010.12.055
https://doi.org/10.1016/j.biomaterials.2012.06.100
https://doi.org/10.1016/j.biomaterials.2010.03.070
https://doi.org/10.1016/j.biomaterials.2010.03.070
https://doi.org/10.1016/j.jmmm.2009.05.020
https://doi.org/10.1166/jon.2012.1006
https://doi.org/10.1016/j.nano.2010.05.005
https://doi.org/10.1016/j.nano.2010.05.005
https://doi.org/10.2217/nnm.10.77
https://doi.org/10.1021/acsomega.8b00207


79. Maity D, Chandrasekharan P, Pradhan P et al (2011) Novel synthesis of superparamagnetic
magnetite nanoclusters for biomedical applications. J Mater Chem 21:14717. https://doi.org/
10.1039/c1jm11982f

80. Hayashi K, Nakamura M, Sakamoto W et al (2013) Superparamagnetic nanoparticle clusters
for cancer theranostics combining magnetic resonance imaging and hyperthermia treatment.
Theranostics 3:366–376. https://doi.org/10.7150/thno.5860

81. Thomas R, Park I-K, Jeong YY (2013) Magnetic iron oxide nanoparticles for multimodal imaging
and therapy of cancer. Int J Mol Sci 14:15910–15930. https://doi.org/10.3390/ijms140815910

82. Baskar G, Ravi M, Panda JJ et al (2017) Efficacy of dipeptide-coated magnetic nanoparticles
in lung Cancer models under pulsed electromagnetic field. Cancer Investig 0:1–12. https://doi.
org/10.1080/07357907.2017.1318894

83. Lahiri BB, Muthukumaran T, Philip J (2016) Magnetic hyperthermia in phosphate coated iron
oxide nanofluids. J Magn Magn Mater 407:101–113. https://doi.org/10.1016/j.
jmmm.2016.01.044

84. Rodríguez-Luccioni HL, Latorre-Esteves M, Méndez-Vega J et al (2011) Enhanced reduction in
cell viability by hyperthermia induced by magnetic nanoparticles. Int J Nanomedicine 6:373–380

85. Lemal P, Geers C, Rothen-Rutishauser B et al (2017) Measuring the heating power of
magnetic nanoparticles: an overview of currently used methods. Mater Today Proc 4:
S107–S117. https://doi.org/10.1016/j.matpr.2017.09.175

86. Blanco-Andujar C, Ortega D, Southern P et al (2015) High performance multi-core iron oxide
nanoparticles for magnetic hyperthermia: microwave synthesis, and the role of core-to-core
interactions. Nanoscale 7:1768–1775. https://doi.org/10.1039/C4NR06239F

87. Cervadoro A, Giverso C, Pande R et al (2013) Design maps for the Hyperthermic treatment of
tumors with superparamagnetic nanoparticles. PLoS One 8:e57332. https://doi.org/10.1371/
journal.pone.0057332

88. Gonzales-Weimuller M, Zeisberger M, Krishnan KM (2009) Size-dependant heating rates of
iron oxide nanoparticles for magnetic fluid hyperthermia. J Magn Magn Mater
321:1947–1950. https://doi.org/10.1016/j.jmmm.2008.12.017

89. de la Presa P, Luengo Y, Multigner M et al (2012) Study of heating efficiency as a function of
concentration, size, and applied field in γ-Fe2O3 nanoparticles. J Phys Chem C
116:25602–25610. https://doi.org/10.1021/jp310771p

90. Bakoglidis KD, Simeonidis K, Sakellari D et al (2012) Size-dependent mechanisms in AC
magnetic hyperthermia response of iron-oxide nanoparticles. IEEE Trans Magn
48:1320–1323. https://doi.org/10.1109/TMAG.2011.2173474

91. Tong S, Quinto CA, Zhang L et al (2017) Size-dependent heating of magnetic Iron oxide
nanoparticles. ACS Nano 11:6808–6816. https://doi.org/10.1021/acsnano.7b01762

92. Iacovita C, Florea A, Dudric R et al (2016) Small versus large iron oxidemagnetic nano-
particles: hyperthermia and cell uptake properties. Molecules 21:1–21. https://doi.org/
10.3390/molecules21101357

93. Khandhar AP, Ferguson RM, Krishnan KM (2011) Monodispersed magnetite nanoparticles
optimized for magnetic fluid hyperthermia: implications in biological systems. J Appl Phys
109:173–175. https://doi.org/10.1063/1.3556948

94. Patsula V, Moskvin M, Dutz S, Horák D (2016) Size-dependent magnetic properties of iron
oxide nanoparticles. J Phys Chem Solids 88:24–30. https://doi.org/10.1016/j.jpcs.2015.09.008

95. Hugounenq P, Levy M, Alloyeau D et al (2012) Iron oxide monocrystalline Nanoflowers for
highly efficient magnetic hyperthermia. J Phys Chem C 116:15702–15712. https://doi.org/
10.1021/jp3025478

96. Lartigue L, Hugounenq P, Alloyeau D et al (2012) Cooperative organization in iron oxide
multi-core nanoparticles potentiates their efficiency as heating mediators and MRI contrast
agents. ACS Nano 6:10935–10949. https://doi.org/10.1021/nn304477s

97. Guardia P, Di Corato R, Lartigue L et al (2012) Water-soluble iron oxide nanocubes with high
values of specific absorption rate for cancer cell hyperthermia treatment. ACS Nano
6:3080–3091. https://doi.org/10.1021/nn2048137

7 Superparamagnetic Nanoparticles for Cancer Hyperthermia Treatment 329

https://doi.org/10.1039/c1jm11982f
https://doi.org/10.1039/c1jm11982f
https://doi.org/10.7150/thno.5860
https://doi.org/10.3390/ijms140815910
https://doi.org/10.1080/07357907.2017.1318894
https://doi.org/10.1080/07357907.2017.1318894
https://doi.org/10.1016/j.jmmm.2016.01.044
https://doi.org/10.1016/j.jmmm.2016.01.044
https://doi.org/10.1016/j.matpr.2017.09.175
https://doi.org/10.1039/C4NR06239F
https://doi.org/10.1371/journal.pone.0057332
https://doi.org/10.1371/journal.pone.0057332
https://doi.org/10.1016/j.jmmm.2008.12.017
https://doi.org/10.1021/jp310771p
https://doi.org/10.1109/TMAG.2011.2173474
https://doi.org/10.1021/acsnano.7b01762
https://doi.org/10.3390/molecules21101357
https://doi.org/10.3390/molecules21101357
https://doi.org/10.1063/1.3556948
https://doi.org/10.1016/j.jpcs.2015.09.008
https://doi.org/10.1021/jp3025478
https://doi.org/10.1021/jp3025478
https://doi.org/10.1021/nn304477s
https://doi.org/10.1021/nn2048137


98. Martinez-Boubeta C, Simeonidis K, Makridis A et al (2013) Learning from nature to improve
the heat generation of iron-oxide nanoparticles for magnetic hyperthermia applications. Sci
Rep 3:1652

99. Lv Y, Yang Y, Fang J et al (2015) Size dependent magnetic hyperthermia of octahedral Fe3O4

nanoparticles. RSC Adv 5:76764–76771. https://doi.org/10.1039/C5RA12558H
100. Mohapatra J, Mitra A, Aslam M, Bahadur D (2015) Octahedral-shaped Fe3O4 nanoparticles

with enhanced specific absorption rate and R2 Relaxivity. IEEE Trans Magn 51:3–6. https://
doi.org/10.1109/TMAG.2015.2439213

101. Nemati Z, Alonso J, Martinez LM et al (2016) Enhanced magnetic hyperthermia in Iron oxide
Nano-octopods: size and anisotropy effects. J Phys Chem C 120:8370–8379. https://doi.org/
10.1021/acs.jpcc.6b01426

102. Das R, Alonso J, Nemati Porshokouh Z et al (2016) Tunable high aspect ratio Iron oxide
Nanorods for enhanced hyperthermia. J Phys Chem C 120:10086–10093. https://doi.org/
10.1021/acs.jpcc.6b02006

103. Nemati Z, Salili SM, Alonso J et al (2017) Superparamagnetic iron oxide nanodiscs for
hyperthermia therapy: does size matter? J Alloys Compd 714:709–714. https://doi.org/
10.1016/j.jallcom.2017.04.211

104. Nemati Z, Alonso J, Rodrigo I et al (2018) Improving the heating efficiency of Iron oxide
nanoparticles by tuning their shape and size. J Phys Chem C 122:2367–2381. https://doi.org/
10.1021/acs.jpcc.7b10528

105. Regmi R, Black C, Sudakar C et al (2009) Effects of fatty acid surfactants on the magnetic and
magnetohydrodynamic properties of ferrofluids. J Appl Phys 106:113902. https://doi.org/
10.1063/1.3259382

106. Filippousi M, Angelakeris M, Katsikini M et al (2014) Surfactant effects on the structural and
magnetic properties of Iron oxide nanoparticles. J Phys Chem C 118:16209–16217. https://doi.
org/10.1021/jp5037266

107. Soares IP, Lochte F, Echeverria C et al (2015) Thermal and magnetic properties of iron oxide
colloids: influence of surfactants. Nanotechnology 26:425704. https://doi.org/10.1088/0957-
4484/26/42/425704

108. Liu XL, Fan HM, Yi JB et al (2012) Optimization of surface coating on Fe3O4 nanoparticles
for high performance magnetic hyperthermia agents. J Mater Chem 22:8235. https://doi.org/
10.1039/c2jm30472d

109. Mohammad F, Balaji G, Weber A et al (2010) Influence of gold Nanoshell on hyperthermia of
super paramagnetic Iron oxide nanoparticles (SPIONs). J Phys Chem C Nanomater Interfaces
114:19194–19201. https://doi.org/10.1021/jp105807r

110. Barick KC, Hassan PA (2012) Glycine passivated Fe3O4 nanoparticles for thermal therapy.
J Colloid Interface Sci 369:96–102. https://doi.org/10.1016/j.jcis.2011.12.008

111. Cheraghipour E, Javadpour S (2013) Cationic albumin-conjugated magnetite nanoparticles,
novel candidate for hyperthermia cancer therapy. Int J Hyperth 29:511–519. https://doi.org/
10.3109/02656736.2013.803605

112. Araújo-Neto RP, Silva-Freitas EL, Carvalho JF et al (2014) Monodisperse sodium oleate
coated magnetite high susceptibility nanoparticles for hyperthermia applications. J Magn
Magn Mater 364:72–79. https://doi.org/10.1016/j.jmmm.2014.04.001

113. Darwish MSA, Stibor I (2016) Pentenoic acid-stabilized magnetic nanoparticles for nano-
medicine applications. J Dispers Sci Technol 37:1793–1798. https://doi.org/10.1080/
01932691.2016.1140584

114. Saeedi M, Vahidi O, Bonakdar S (2017) Synthesis and characterization of glycyrrhizic acid
coated iron oxide nanoparticles for hyperthermia applications. Mater Sci Eng C
77:1060–1067. https://doi.org/10.1016/j.msec.2017.04.015

115. Kandasamy G, Sudame A, Bhati P et al (2018) Systematic magnetic fluid hyperthermia
studies of carboxyl functionalized hydrophilic superparamagnetic iron oxide nanoparticles
based ferrofluids. J Colloid Interface Sci 514:534–543. https://doi.org/10.1016/j.
jcis.2017.12.064

330 D. Maity and G. Kandasamy

https://doi.org/10.1039/C5RA12558H
https://doi.org/10.1109/TMAG.2015.2439213
https://doi.org/10.1109/TMAG.2015.2439213
https://doi.org/10.1021/acs.jpcc.6b01426
https://doi.org/10.1021/acs.jpcc.6b01426
https://doi.org/10.1021/acs.jpcc.6b02006
https://doi.org/10.1021/acs.jpcc.6b02006
https://doi.org/10.1016/j.jallcom.2017.04.211
https://doi.org/10.1016/j.jallcom.2017.04.211
https://doi.org/10.1021/acs.jpcc.7b10528
https://doi.org/10.1021/acs.jpcc.7b10528
https://doi.org/10.1063/1.3259382
https://doi.org/10.1063/1.3259382
https://doi.org/10.1021/jp5037266
https://doi.org/10.1021/jp5037266
https://doi.org/10.1088/0957-4484/26/42/425704
https://doi.org/10.1088/0957-4484/26/42/425704
https://doi.org/10.1039/c2jm30472d
https://doi.org/10.1039/c2jm30472d
https://doi.org/10.1021/jp105807r
https://doi.org/10.1016/j.jcis.2011.12.008
https://doi.org/10.3109/02656736.2013.803605
https://doi.org/10.3109/02656736.2013.803605
https://doi.org/10.1016/j.jmmm.2014.04.001
https://doi.org/10.1080/01932691.2016.1140584
https://doi.org/10.1080/01932691.2016.1140584
https://doi.org/10.1016/j.msec.2017.04.015
https://doi.org/10.1016/j.jcis.2017.12.064
https://doi.org/10.1016/j.jcis.2017.12.064


116. Kandasamy G, Sudame A, Bhati P et al (2018) Systematic investigations on heating effects of
carboxyl-amine functionalized superparamagnetic iron oxide nanoparticles (SPIONs) based
ferrofluids for in vitro cancer hyperthermia therapy. J Mol Liq 256:224–237. https://doi.org/
10.1016/j.molliq.2018.02.029

117. Kandasamy G, Sudame A, Maity D (2017) ATA and TA coated superparamagnetic iron oxide
nanoparticles: promising candidates for magnetic hyperthermia therapy. Adv Mater Lett
8:873–877. https://doi.org/10.5185/amlett.2017.1730

118. Cruz MM, Ferreira LP, Ramos J et al (2017) Enhanced magnetic hyperthermia of CoFe2O4 and
MnFe2O4 nanoparticles. J Alloys Compd 703:370–380. https://doi.org/10.1016/j.
jallcom.2017.01.297

119. Phong PT, Phuc NX, Nam PH et al (2018) Size-controlled heating ability of CoFe2O4

nanoparticles for hyperthermia applications. Phys B Condens Matter 531:30–34. https://doi.
org/10.1016/j.physb.2017.12.010

120. Psimadas D, Baldi G, Ravagli C et al (2014) Comparison of the magnetic, radiolabeling,
hyperthermic and biodistribution properties of hybrid nanoparticles bearing CoFe2O4 and
Fe3O4 metal cores. Nanotechnology 25:025101. https://doi.org/10.1088/0957-4484/25/2/
025101

121. Lee J-H, Jang J-T, Choi J-S et al (2011) Exchange-coupled magnetic nanoparticles for efficient
heat induction. Nat Nanotechnol 6:418–422. https://doi.org/10.1038/nnano.2011.95

122. Noh SH, Na W, Jang JT et al (2012) Nanoscale magnetism control via surface and exchange
anisotropy for optimized ferrimagnetic hysteresis. Nano Lett 12:3716–3721. https://doi.org/
10.1021/nl301499u

123. Robles J, Das R, Glassell M et al (2018) Exchange-coupled Fe3O4/CoFe2O4 nanoparticles for
advanced magnetic hyperthermia. AIP Adv 8:056719. https://doi.org/10.1063/1.5007249

124. Angelakeris M, Li ZA, Hilgendorff M et al (2015) Enhanced biomedical heat-triggered
carriers via nanomagnetism tuning in ferrite-based nanoparticles. J Magn Magn Mater
381:179–187. https://doi.org/10.1016/j.jmmm.2014.12.069

125. Bekovic M, Hamler A (2010) Determination of the heating effect of magnetic fluid in
alternating magnetic field. IEEE Trans Magn 46:552–555. https://doi.org/10.1109/
TMAG.2009.2033944

126. Jović Orsini N, Babić-Stojić B, Spasojević V et al (2018) Magnetic and power absorption
measurements on iron oxide nanoparticles synthesized by thermal decomposition of Fe(acac)
3. J Magn Magn Mater 449:286–296. https://doi.org/10.1016/j.jmmm.2017.10.053

127. Hemery G, Keyes AC, Garaio E et al (2017) Tuning sizes, morphologies, and magnetic
properties of Monocore versus multicore Iron oxide nanoparticles through the controlled
addition of water in the polyol synthesis. Inorg Chem 56:8232–8243. https://doi.org/
10.1021/acs.inorgchem.7b00956

128. Cobianchi M, Guerrini A, Avolio M et al (2017) Experimental determination of the frequency
and field dependence of specific loss power in magnetic fluid hyperthermia. J Magn Magn
Mater 444:154–160. https://doi.org/10.1016/j.jmmm.2017.08.014

129. Verde EL, Landi GT, Carrião MS et al (2012) Field dependent transition to the non-linear
regime in magnetic hyperthermia experiments: comparison between maghemite, copper, zinc,
nickel and cobalt ferrite nanoparticles of similar sizes. AIP Adv 2. https://doi.org/10.1063/
1.4739533

130. Kuraica MM, Iskrenović P, PerićM et al (2018) External magnetic field influence on magnetite
and cobalt-ferrite nano-particles in ferrofluid. Chem Pap 72:1535–1542. https://doi.org/
10.1007/s11696-017-0380-8

131. Andreu I, Natividad E, Solozábal L, Roubeau O (2015) Same magnetic nanoparticles, different
heating behavior: influence of the arrangement and dispersive medium. J Magn Magn Mater
380:341–346. https://doi.org/10.1016/j.jmmm.2014.10.114

132. Piñeiro-Redondo Y, Bañobre-López M, Pardiñas-Blanco I et al (2011) The influence of
colloidal parameters on the specific power absorption of PAA-coated magnetite nanoparticles.
Nanoscale Res Lett 6:383. https://doi.org/10.1186/1556-276X-6-383

7 Superparamagnetic Nanoparticles for Cancer Hyperthermia Treatment 331

https://doi.org/10.1016/j.molliq.2018.02.029
https://doi.org/10.1016/j.molliq.2018.02.029
https://doi.org/10.5185/amlett.2017.1730
https://doi.org/10.1016/j.jallcom.2017.01.297
https://doi.org/10.1016/j.jallcom.2017.01.297
https://doi.org/10.1016/j.physb.2017.12.010
https://doi.org/10.1016/j.physb.2017.12.010
https://doi.org/10.1088/0957-4484/25/2/025101
https://doi.org/10.1088/0957-4484/25/2/025101
https://doi.org/10.1038/nnano.2011.95
https://doi.org/10.1021/nl301499u
https://doi.org/10.1021/nl301499u
https://doi.org/10.1063/1.5007249
https://doi.org/10.1016/j.jmmm.2014.12.069
https://doi.org/10.1109/TMAG.2009.2033944
https://doi.org/10.1109/TMAG.2009.2033944
https://doi.org/10.1016/j.jmmm.2017.10.053
https://doi.org/10.1021/acs.inorgchem.7b00956
https://doi.org/10.1021/acs.inorgchem.7b00956
https://doi.org/10.1016/j.jmmm.2017.08.014
https://doi.org/10.1063/1.4739533
https://doi.org/10.1063/1.4739533
https://doi.org/10.1007/s11696-017-0380-8
https://doi.org/10.1007/s11696-017-0380-8
https://doi.org/10.1016/j.jmmm.2014.10.114
https://doi.org/10.1186/1556-276X-6-383


133. Ludwig R, Stapf M, Dutz S et al (2014) Structural properties of magnetic nanoparticles
determine their heating behavior – an estimation of the in vivo heating potential. Nanoscale
Res Lett 9:602. https://doi.org/10.1186/1556-276X-9-602

134. Cabrera D, Camarero J, Ortega D, Teran FJ (2015) Influence of the aggregation, concentration,
and viscosity on the nanomagnetism of iron oxide nanoparticle colloids for magnetic hyper-
thermia. J Nanopart Res 17. https://doi.org/10.1007/s11051-015-2921-9

135. Etheridge ML, Hurley KR, Zhang J et al (2014) Accounting for biological aggregation in
heating and imaging of magnetic nanoparticles. Technology 02:214–228. https://doi.org/
10.1142/S2339547814500198

136. Spizzo F, Sgarbossa P, Sieni E et al (2017) Synthesis of Ferrofluids made of Iron oxide
Nanoflowers: interplay between carrier fluid and magnetic properties. Nano 7:373. https://
doi.org/10.3390/nano7110373

137. Jadhav NV, Prasad AI, Kumar A et al (2013) Synthesis of oleic acid functionalized Fe3O4
magnetic nanoparticles and studying their interaction with tumor cells for potential hyperther-
mia applications. Colloids Surf B Biointerfaces 108:158–168. https://doi.org/10.1016/j.
colsurfb.2013.02.035

138. Hemery G, Genevois C, Couillaud F et al (2017) Monocore vs. multicore magnetic iron oxide
nanoparticles: uptake by glioblastoma cells and efficiency for magnetic hyperthermia. Mol
Syst Des Eng 2:629–639. https://doi.org/10.1039/C7ME00061H

139. Zhang J, Dewilde AH, Chinn P et al (2011) Herceptin-directed nanoparticles activated by an
alternating magnetic field selectively kill HER-2 positive human breast cells in vitro via
hyperthermia. Int J Hyperth 27:682–697. https://doi.org/10.3109/02656736.2011.609863

140. Majeed J, Pradhan L, Ningthoujam RS et al (2014) Enhanced specific absorption rate in silanol
functionalized Fe3O4 core-shell nanoparticles: study of Fe leaching in Fe3O4 and hyperther-
mia in L929 and HeLa cells. Colloids Surf B Biointerfaces 122:396–403. https://doi.org/
10.1016/j.colsurfb.2014.07.019

141. Aljarrah K, Mhaidat NM, Al-Akhras M-AH et al (2012) Magnetic nanoparticles sensitize
MCF-7 breast cancer cells to doxorubicin-induced apoptosis. World J Surg Oncol 10:62

142. Gilchrist RK, Medal R, Shorey WD et al (1957) Selective inductive heating of lymph nodes.
Ann Surg 146:596–606. https://doi.org/10.1097/00000658-195710000-00007

143. Zhao Q, Wang L, Cheng R et al (2012) Magnetic nanoparticle-based hyperthermia for head &
neck cancer in mouse models. Theranostics 2:113–121. https://doi.org/10.7150/thno.3854

144. Yi GQ, Gu B, Chen LK (2014) The safety and efficacy of magnetic nano-iron hyperthermia
therapy on rat brain glioma. Tumor Biol 35:2445–2449. https://doi.org/10.1007/s13277-013-
1324-8

145. Araya T, Kasahara N et al (2013) Antitumor effects of inductive hyperthermia using magnetic
ferucarbotran nanoparticles on human lung cancer xenografts in nude mice. Onco Targets Ther
6:237. https://doi.org/10.2147/OTT.S42815

146. Spirou S, Costa Lima S, Bouziotis P et al (2018) Recommendations for in vitro and in vivo
testing of magnetic nanoparticle hyperthermia combined with radiation therapy

332 D. Maity and G. Kandasamy

https://doi.org/10.1186/1556-276X-9-602
https://doi.org/10.1007/s11051-015-2921-9
https://doi.org/10.1142/S2339547814500198
https://doi.org/10.1142/S2339547814500198
https://doi.org/10.3390/nano7110373
https://doi.org/10.3390/nano7110373
https://doi.org/10.1016/j.colsurfb.2013.02.035
https://doi.org/10.1016/j.colsurfb.2013.02.035
https://doi.org/10.1039/C7ME00061H
https://doi.org/10.3109/02656736.2011.609863
https://doi.org/10.1016/j.colsurfb.2014.07.019
https://doi.org/10.1016/j.colsurfb.2014.07.019
https://doi.org/10.1097/00000658-195710000-00007
https://doi.org/10.7150/thno.3854
https://doi.org/10.1007/s13277-013-1324-8
https://doi.org/10.1007/s13277-013-1324-8
https://doi.org/10.2147/OTT.S42815


Quantitative Methods for Investigating
Dissociation of Fluorescently Labeled Lipids
from Drug Delivery Liposomes

8

Rasmus Münter, Kasper Kristensen, Dennis Pedersbæk,
Thomas L. Andresen, Jens B. Simonsen, and Jannik B. Larsen

Contents
1 Definition of the Topic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334

3.1 Liposomes as a Drug Delivery System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
3.2 Tracking Liposomal Drug Delivery Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

4 Experimental and Instrumentation Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337
4.1 Liposome Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337
4.2 Size Exclusion Chromatography Dissociation Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
4.3 Single Liposome Dissociation Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
4.4 Comparison Between the SEC and SLiD Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

5 Review and Analysis of Key Research Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
5.1 Lipid Exchange Is a Well-Known Phenomenon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
5.2 Dissociation of Fluorescently Labeled Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
5.3 Dissociation of Polymer-Conjugated Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
5.4 Dissociation of Drug-Conjugated Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354
5.5 Dissociation of Targeting-Ligand-Conjugated Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354
5.6 Dissociation Trends: How to Predict Lipid Dissociation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

6 Conclusions and Future Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

R. Münter · K. Kristensen · D. Pedersbæk · T. L. Andresen · J. B. Simonsen · J. B. Larsen (*)
Center for Nanomedicine and Theranostics, Technical University of Denmark, Lyngby, Denmark

Department of Health Technology (DTU Healthtech), Technical University of Denmark, Lyngby,
Denmark
e-mail: jannla@dtu.dk

© Springer-Verlag GmbH Germany, part of Springer Nature 2019
C. S. S. R. Kumar (ed.), Nanotechnology Characterization Tools for Tissue Engineering
and Medical Therapy, https://doi.org/10.1007/978-3-662-59596-1_8

333

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-59596-1_8&domain=pdf
mailto:jannla@dtu.dk


1 Definition of the Topic

A key prerequisite for image-based research on nanocarriers for drug delivery is that
the recorded fluorescence can be accurately assigned to originate from the nanocarrier
in question. For liposomal nanocarriers, fluorescent labeling is typically achieved by
labeling a minority of the lipid species making up the liposome. Early work deter-
mined that lipid species can transfer between membrane components within a solution,
nevertheless the fluorescently labeled lipids (FLLs) of drug delivery liposomes are
intrinsically assumed to stay associated with the liposome, even when placed in a
biological environment. To efficiently test this assumption, routine methods capable of
investigating the dissociation of FLLs from liposomes should be implemented. Here
we present two experimental methodologies able to quantitatively characterize the
degree of FLL dissociation from liposomes when subjected to human blood plasma,
mimicking the biological environment experienced by the carrier when travelling in
the human body. Routine implementation of such methodologies could facilitate the
appropriate selection of FLLs displaying low liposome dissociation, hereby generating
more reliable liposomal uptake and trafficking studies.

2 Overview

Liposomes are synthetic lipid vesicles, which hold great potential for use in drug delivery,
with some formulations already in clinical use and many more being developed. It has
long been known that lipids are able to exchange between liposomes and other circulating
plasma components such as extracellular vesicles, lipoprotein particles, and proteins. For
liposomes with special, low-abundance components, e.g., lipids conjugated to
fluorophores, polymers, drugs, or tumor-targeting ligands, the dissociation could lead
to severe alterations in liposome function. For fluorescently labeled lipids, a significant
dissociation of these would hamper the ability of researchers to follow the trafficking and
uptake of liposomes in tissues and cells, potentially leading to misinterpretation of the
targeting abilities of liposomes.Despite thesemajor implications of lipid dissociation, it is
not routinely tested when new liposome formulations are developed. Here, we present
two methods for studying dissociation of FLLs, based on either size exclusion chroma-
tography or single liposome microscopy. While offering different degrees of detail and
complexity, both can in a quantitative manner address whether FLLs incorporated into
drug delivery liposomes dissociate from the liposomes during circulation.

3 Introduction

3.1 Liposomes as a Drug Delivery System

Synthetic lipid vesicles, also known as liposomes, are the most common nanoscale
carrier used for medical applications [1]. Liposomal systems are primarily used for
cancer therapy, but clinically approved liposome-based products are also used as
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analgesics, viral vaccines, and for treating fungal diseases [2–5]. Liposomes consist
of a phospholipid bilayer surrounding an aqueous lumen. Thus they can deliver both
hydrophilic drugs, encapsulated into the lumen, and hydrophobic drugs, incorpo-
rated into the lipid bilayer [3, 5]. The major advantages of liposomal systems are
their high degree of biocompatibility and the ability for delivery of encapsulated
drug to target sites while minimizing the systemic drug exposure [1, 5, 6]. Also,
liposomes offer a flexible delivery platform where the biochemical and physical
properties can be easily modified by varying the individual components making up
the liposome. Despite these attractive features, after 50 years of immense research in
developing new and improved liposomal drug delivery systems, the amount that has
made it to the clinic remains small [1, 7]. This highlights the need for rethinking all
aspects of liposome drug delivery research [8, 9], including the routine implemen-
tation of methodologies like the ones presented here, facilitating fundamental char-
acterization of liposome properties.

In many treatment applications, liposomes are not actively directed towards the
disease site [10]. In cancer therapy, the accumulation of liposomes in the tumor
tissue is often discussed in the context of a phenomenon known as the Enhanced
Permeability and Retention (EPR) effect [11]. This effect occurs as the vasculature
around tumors is more leaky than regular blood vessels, which results in the
liposomes extravasating from the blood vessels into the interstitium and into the
tumor. Furthermore, tumors usually lack effective lymphatic drainage, meaning that
the liposomes are retained in the tumor. The EPR effect is potentially experienced for
macromolecules larger than 40 kDa as these are not subject to renal clearance, and it
has been found that nanoparticles in a size range from 20 to 150 nm are optimal for
exploiting the EPR effect [12]. Encapsulation of small-molecule drugs into long-
circulating liposomes can thus potentially enhance the tumor delivery significantly
compared to free drugs, which are typically nonspecifically distributed throughout
the body, causing both side effects and reduced efficiency [5, 13]. To exploit the EPR
effect, liposomes need to avoid the body’s natural clearance machinery and for this
purpose, liposomes are often coated with the hydrophilic polymer Polyethylene
Glycol (PEG) [14]. Doing this, researchers achieve what is known as “stealth”
liposomes, such as the benchmark formulation Doxil, representing the first FDA
approved liposome formulation used in cancer treatment [15, 16].

Compared to the nonspecific targeting, potentially facilitated by the EPR effect,
attempts to design liposomes that are actively targeting tumors have been a focus in
the field of nanomedicine for more than 50 years [5]. This includes coating the
liposomes with ligands or antibodies that will recognize the tumor target cell
population [17, 18]. For example, solid tumors in breast, colorectal, ovary, and
prostate cancers often overexpress epidermal growth factor receptors (EGFR), and
stealth liposomes can be targeted to these tumors by conjugating antibody fragments
against these receptors to the end of the PEG chains [19]. Small non-peptide ligands
such as folate, a vitamin critical for DNA synthesis, have also been used to deliver
paclitaxel-loaded liposomes into tumor cells, as the folate receptor is often over-
expressed in tumors, but only weakly expressed in healthy tissue [20]. Despite these
efforts, no liposomal system actively targeting cancer cells has yet reached the clinic.
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3.2 Tracking Liposomal Drug Delivery Systems

Studies on the ability of liposomes to cross biological barriers, traffic to their target
cell destination, and reach intracellular compartments are often based on microscopy
or flow cytometry, where the liposomes are tracked using fluorescent labels
[21]. These fluorescent labels, which are commercially available from several
well-established manufacturers, are typically based on fluorophores linked to a
lipid anchor. These constructs are then incorporated into the membrane of the
liposomes. Liposomal carriers in general, and “stealth” liposomes containing PEG
coating in particular, are considered very stable and assumed to stay intact during
circulation [15, 16]. This has led to the intrinsic assumption that the FLLs used to
label liposomes stay associated to the liposomes throughout the duration of an
uptake or localization experiment. However, several studies have indicated that
lipids can exchange between liposomes and plasma components [22, 23] even
when the liposomes are PEGylated [24–26]. Such potential FLL dissociation could
lead to both false negatives and false positives in uptake experiments [27]. Thus, as
recently demonstrated [28], it is of great importance to address the dissociation of
FLLs incorporated into liposomes in order to facilitate better and more reliable
development of liposomal drug delivery systems.

In this chapter, we first describe the currently used methods for preparing FLL
containing liposomes and the methodology employed for evaluating their basic
physicochemical properties. Next we present two methods that allow for direct
quantification of FLL dissociation from liposomes in blood plasma, thus mimicking
the potential FLL dissociation in a drug delivery scenario. Using these methods to
study the stability of a formulation before initiating in vivo studies on liposomal
distribution and targeting, will allow researchers to determine if they can trust the
results from their biological uptake and localization experiments.

The first method is a Size Exclusion Chromatography (SEC) assay, which is
relative simple, requires a minimal amount of specialized equipment and offers a
very direct quantification. The second method is a Single Liposome Dissociation
(SLiD) Assay, based on quantitative microscopy. Compared to the SEC method, it
allows for a more in-depth and sensitive evaluation of the dissociation process,
addressing whether the dissociation happens uniformly from the whole population
of liposomes or only from a minority. The main drawback of the SLiD method is the
required access to advanced microscopes.

It must be stressed that both methods can in principle be used to study any lipid
labeled with a fluorescent tracer, thus making them applicable to study dissociation
of many types of lipid constructs, e.g., conjugated to polymers, drugs, proteins, etc.
Several lipid constructs often used in liposomes for drug delivery, e.g., PEGylated
lipids, are commercially available with fluorescent labels. Alternatively, many con-
structs can be acquired biotinylated, which can then be labeled indirectly using
streptavidin-linked fluorophores. Finally, if working with peptides or proteins (such
as targeting antibodies), the dissociation of the protein construct can be studied by
labeling the protein directly using one of the many kits on the market for covalent
fluorophore labeling.
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4 Experimental and Instrumentation Methodology

4.1 Liposome Preparation

4.1.1 Background
There are several key factors to take into account during the design of the liposome
formulation. First, choosing lipids with different characteristics will influence the
transition temperature of the formed lipid bilayer [29]. The transition temperature is
a collective property of the membrane, below which the bilayer will be in solid
ordered or gel phase and above which the bilayer will be in a more disordered liquid
phase. This fluidity of the bilayer is determined by the length and saturation of the
fatty acid lipid tails as well as the structure of their head group. Long, saturated fatty
acid tails promote high transition temperatures, while short, unsaturated tails promote
low transition temperatures. Figuratively, the lipid bilayer of the liposomes in a gel
phase will have a solid morphology similar to butter, while the disordered liquid phase
will have morphology similar to oil. It is well known that membrane fluidity is strongly
modulating how leaky the liposomes are with respect to encapsulated compounds
[30]. Accordingly, tuning membrane fluidity to ensure stable encapsulation while still
facilitating efficient drug release on cue is a topic of immense research.

Liposomes usually consist of a combination of two, three, or more different lipids. A
typical constituent of drug delivery liposomes is 20–40% cholesterol, shown to modify
membrane rigidity and lower the interaction between the liposome and serum compo-
nents, leading to prolonged circulation [15]. While the head group of many phospho-
lipids are zwitterions, lipids with anionic or cationic head groups are often included in
liposome formulations. These charged lipids can endow liposomes with certain func-
tions, e.g., cationic lipids can enhance delivery into cells [31]. Finally, liposomes for
drug delivery are often functionalized with synthetic lipids, where a lipid anchor is
chemically conjugated to, e.g., a polymer, peptide, fluorophore, or targeting ligand.

4.1.2 Materials and Instrumentation Needed
• Freeze dryer
• Tert-butanol
• Lipids, e.g., HSPC, Cholesterol and DSPE-PEG2000 in powder forms.
• Fluorescently labeled lipids, e.g., Carbocyanine dyes (DiO, DiI, DID, etc.),

Rhodamine-labeled lipids, Atto-labeled lipids.
• Mini extrusion kit (Avanti Polar Lipids)
• Polycarbonate filters and support filters (Whatman)
• Buffer, e.g., 10 mM HEPES, 137 mM NaCl, pH 7.4.

4.1.3 Procedure
For preparing liposomes, we typically use a standard protocol relying on lyophilized
lipid mixtures. First we discuss this protocol in detail, before we introduce other
preparations methods that are also routinely used [32]. The lyophilization method-
ology suggested is most applicable to lab-scale production of liposome suspensions,
that is, either for in vitro experiments (where 1 mL or less will usually be enough) or
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in vivo studies in mice (where 5–10 mL will be sufficient for a study). For large-scale
production of liposomes, which is often based on modified versions of ethanol
injection and requires specialized equipment, excellent reviews exist [32, 33].

Preparing Lipid Powder Mixtures
1. Lipids are acquired in powder forms and stored at �20 �C.
2. Bring the lipids to room temperature.
3. Mix tert-butanol (tBut) with MilliQ (MQ) or distilled water to a final ratio of

tBut:MQ 9:1. Pure tBut has a freezing point at 25.5 �C and is thus a solid at room
temperature, but upon adding the water, it will become liquid. It may be
beneficial to heat the tBut container, in order to speed up the melting process
upon addition of MQ.

4. Weigh lipids and dilute them in the tBut:MQ mixture to a final concentration of
10–50 mM. The exact concentration should be adjusted for the purpose. For
preparing very small volumes or very dilute formulations of liposomes, lipid
stocks should be more dilute for making pipetting easier and more accurate.
Likewise, lipids that only make out a small proportion of the total lipid compo-
sition, e.g., FLLs, should be more dilute.

5. Make sure lipids are completely dissolved by heating, magnet stirring and if
necessary sonication. Saturated lipids and cholesterol may be heated for com-
plete solvation.

6. Mix the lipid stocks in glass vials to the final lipid ratio required for the
formulation.

7. An important parameter when formulating FLL-containing liposomes is choos-
ing the appropriate amount of FLL, since a too high or too low FLL content can
severely affect liposome performance. At a molar ratio of 0.1%, a 100 nm
liposome can be estimated to contain ~100 labels per liposome, depending on
the exact lipid types used. Going lower than this might mean that the liposomes
are not sufficiently bright for doing, e.g., flow cytometry. Also, if the amount of
labeled lipids becomes too low, the inhomogeneity between individual lipo-
somes in the amount of incorporated labeled lipids can lead to significant
liposome to liposome variations in their fluorescence output, adding unwanted
noise to the read-out [34]. On the other hand, if the FLL concentration is high,
liposome properties might get compromised, e.g., if using an FLL with a
charged fluorophore, or with a lipid anchor with a structure different from the
remaining lipids. Furthermore, at high concentrations where fluorophores are
packed closely together, the fluorophores might self-quench in the membrane.
We thus recommend to keep the labeling between 0.5% and 0.05% molar ratio.

8. Make sure that the lipids are properly mixed, e.g., by heating and vortexing.
9. Snap-freeze the glass vial in liquid nitrogen until the solvent is completely frozen.

10. Put lid on the vial, but do not tighten completely to allow the solvent to escape
from the vial during freeze drying.

11. Transfer the vials to a freeze dryer for overnight treatment. We have successfully
used an Epsilon 2–4 LSCplus Freeze dryer (Martin Christ) running at 0.5 mBar
and �20 �C.
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Hydrating Lipid Powder Mixtures
1. Remove the vials with the dried lipid samples from the freeze-dryer and equili-

brate to room temperature.
2. Add buffer of choice reaching the desired lipid concentration. In general, lipid

concentrations above 50 mM will be problematic to handle in the downstream
procedures.

3. Heat the above phase transition temperature of the lipids and stir with magnet for
1–2 h. Avoid longer incubations, as the heating will accelerate hydrolysis of the
lipids [35].

4. Excessive vortexing of PEGylated formulations are discouraged, as they
according to our experience tend to form a foam.

Controlling Lamellarity
Upon hydration, liposomes may often come out as multilamellar rather than
unilamellar, meaning that several bilayers are stacked per liposome, resembling
the layers of an onion. Unilamellar liposomes can, however, be achieved by expos-
ing them to freeze-thaw cycles, where the vial with the liposome suspension is
frozen in liquid nitrogen and thawed in a heating bath [36, 37]. Such cycles can also
improve encapsulation of drugs [38, 39]. Typically, samples are exposed to around
10 of such cycles, but recent literature has suggested that an annealing step, where
the liposomes are stored at �1.4 �C or �22 �C for 16 h, will allow only one such
cycle to achieve maximum encapsulation [40].

Controlling Size
While liposomal structures form spontaneously when the lipid film is hydrated, it
will usually result in a very polydisperse population: While sizes may vary from
25 nm up to several micrometers [41], PEGylated formulations tend to spontane-
ously form particles with a size around 500 nm [42]. For drug delivery purposes, a
size range from 20 to 150 nm is optimal [12], so formulations are typically down-
sized to 100–150 nm by extrusion. Employing the mini extrusion kit from Avanti
Polar Lipids, the liposome formulation is passed several times from one syringe to
another, through a holder fitted with a porous polycarbonate membrane. The mem-
branes come in sizes with pores of, e.g., 50, 100, 200 nm, etc. Since we wish an
average liposome size around 100 nm, we typically pass the liposome solution
11 times through a 100 nm membrane, giving us a fairly monodisperse population
of liposomes with a size around 120 nm.

Syringes for the mini extrusion kits come in 250 μL or 1 mL volumes. While
larger volumes can of course be divided into several portions that are extruded
separately, 3–10 mL batches of liposomes are preferably extruded using a LIPEX
thermobarrel extruder from Evonik. Using a nitrogen bottle, the liposome mixture is
extruded under high pressure (up to 58.6 bar) through a polycarbonate membrane
similar to those used for the mini extrusion kit. While these high-pressure kits, that
comes for volumes up to 800 mL, are uni-directional, the same liposome suspension
can be passed several times through the same filter to improve the PDI.
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An alternative to extrusion is sonication. The size of sonicated liposomes will be
dependent on the time and power of the sonication, and may vary for specific
liposome formulations. It has, e.g., been shown that cholesterol content affects the
size of sonicated liposomes, something that is not experienced for extruded lipo-
somes [43]. The most precise and reproducible method for producing monodisperse
liposome formulations on lab scale is thus extrusion techniques [32].

Preparing Liposomes by Other Methods
If a freeze-dryer is not available, a popular lipid-mixture preparation method is based
on chloroform evaporation. Instead of tert-butanol, lipids are dissolved in a chloro-
form:methanol (9:1) solution, which is evaporated under flow of an inert gas such as
argon or nitrogen. To make sure that all organic solvent has been evaporated, the vial
with the lipid mixture is kept at vacuum overnight. While being a very simple
method, this method is often sought avoided due to the potential health risks of
working with chloroform.

Another method employed for preparing liposomes is ethanol injection [44]. In
this method, the lipids are dissolved in ethanol and mixed, but without evaporating
the organic solvent. Instead, the lipid mixture is slowly added to an aqueous buffer,
e.g., using a syringe pump. After this, the ethanol is evaporated. Despite being very
fast and easy to perform, the maximum lipid concentration achievable using this
method is relatively low, both due to the maximum solubility of most lipids in
ethanol being lower than in other organic solvents, but also because the maximum
concentration of ethanol in the water/ethanol mixture needs to be very low [44].

Finally, liposomes can be produced by forming mixed micelles of detergent and
phospholipids in aqueous buffers [45–48]. The detergent is removed using dialysis
or BioBeads, and the phospholipids eventually form liposomes when the detergent is
removed. This method is heavily used if liposomes need to incorporate biological
material in the membrane, such as transmembrane proteins [47, 49], but is less used
for mass producing drug delivery liposomes.

Determining the Size and Zeta Potential of Liposomes
The gold standard for determining the size of nanoparticle formulations is Dynamic
Light Scattering [50]. Briefly, the sample is exposed to a monochromatic light source,
typically a laser and the light scattering is measured. The temporal fluctuations of the
light scattering are analyzed to calculate the size of the particles by assuming
Brownian motion: large slow-moving particles will cause slow fluctuations in the
scattered light, while small fast-moving particles will cause fast fluctuations.

Alternatives to DLS include Nanoparticle Tracking Analysis (NTA) and Fluores-
cence Correlation Spectroscopy (FCS). Also, particle size can be deduced using
electron microscopy techniques such as Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM), although these are hampered by lower
statistics and the need for very elaborate and potential detrimental sample preparation.

The zeta potential of liposomes is the apparent surface charge [51]. It is usually
measured using light scattering techniques in a setup where the particles move in an
electric field. Classically, Laser Doppler Electrophoresis is used, where a red- or
blue-shift in the scattered light can be used to determine the direction of the particle
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movement. Higher precision, especially for particles with a zeta potential close to
zero in high-salt buffer, can however be achieved with Phase Analysis Light
Scattering techniques (PALS), or developments hereof.

Determining the Lipid Concentration
An important aspect of liposome preparation is to measure the final lipid concentra-
tion in the liposome suspension. Usually there will be a loss of lipids during
extrusion as the lipids may adsorb to the filters, resulting in a final concentration
around 20% lower than the starting concentration.

In our lab, we use Inductively Coupled Plasma Mass Spectrometry (ICP-MS) to
measure the concentration of phosphorus in samples, thereby measuring the phos-
pholipid concentration. Be aware that if dilute liposome formulations are prepared in
phosphate buffers, there will be a significant background contribution to the total
phosphorus signal measured. This imposes some uncertainty to the measured phos-
pholipid concentration, so we often employ HEPES buffers for lipid rehydration
rather than PBS.

Another popular method is High Performance Liquid Chromatography (HPLC)
coupled to an Evaporative Light Scattering Detector (ELSD) [52–54]. The strength
of the HPLC-ELSD method is that it allows the user to monitor the loss of single
lipid species (e.g., in the extrusion step) by choosing an appropriate HPLC column
and gradient. This may be beneficial if, e.g., charged lipids or PEGylated lipids are
incorporated into the formulation.

The phospholipid concentration can also be estimated using a chemical approach
followed by a colorimetric readout as this does not require any specialized equipment.
In the Stewart assay, phospholipids are complexed with ammonium ferrothiocyanate,
which absorbs at 485 nm. By comparing the absorbance, measured on a spectropho-
tometer, to that of a known standard, the phospholipid concentration can be calculated
[55]. In the Bartlett assay, the phosphate groups are converted into inorganic phosphate
by treatment with perchloric acid before running the colorimetric assay [56].
Researchers choosing to perform the Bartlett assay should thus be aware that this
procedure, like the ICP-MS approach, could be compromised by a high background
signal if the liposomes are rehydrated in phosphate buffers.

4.2 Size Exclusion Chromatography Dissociation Assay

4.2.1 Background
Size Exclusion Chromatography (SEC) separates molecules according to differences
in size, as they pass through a SEC matrix packed into a column. The medium used
for SEC consists of inert and chemically stable spherical porous beads. The pores, as
well as the space between the beads, are filled with buffer, and the separation is
usually carried out isocratically (i.e., not changing the composition of the elution
buffer throughout the process).

When a sample is applied to the column, large componentswill run past the beadswith
the buffer flow directly through the column and hence elute first in what is known as the
void volume. Smaller molecules enter the porous beads and thus be retarded as the
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sample passes through the matrix. In other words, smaller molecules will have a longer
path through the porous material and thus be retained in the column. Consequently,
smaller molecules will elute later from the column, as displayed in Fig. 8.1.

There is a large selection of SEC matrices available on the market with different
fractionation ranges; that is, the size range of themolecules they are able to separate from
each other. Some matrices are optimal for separating proteins from small molecules and
to perform salt exchange, while other matrices are better suited for separating large
proteins from small proteins. For measuring dissociation of lipid conjugates from
liposomes in biological environments, we are interested in matrices that are able to
separate the liposomes from even the largest proteins as well as from naturally occurring
nanoparticles such as the most abundant lipoproteins including high-density (HDL) and
low-density (LDL) lipoproteins [57]. The larger, but less abundant, plasma components
such as very low-density lipoproteins (VLDL), chylomicrons, and extracellular vesicles
(exosomes), however, have sizes similar to typical drug delivery liposomes [58],
therefore these cannot be separated from liposomes by size-dependent techniques.

4.2.2 Materials and Instrumentation
• Blood sample vials and blood sampling kit (e.g., BD Vacutainer).
• Buffer, e.g., 10 mM HEPES, 137 mM NaCl, pH 7.4.
• Black flat-bottom 96-well plates.
• Centrifuge for microcentrifuge tubes.

Additional materials needed for the protocol are discussed in detail below.

Size Exclusion Chromatography Column
• Columns can be acquired pre-packed, or the SEC matrix can be acquired as slurry

or powder for packing an empty column. Columns furthermore come in several

Fig. 8.1 When a sample is added to a SEC column, large particles (yellow) will run directly
through the matrix and elute from the column in the void. Smaller particles (red) will be retarded as
they pass through the porous material, meaning that they elute later
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lengths. Long columns give a better separation but also requires more time to run.
We typically use 20 cm EconoColumn columns from BioRad or C10/20 columns
from GE Healthcare – both packed inhouse.

• Choosing the right matrix: For separating liposomes from plasma components,
we use a Sepharose CL-4B matrix. This matrix gives a neat separation of
liposomes from proteins [59]. If it is of interest to investigate which plasma
components the dissociated lipids associate with, a column that gives a better
separation of plasma proteins and HDL particles, e.g., Superdex 200 Increase, can
be recommended. Using a column with a lower fractionation range is, however,
also at the expense of achieving a good separation of the liposomes from the
plasma components.

System to Run the Chromatography
• A wide selection of both specialized automated systems and simpler manual

setups are available on the market.
• In our group, we typically use an automated LC-20 AD setup from Shimadzu,

equipped with a DGU-20A SR degassing unit and a SIL-20 AC HT autosampler.
• Alternatively, we use a Masterflex peristaltic pump from Cole-Palmer with

appropriate tubing and a retort stand for holding the column.
• An essential part of the protocol is the ability to collect fractions after they have

passed through the column. For our automated Shimadzu setup, we have a
FRC-10A fraction collector coupled to our instrument. When using the manual
setup, fractions are collected by hand in microcentrifuge tubes.

Protein LoBind Tubes
The Protein LoBind tubes have the same dimensions as the regular 1.5 or 2 mL
Eppendorf microcentrifuge tubes but are designed to prevent absorption of proteins
to the plastic surface, thus reducing the loss of proteins in the handling steps.

Plate Reader
A plate reader setup is employed to measure fluorescence intensity at specified
wavelengths. We use a TECAN Spark microplate reader and transfer our samples
into black flat-bottomed 96-well plates.

Liposomes
Liposomes prepared by any of the methods previously described containing FLLs.

4.2.3 Extraction of Plasma and Liposome Incubation
The plasma should preferably be freshly prepared from newly drawn blood samples,
as described below. This also necessitates the use of blood drawing kit and blood
sampling tubes (we use a Vacuette SAFETY Blood collection set and collect the
blood in BD Vacutainer EDTA tubes), as well as staff trained in drawing blood
samples. Alternatively, plasma and serum can be acquired from several large
suppliers.
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1. Collect blood in Vacutainer EDTA tubes.
2. Transfer the blood to Protein LoBind tubes.
3. Centrifuge at 3000 g for 15 min in order to separate cells from plasma.
4. Acquire the plasma supernatant carefully, transfer to fresh protein LoBind tubes,

and use as quickly as possible, preferably within 24 h. Plasma can be stored at
4 �C for up to 5 days or at �18 �C for 1 year [60].

5. Add liposomes to the plasma in the amount necessary to reach the wanted final
concentration.
(a) Concentration: To perform the FLL dissociation study in an environment

close to the in vivo scenario one needs to consider at which concentration the
liposome should be incubated in plasma. The concentration range can vary,
depending on whether the researcher attempts to mimic a human or murine in
vivo scenario. We typically perform our incubations around 2 mM.

(b) Sample size: In order to achieve a high resolution (good separation) from the
SEC column, a small sample size is recommended by the supplier, not higher
than 4% of the total column volume. For a 10 mm/20 cm column, the sample
volume should thus be kept below approx. 500 μL. However, reducing the
sample volume will also lead to decreased signal-to-noise ratio, when reading
the sample fluorescence in step 12. Furthermore, based on supplier recom-
mendation, the SEC resolution is not further increased when going below
0.5% of the total column volume. A sample size around 200–300 μL has
proved quite successful in our lab for the 10 mm/20 cm column.

(c) Also prepare control samples where the same liposome concentration used
in the plasma experiment is prepared in a buffer such as PBS or HEPES.
The buffer should be the same as the one in which the liposomes have
been prepared or as a minimum match the osmolarity of that buffer. These
controls will show if FLL dissociation is happening in the buffer environ-
ment, and if the samples contain FLL micelles or unconjugated
fluorophore. Furthermore, it will allow for determining the void fractions
of the column, and thus help in determining which fractions contain the
liposome-associated fluorophores, and which contain the dissociated
fluorophores.

(d) Finally, include a plasma blank, where liposomes without the fluorescent
label are added to the plasma. Although this contribution is typically minimal,
this control will allow the adjustment for intrinsic plasma protein fluores-
cence background.

6. Incubate at 37 �C under shaking or rotation. This type of incubation can to some
degree mimic the in vivo conditions, although it will not give rise to the exact
same mechanical stress. In order for the experiment to be relevant, the incubation
time should reflect the expected circulation half-life of the liposomes. For typical
stealth liposomes, the incubation time should thus be around 24 h or more
(circulation half-lifes up to 65 h are reported for PEGylated liposomes)
[15]. For targeted formulations, the incubation time can probably be decreased.
Alternatively, a time-course study can be done, following the dissociation kinetics
of the FLL.
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4.2.4 Running the Column
1. Equilibrate the column in a buffer such as PBS or HEPES. Optimally, use the

same elution buffer as the buffer used to prepare the samples in step 4.2.3.5.
2. Add the sample to the column. See step 4.2.3.5.b for volume considerations.
3. Collect 1 mL fractions in Protein LoBind tubes for the entire run, at least until a

complete volume exchange of the SEC column.
4. Make sure that everything has eluted and that the column is properly rinsed,

before adding the next sample.

4.2.5 Analysis of Fractions
1. Transfer equal volumes of each fraction to all wells in the 96-well plate, at least

75 μL in order to cover the bottom of the well.
2. Read fluorescence intensity on a plate reader. Use emission and excitation wave-

lengths relevant for the fluorophore label used to track the lipid conjugate. If doing
many SEC runs, resulting in the samples being divided into several microwell
plates, make sure to use the same gain settings for all plates. If a plate-reader is not
available, the analysis can also be done using, e.g., a cuvette-based fluorometer or
instrumentation such as a NanoDrop spectrofluorometer (ThermoFisher Scientific).
However, we would recommend a microplate reader for high-throughput analysis.

3. Use the fractions from SEC with unlabeled liposomes to subtract the background
fluorescence from both the plasma runs and the buffer control runs.

4. Plasma proteins can be followed by measuring the tryptophan fluorescence at
280 nm excitation, 350 nm emission.

To support the findings from the fluorescence intensity measurement, it can be
worthwhile to measure the optical density, as absorption is less sensitive to environ-
mental changes than fluorescence. However, this should also include proper controls
for background subtraction at the measured wavelength to compensate for the
scattering from the liposomes and other plasma components, as well as light
absorption by plasma proteins. A detailed description of this subtraction of back-
ground absorbance can be found in recently published work [28].

For non-fluorescent samples, other methods can be used to analyze the concen-
tration of a given compound in a sample. Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) can be used to follow, e.g., elution of platinum-based drugs,
High Performance Liquid Chromatography (HPLC) or Liquid Chromatography
Mass Spectrometry (LC-MS) can be used to measure elution of UV active com-
pounds, given that no other plasma components elute from the selected HPLC
column simultaneously with the analyte. Moreover, leakage of nonlipid compounds,
such as encapsulated drugs, can be detected using similar methodologies.

4.2.6 Calculating FLL Dissociation from Liposomes
Figure 8.2 is an example of an elution profile of fluorescently labeled liposomes after
incubation in plasma.

The amount of lipid dissociation can be calculated using two different methods:

8 Quantitative Methods for Investigating Dissociation of Fluorescently Labeled. . . 345



Method 1: Total Profile
The “total profile”method uses the entire profile of the single run in plasma. The area
of the elution profile with FLLs co-eluting with the liposomes, that is, the area of the
void peak AVP, can be used to determine the percentage of FLLs still being associated
to the liposomes, using the following equation:

D %ð Þ ¼ 1� AVP

ATot

� �
� 100%

The areas, AVP and ATot, is defined in Fig. 8.2.

Fig. 8.2 Typical elution profiles of liposomes formulated with fluorescently labeled lipid after
incubation in (a) buffer, and (b, c) plasma, determined from the fluorescence intensity of the label in
each fraction collected. The area under the curve is integrated to determine the amount of
fluorescent label. AVB is the area of the void volume in buffer, ATot is the area of the total elution
volume of the fluorescent label in plasma, AVP is the area of the void volume in plasma and ADP is
the area of the dissociated fluorescent label in plasma
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Method 2: Void Method
The void method is based on comparing the fluorescence intensity of the void
fractions for a liposome in buffer (AVB) to the fluorescence intensity of the same
fractions for a liposome incubated in plasma (AVP). The extent of dissociation is
calculated from the decrease in area of the void peak.

D %ð Þ ¼ 1� AVP

AVB

� �
� 100%

Pros and Cons of the Total Method and the Void Method
A benefit of the total profile method is that the calculations are made from one single
run, minimizing uncertainty from sample variation. Furthermore, the total method
doesn’t only rely on the loss of fluorescence emission in the void fractions, but also
on the increase of fluorescence in the fractions with leaked FLLs. Thus, compared to
the void method, the total method is not as sensitive to changes in the fluorescent
properties of the liposome-associated FLLs in plasma versus in buffer, e.g., due to
quenching of fluorescence by plasma components.

It is important to keep in mind, though, that the fluorescence properties of the label
could change when the lipid is transferred from the liposome to the plasma proteins.
The fluorescence intensity could, e.g., increase due to reduced self-quenching when
lipids are no longer packed closely together in the liposomal membrane. This would
result in an overestimation of the dissociation. Alternatively, the altered environment
experienced by the FLL when being complexed to a plasma protein could lead to
either a fluorescence increase or decrease. Such environmental dependent changes in
fluorescence intensity can be monitored by comparing the area of the total elution
volume of the fluorescent label in both plasma and buffer. If the values are the same,
it is unlikely that changes in fluorescence intensity are affecting the measurements.

For the void method, two different samples are compared, thus the calculation is
more sensitive to sample variations as this could impose noise in the data. A benefit
of the void method is that only the void fractions need to be analyzed. The number of
samples to be examined for lipid content can hence be reduced, which is especially
important if choosing another nonfluorescent and more time-consuming analysis
method (e.g., ICP-MS, HPLC or LC-MS, as mentioned above).

4.3 Single Liposome Dissociation Assay

4.3.1 Background
The underlying concept of the Single Liposome Dissociation (SLiD) assay is based
on previously published methodologies [34, 61] for imaging single liposomes using
fluorescence microscopy and is here adopted to quantify the dissociation of FLL
from liposomes. In the SLiD assay individual liposomes are immobilized on a
passivated glass surface through streptavidin-biotin coupling (Fig. 8.3a). This
ensures that the same liposomes can be followed over time and accurately imaged
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using confocal/Total Internal Reflection Fluorescence (TIRF) microscopy. Then data
analysis software is used to extract the integrated intensity of individual liposomes,
allowing for a quantitative assessment of FLL dissociation.

The single liposome nature of the SLiD assay allows for direct visual inspection
of the lipid dissociation process as it happens over time and can address intra-sample
heterogeneities in the FLL dissociation behavior [34, 62]. Such heterogeneities are
accessible because the SLiD assays measures individual liposomes meaning that the
FLL dissociation process can be elucidated in more detail than with bulk techniques,
which can only report a single average value [63, 64]. The SLiD assay can detect if
dissociation only occurs from a subset of liposomes, e.g., if there is a difference in
the FLL dissociation propensity between small and large liposomes. Also, the
dissociation pathway can be studied in depth, tracking if dissociation happens in a
graded or in an all-at-once scenario. Furthermore, if the microscope setup allows for
it, measurement can be performed at the physiological temperature and it does not
need to involve any washing of the sample. Finally, the material consumption in the
SLiD assay can be extremely low, making it suitable for screening of expensive
formulations and compounds.

4.3.2 Materials and Instrumentation
• Bovine Serum Albumin (BSA)
• Biotinylated BSA (BSA-Biotin)

Fig. 8.3 SLiD assay for FLL liposome dissociation studies at the single liposome level (a) Scheme
depicting the sandwich build up (BSA:BSA-Biotin and Strep) enabling immobilization of individ-
ual liposomes. Liposomes depicting FLL dissociation after 0 h (left) and 12 h (right) incubation in
blood plasma. (b) Example of typical micrographs of the FLL channel displaying the FLL intensity
on individual liposomes after 0 h (left) and 12 h (right) incubation in blood plasma. (c) Quantitative
data analysis plotting a histogram of normalized integrated FLL intensities for individual liposomes
after 0 h (left) and 12 h (right) incubation in blood plasma, revealing the overall decreased FLL
intensity indicative of FLL liposome dissociation
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• Streptavidin (Strep)
• Microscopy coverslips (e.g., Ibidi 8 well μ–slide)

Additional materials needed for the protocol are discussed in detail below.

Microscope
In order to perform quantitative microscopy on surface immobilized elements, it is
advisable to use imaging modalities that allow for the elimination of out of focus
emission such as confocal- or TIRF microscopy. This will increase the signal-to-
noise ratio and detection efficiency. It is important to note that the instrumentation
suggestions above merely serve as guidelines for optimal performance and that the
SLiD assay can be performed on standard inverted fluorescence microscopes.

Plasma
The same requirements for plasma as for the SEC assay, see above.

Liposomes
Overall the same conditions regarding liposomes used for the SEC assay applies for
the SLiD assay, with the addition that the SLiD requires the inclusion of a
biotinylated lipid in order to immobilize the liposomes on the streptavidin covered
surface. We typically add DSPE-PEG-Biotin in a molar ratio of 0.05%.

Microscope Chamber
The SLiD assay requires a surface suited for quantitative microscopy on which the
liposomes can be attached (Fig. 8.3a). This can be achieved either by a home-build
microscope holder able to fit a thoroughly cleaned glass slide or through commer-
cially available microscope chambers as the Ibidi 8 well μ–slide with glass bottom.
No matter the option, it is important that the glass surface is clean and planar before
proceeding to the surface preparation step.

Preparing Surfaces
1. Prepare 1 g/L stock solutions of BSA and BSA-Biotin as well as a 0.2 g/L stock

solution of Strep. All prepared in a buffer matching the one used for handling the
liposomes, e.g. 10 mM Hepes, 137 mM NaCl, pH 7.4.

2. Mix BSA and BSA-biotin solutions in a 10:1 ratio, add to chamber and incubate for
20 min at room temperature. The added volume will be dependent on the chamber/
slide used, but the amount need to cover the whole surface. For the Ibidi 8 well
μ–slide, we typically add 300 μL.

3. Wash surfaces with buffer by adding and removing the same volume as in step 2
eight times.

4. Add Strep to the chamber for a final concentration of 0.025 g/L and incubate for
10 min at room temperature.

5. Wash surfaces with buffer by adding and removing the same volume as in step 2
eight times.

The surfaces can be prepared one day in advance and stored at 4 �C.
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4.3.3 Incubation and Imaging
Performing the SLiD assay allows for two possible experimental approaches, both of
which will be described in detail below.

In-chamber Dissociation Measurement
If possible, start microscope heating and make sure it has stabilized at 37 �C.

1. Immobilize liposomes on the surface by adding a diluted amount to the chamber
and wait for an adequate liposome surface density. The aim is to have a surface
density where enough liposomes are in the field-of-view to ensure high-
throughput measurement (typically a few hundred liposomes per frame), while
avoiding that the signal from individual liposomes are overlapping. We typically
dilute the liposome samples to 10 μM and add 5 μL of this to 300 μL buffer in an
Ibidi 8 well μ–slide.

2. Acquire an image before adding blood plasma. Make sure that each liposome is
sampled with an appropriate amount of pixels allowing for accurate data treat-
ment (a pixel size of 25 nm works well in our lab). Also, use laser intensities
allowing for good signal-to-noise levels while not leading to significant frame-to-
frame bleaching. To verify that no significant bleaching occurs, a control exper-
iment in buffer can be performed where 20–50 images are sequentially acquired
using the experimental microscopy settings. By following the integrated intensity
of the individual particles frame by frame, the amount of bleaching can be
quantified, making sure that it is limited to a few percent over the course of the
experiment.

3. Carefully exchange chamber buffer with blood plasma, making sure not to touch
the sample holder or glass slide as this could lead to movement of the field of view
and eliminate the possibility of tracking the same liposomes over time.

4. Acquire an image at t = 0 h. The intensity in this image can later be compared to
the image acquired before addition of plasma to control for medium-induced
changes in fluorescence intensity.

5. Acquire images over a given time period at specific time intervals, remembering
to readjust the focal plane if drift occurs.

In-solution Dissociation Measurement
While the direct in-chamber measurement discussed above gives the unique possibility
of following the FLL dissociation for the same liposome over time, it do require some
skill and an optimal experimental setup. Also the liposome immobilization could
potentially impose issues related to the strain and altered interaction kinetics due to
the static position and uneven concentration of liposomes. To circumvent such issues,
the liposome and plasma incubation can be performed in solution, before immobilizing
liposomes to chamber and measure the FLL intensity at selected time points. Doing
this, the FLL dissociation can now be tracked for individual liposomes within the
population, although not for the same liposome over time.

1. Perform liposome and plasma incubation as described above in the SEC
section, but with liposomes containing a biotinylated lipid to enable surface
immobilization.
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2. At selected time points, remove buffer from the imaging chamber and add a
fraction of the liposomes-plasma incubation solution. Allow for surface immo-
bilization and acquire image.

3. Repeat in new chamber for subsequent time points.

Optimal Image Quality
Be aware that for optimal image quality it is important that the surface is planar to
secure even illumination and detection in the whole field of view. Also, if the
microscope is heated, this can lead to thermal drift, something that needs to be
monitored and corrected for especially when performing the in-chamber assay. For
some microscopy platforms and software packages, an option exists where multiple
spots on the surface can be imaged simultaneously. Doing this will greatly increase
the number of liposomes that can be sampled in a single experiment; however, care
needs to be taken that all images are correctly in focus.

Image Analysis
The important parameter to extract from the microscopy images is the total inte-
grated fluorescence intensity from each particle, since this value reflects the amount
of FLL in each liposome. This extraction can be done by dedicated and sophisticated
home-build data routines, but free available plug-ins for this purpose also exist in
software like Fiji (Image J). We have previously used the plug-in software ComDet,
which is able to detect particles in an image over a certain size threshold (to filter out
noise). The plugin integrates the total fluorescence intensity for all pixels covered by
the single particle/liposome and gives a list of fluorescence intensities for all single
particles as an output along with the coordinates of the center of the particle. If the
liposomes are labeled with two FLLs, the plugin is also able to detect colocalization
between the two channels, and give the ratio between the integrated intensity for
each fluorophore in the particle. This allows for direct comparison of dissociation
rates of two FLLs from the exact same liposome.

4.4 Comparison Between the SEC and SLiD Methods

The table below gives an overview of the advantages and limitations of the SEC and
SLiD methods as well as the possibilities the methods offers for extending the
proposed studies.

SEC SLiD

Specialized equipment needed None
(fluorescence
reader required)

Confocal microscope
(or similar)

Simplicity Very simple Microscopy and data
analysis requires some
training

Kinetic studies Requires new
sample for each
timepoint

Same sample can be
monitored over time

(continued)
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SEC SLiD

Possible to distinguish individual liposomes:
e.g., observe if all liposomes dissociate to a
similar extent, or if some remain intact while
other are degraded completely

No Yes

Possible to distinguish liposomes from same
sized, naturally occurring nanoparticles
(VLDL, Chylomicrons)

No Yes

Possible to analyze to which other plasma
component the dissociated FLLs have
associated with

Yes No

Possible to analyze sample by other means
than fluorescence

Yes No

5 Review and Analysis of Key Research Findings

5.1 Lipid Exchange Is a Well-Known Phenomenon

It has been known for half a century that phospholipids exchange between mem-
branes in a lipid-type-dependent manner when in a biological environment [65,
66]. Later it was demonstrated that lipid depletion from membranes did not only
occur via active transport by lipid transfer proteins and lipoprotein particles [22, 23]
but could also take place spontaneously [67]. Extensive investigations on the
kinetics of lipid transfer between membranes are hence available in the literature
[68–71]. Lipid exchange between vesicles, cells, lipoprotein particles, and proteins
was thus a well-known phenomenon long before liposomes for drug delivery entered
the clinic. Nevertheless, as we will elaborate on below, the dissociation of FLLs and
other lipid conjugates from drug delivery liposomes is rarely discussed and not
systematically studied although it could have pronounced effect on liposome
function.

5.2 Dissociation of Fluorescently Labeled Lipids

A few recent studies have addressed how FLLs dissociates from lipid nanoparticles
[27, 28, 72–75]. This has been shown to lead to FLL association with cells inde-
pendently of the particles, thus causing false positives in cellular uptake studies. For
example, Snipstad et al. demonstrated with flow cytometry that some fluorescent
dyes were associating with cells, even when the nanoparticles into which the dyes
were embedded were not associating with the cells [27]. Other recent studies on the
subject have intended to develop in vitro assays that can predict lipid transfer in
biological environments. As models for biological components, these studies have,
e.g., investigated the transfer into acceptor emulsions [73], oil phases [74], or lipid
nanocapsules of various sizes [72]. The detection method has either been based on
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FRET [72, 75], SEC [72], flow cytometry [73], or fluorescence intensity of the
acceptor oil phase [74]. In a very different approach, Zhu et al. used Quartz Crystal
Microbalance to study transfer of lipids from a flow of anionic liposomes onto a
cationic acceptor membrane [76]. The authors suggested that the slow release of
liposomes from the surface was due to exchange of charged lipids causing a loss of
electrostatic attraction. While none of the above studies demonstrated lipid dissoci-
ation in a true biological environment, Liu and Thayumanavan have used FRET to
demonstrate FLL release from polymer nanogels in serum [77]. Recently, we have
reported the dissociation of a range of commonly used FLLs from stealth liposomes
incubated in biological environments using the methodologies described in detail in
this chapter [28].

The recent focus on FLL dissociation is in sharp contrast to the previous two
decades, where the dissociation of lipids from liposomes in biological environments
often has been neglected. This is potentially due to a lack of awareness about the
basic dynamics of the self-assembled systems used in drug delivery. Methods such
as fluorescence microscopy and flow cytometry rely heavily on the assumption that
the presence of FLLs in a cell means that the liposomes were internalized, but this is
not necessarily true [28] and at least is something that should be routinely tested.
FLL dissociation from liposomes is a phenomenon that researchers should strive to
avoid when designing liposome formulations. FLLs that are dissociating from the
liposomes could be taken up by cells independently on the liposomes, causing false
positives. This would trick researchers into believing that a formulation that is not
taken up by their target cells, actually has abilities to target the cell population of
interest and perhaps enter a certain subcellular compartment. Alternatively, if the
FLLs dissociate from the liposomes and stay in the medium, the ability of a
formulation to be taken up by cells could be greatly underestimated.

5.3 Dissociation of Polymer-Conjugated Lipids

As mentioned earlier in the chapter, FLLs is not the only component of liposomal
drug delivery liposomes where untimely dissociation could be detrimental for
liposome function. Other lipid-conjugated moieties bestow liposomes with unique
properties, the most abundantly used being the polymers used to produce “stealth”
liposomes [16]. Such long-circulating “stealth” liposomes, where the surface is
coated with either gangliosides [78] or PEG [79], were invented in the late 1980s
and paved the way for using liposomes in the clinic for treatment of cancer. It has
been suggested that the long-circulating properties of PEGylated liposomes could be
due to the engrafted hydrophilic polymers creating a hydration shell around the
liposomes, thus sterically hindering interactions with other components in the
plasma [80, 81]. This could in turn reduce binding of the serum proteins mediating
clearance by immune cells or prevent liposome aggregation – two explanations for
the long-circulation properties that have been discussed extensively, but after
30 years still remain a matter of debate [82–84]. However, spontaneous lipid transfer
between vesicles was quite early demonstrated not to be prevented by PEGylation,
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as the PEG-conjugated lipids themselves were also dissociating, both in vitro and
in vivo [24–26]. It was also demonstrated that the loss of engrafted PEG could
significantly reduce the circulation time and that the retention of PEG on the
liposome surface could be actively controlled by choosing the proper lipid anchor,
e.g., DSPE rather than POPE, or lipids with long saturated hydrocarbon tails rather
than short unsaturated ones [24, 25]. In conclusion, dissociation of polymer-
conjugated lipids can result in stealth liposomes losing their long-circulating prop-
erties, compromising the function of the polymer-coating.

5.4 Dissociation of Drug-Conjugated Lipids

Besides PEG lipids, dissociation of conjugated lipids could be important if the
conjugated compound was a drug in itself. Many studies have investigated the
conjugation of drugs to lipid anchors [85, 86], e.g., linking chemotherapeutics
such as paclitaxel [87], chlorabmucil [88], or melphalan [89] to constructs that are
readily loaded into the lipid bilayer of the liposomal membrane. Clinically, the
immunostimulant mifamurtide is used to treat osteosarcoma in the liposomal drug
formulation sold under the name Mepact [90, 91]. For lipid-conjugated drugs,
dissociation from the liposome may be a problem, since the entire concept of
using nanoparticles is usually to exploit them as a delivery platform. Dissociation
of drug-conjugated lipids from the liposomal carrier could result in a less active
liposome and thus decreased efficiency of therapy. It could also be that the dissoci-
ation of drug-conjugated lipids would result in the drug being distributed in the body,
giving rise to the adverse toxic reactions.

Here we will like to highlight that the issue of drug-conjugated lipid dissociation
could potentially be flipped to an advantage and lead to liposomes being used as a
controlled delivery platform. This would require that the extent of drug-conjugated
lipid dissociation could be properly understood and characterized, allowing for long
circulating liposomes to serve as inactive carriers, which slowly and in a controlled
manner release drug-conjugated lipids to the surroundings.

5.5 Dissociation of Targeting-Ligand-Conjugated Lipids

Dissociation of targeting ligands such as antibody fragments would result in a loss of
targeting abilities for the liposome formulation, thus decreasing the efficiency of the
delivery properties of the system. While this could explain why liposomes that have
excellent uptake abilities in vitro show poor tumor accumulation and low efficacy
in vivo, it will probably not impose the same safety issues as leakage of drugs could do.

5.6 Dissociation Trends: How to Predict Lipid Dissociation

To avoid untimely dissociation of FLLs and other lipid-conjugated moieties, an
in-depth mechanistic understanding of the parameters that govern lipid dissociation
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from liposomes is needed. A membrane model-based and fundamental characteri-
zation of the molecular trends underlying lipid transfer between vesicles was done
by Silvius et al. in 1993 [92]. They found that the length of the lipid tails as well as
number of double bonds was the main determining factors, with an increase in tail
length and degree of saturation correlating with less dissociation. In another study,
Silvius et al. demonstrated that the nature of the conjugated species also affects the
transfer of lipids between vesicles remarkably [26]. It was demonstrated that for PEG
with increasing polymer length, the lipid transfer between liposomes increased.
However, for molecules where the conjugate tended to interact with the membrane,
such as for dextrans, increasing chain length did not lead to increase in the transfer
rate, indicating that the conjugated moiety plays a significant role in regulating
liposome dissociation. Supporting this, they found that for small-molecule conju-
gates, the dissociation trends were very similar to that experienced for the lipid
alone. However, as was demonstrated by Hughes et al., the most widely used
fluorescent labels have very varying trends to interact with lipid bilayers, which
could also affect the trend of a FLL label to stay associated to the lipid bilayer or
not [93].

The vast majority of mechanistic studies of lipid transfer between membrane
model systems discussed in the previous sections were performed in a buffer
environment without proteins and thus not in a biologically relevant environment.
This is important since dissociation of lipid conjugates from liposomes in plasma
might not only depend on how strongly the lipid and its conjugate interacts with the
liposome but also how strong they interact with other components in the plasma.
Thus the dissociation trend in plasma can be hard to foresee, based on correlations to
results obtained in buffer. The methodology presented in this chapter can however be
a good stepping stone to start to address these questions and quantify the degree of
dissociation of FLLs or other fluorescently labeled lipid conjugates from liposomes
into plasma or serum. We have recently shown that the degree of dissociation from
liposomes in human plasma varies greatly between commercially available FLLs
[28]. We found that FLLs with longer (C18) acyl chains dissociated less than FLLs
with shorter (C16) chains and that liposomes containing more saturated lipids
displayed less FLL dissociation as compared to liposome predominantly prepared
with unsaturated lipids. Finally, the highest dissociation was observed for a
cholesterol-based FLL, indicating this to be a poor choice for FLL membrane
anchoring. We also demonstrated that different fluorophores conjugated to the
same lipid anchor had quite different dissociation propensities, suggesting that also
the properties of the fluorescent moiety of the FLL can strongly affect the FLL
dissociation. To fully elucidate the physicochemical properties of FLLs that drive
their liposome dissociation, a complete systematic study needs to be conducted.

6 Conclusions and Future Perspective

Here we present two assays of varying complexity and degree of detail, but both with
a capability of addressing the central dogma of FLL dissociation from drug delivery
liposomes. We stress that both methods is in principle capable of detecting the
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dissociation of any fluorescently labeled lipid-conjugated system. Thus a plethora of
liposome components can be investigated by smartly choosing labeling site and
fluorophore. We believe that the implementation of dissociation control experiments
should be part of any liposomal drug delivery project that relies on fluorescent
measurements and imaging.
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1 Definition of the Topic
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stack are: (i) multiple functions can be incorporated into single chip and
(ii) simultaneous analysis of both macroscopic and microscopic properties, for
example, characterizing blood as a bulk fluid and at the individual component
level at the same time. Such integrated systems enable the applications that lead to
development of comprehensive diagnostics system. Challenges for developing such
devices are integrating multiple layers – a combination of biocompatible micro-
fluidics and silicon architectures; individual automated systems that incorporate
sensors, actuators, and control systems; development of rapid data analysis and
management; and development of diagnostic metrics to manipulate the actuators
based on the responses (feedback control). This chapter reviews existing literature
and techniques to address the above challenges through the prospect of a state-of-
the-art silicon integrated lab-on-chip device with advanced automation coupled with
novel data analysis tools to address critical applications in healthcare.

2 Overview

Microfluidics is a crucial part for developing next-generation in vitro diagnostic
systems. Integrating these systems with silicon architecture and using emerging
machine learning and data analysis techniques is rapidly changing the medical
diagnostics systems. In this chapter, we discuss very large-scale integrated
microfluidic systems (VLSIMS) that are changing the scenario of point of care
diagnostics – real-time personalized blood analysis and organs-on-chip (OOC)
systems. We review novel fabrication and integration techniques available to
develop these systems. Such integrated systems need rapid data analysis techniques
to infer diagnostics; for example, understanding the overall information of the blood
as a bulk fluid and also studying the individual components generate massive
amount of data. These systems need to swiftly analyze this data and synthesize a
comprehensive diagnostic information. Recent trends in machine learning and edge
computing are also reviewed in this chapter.

3 Introduction

Lab-on-chip technology is essentially a miniaturized tool handling micro- or nano-
liters of fluid to accomplish numerous applications. Microfluidic lab-on-chip tech-
nology has gained popularity in fields such as diagnostics, drug delivery, cell
biology, computation, and reaction engineering. The immense popularity in detec-
tion or sensing, imaging, drug delivery, diagnostics, and cell biology is owed to its
many advantages over conventional methods. It instills many advantages such as
rapid analysis, high throughput, portability, low space, and sample requirement in
various processes [1–3]. In cell biology, spatial and temporal control has been
applied to the fundamental study of cell sorting and handling [3, 4]. This field has
brought up a revolution in the discovery of nanoparticles due to ease in control of
size and shape distribution within microchannels [1]. In addition, low reagent
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consumptions and easy fabrication make these devices cost-effective and easy to
implement [5]. The following paragraphs bring together the end use of microfluidics
in point-of-care diagnostics field and the role of highly integrated microfluidic
platforms in optimizing healthcare.

Ultra low cost microfluidic diagnostic devices fitting “ASSURED” criteria (i.e.,
affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free,
deliver to the users who need them), set by the World Health Organization [6],
could be pivotal in wellness and preventive care for the extreme point-of-care regime
through self-monitoring by an untrained person. Beyond these, we propose here an
advanced microfluidic lab-on-chip diagnostics companion for a trained medic at
secondary point-of-care like a health center for effective and efficient treatment to
increase success rate, speed up recovery, and reduce cost of treatment by preventing
repeat visits.

In this data-driven era, advanced point-of-care (aPOC) diagnostics systems for
personalized healthcare require rapid analysis of all biological parameters, measur-
able through minimally invasive techniques, to generate the datasets necessary to
feed the cloud-based massive multiparameter analysis. Large-scale integrated and
multiplexed microfluidic devices will address this gap [7]. Microfluidic large-scale
integration includes thousands of micromechanical valves (actuators), sensors, and
control systems on the same chip. Automation at this level is of designing many tiny
robots that efficiently handle nanoliters of fluids and also precisely perturb these
micro environments to enable simultaneous measurement of multiple parameters.
Advanced semiconductor manufacturing technologies will allow for large-scale
integration of such robots to a silicon architecture at the chip level for future mass
produced microfluidic systems that enable challenging studies like whole blood
analysis, organ-on-chip, cancer-on-chip, etc. Figure 9.1 shows the basic building
blocks of such advanced systems and highlights the level of integration involved
through an example case study of a hands-free rapid multifactor whole blood
analysis system that can assist a physician to personalize healthcare for the patient.

Complete blood 
analysis markers

Application In-vitro 
analysis

Smart data 
processing

Real-Time
Diagnostics

Overall blood counts

Blood mechanical 
and electrical 

properties

Blood/protein 
interaction

Reduced order 
models

Data processing 
and planning

Integrated 
diagnostics

Fig. 9.1 Basic components for a complete blood analysis system
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The suggested whole blood analysis application could include, in the first stage, a
highly integrated microfluidic system that can simultaneously gather single cell level
electrical, mechanical properties, imaging, scatter and fluorescence data for accurate
cell classification and enumeration for RBCs, WBCs, platelets, rare cell statistics,
etc. while simultaneously analyzing blood plasma for protein markers, free RNA and
bulk properties like viscoelasticity, etc. Additional stages of analysis based on initial
findings could include preemptive screening for platelet/WBC activation times [8],
blood coagulation speeds, drug allergies, as well as other blood-based drug screen-
ing to feed a cloud-assisted real-time multifactor data analysis to autogenerate a
powerful diagnostics report available during the current patient visit, thus enabling a
personalized treatment plan.

This chapter introduces all the critical components like sensors, actuators,
control systems, and data analysis tools necessary for such advanced integrated
microfluidic systems. The chapter also discusses the current trends and advances
in the fields of microfluidics/semiconductor fabrication and big data analysis that
can be leveraged to enable large-scale integration and widespread adoption of
systems like the whole blood-based diagnostic companion and organ/body-on-
chips studies.

4 Experimental Methodology

Spatiotemporal (space and velocity) control of discrete nanoliter volume fluids in
microchannels has promising benefits to cell biology, drug delivery, micro-reactors,
and nanotechnology. Such applications of lab-on-chip technologies require easy and
reliable manipulation of nanoliter volume of fluids. Sensors and actuators form an
important part of an actively controlled microfluidic device. Over the recent years,
several techniques are developed to simplify the fabrication and prototyping of these
devices with novel kinds of sensing and actuation techniques. Innovations in the use
of active control in these devices, from open loop to feedback, have widened the
applications of lab-on-chip technology. Herein, we review and highlight the basic
building blocks that are necessary to achieve complete automated lab-on-chip
systems.

All the applications in microfluidics require the following basic components as
seen in Fig. 9.2. This section summarizes the existing literature on understanding
and fabricating these building blocks.

In microfluidics, controllers are used to regulate either droplet generation or
droplet speed or target destination of individual cells or everything simultaneously.
Controllers are microprocessing devices that can perform computation based on a
predefined algorithm. Every control system has three main components: sensors,
controller, and actuators. We identify the control variables (CV) and manipulated
variables (MV) based on control applications. Sensors are instruments that can
measure and report the CVs and MVs to the controller. The controller works either
based on a predefined model that helps determine changes to MV to control the CV
or an optimizer that predicts the model in real time to achieve control [9]. The
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controller takes inputs from the sensors and dictates the actuators to modify MVs.
An actuator is the final element in control system that implements the controller’s
decision.

We define inputs and outputs with respect to the controller. A controller can have
various inputs to communicate with a system to know if the process output is within
predefined limit. Similarly, whenever a controller takes a decision to change the MV
to adjust the system it communicates to the actuators through various signals, we call
these signals as outputs of a controller. Typical examples of controller inputs are
pressure, electric, or magnetic signals. Outputs from a controller are signals to the
actuators. Typical examples of controller output are magnetic, electrical, or pressure
based on the actuator. Most of the time it is electrical signal that is transduced by the
actuator. Sensors are devices that communicate the real-time process output/state as
an input to the controller. Sensors are of various types such as optical, electrical, and
magnetic depending on the control variable. Actuator is the final piece in the
controller puzzle. Actuators are mostly valves for flow control or some heat source
for temperature control. Droplets can be controlled by flow control devices such as
valves. Piezo-electric, pneumatic, and elastomeric valves solve most of the actuation
goals in a microfluidic device.

Controllers integrated with sensors and actuators maintain the process under
conditions favorable to the user. There are many choices of controllers available
such as proportional, integral, derivative, and model predictive controller based on
the way the controllers respond to error. We choose controllers based on the
frequency of control action, limits on offset, and other constraints.

In this section, we look at the basic actuators, sensors, and controllers relevant to
microfluidic systems.

4.1 Sensors and Actuators

A sensor is a physical device that measures system’s parameters or variables
dynamically. It can either be on-line for real-time data collection or offline for
collecting data every few days. A sensor is typically selected based on its perfor-
mance and reliability. A sensor will usually detect the location and/or composition of
the cell/discrete fluid in the channel. In microfluidics applications, many on and off
channel sensors are utilized to serve their purpose [10]. Most of the current research
is directed toward optical techniques as they are easy to implement and operate in
lab-scale microfluidic experiments.

Actuators, on the other hand, bring a change in a variable such that the pressure
differs across a microchannel. Here, the actuator’s response time after receiving a
signal from a sensor plays a vital role in the overall speed and reliability of the
system. These are necessary components of a control system. When designed
according to system’s need, they bring about the change necessary to achieve its
objective. The usual approach in the recent works has been to manipulate flow either
by varying hydrodynamic resistances or by a valve operated through electrical,
mechanical, magnetic, or optical means. The force by which actuators are operated
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in various microfluidic applications can be classified into pressure, mechanical,
electrical, mechanical, and optical. Sensing in the field of spatial and temporal
control of droplets is mostly carried out by optical means.

4.1.1 Electrical
Electric potential difference is widely used for actuation and detection techniques in
digital microfluidics due to ease of its fabrication and operation. Actuations by
electrical means are usually carried out by applying voltage from an external source.
This voltage is supplied (for actuation) or captured (for detection) through various
means such as integrated electrodes or wires inserted on the microchannels. The
following passages summarize similar techniques in various applications of droplet
microfluidics.

Flow cytometry applications such as cell sorting usually require specific reactions
or cell properties leading to high preparation and reaction time. Microfluidic tech-
niques overcome these limitations but have low throughput due to miniaturization.
Hence, actuators with a high degree of control and ease in fabrication are employed.

Ahn et al. made high-speed microfluidic sorting devices separating water droplets
flowing in oil streams. The first device consisted of the inverted Y-shaped channel
with one leg shorter than the other and a pair of indium tin oxide electrodes (ITO)
electrodes placed at the junction. The drops flow down the waste channel in the
absence of electric field due to the low hydrodynamic resistance offered by its
shorter length. As soon as the electrodes are activated or energized, the drops
move to the collection channel with an average frequency of 1.6 kHz. This frequency
was considerably improved to 4 kHz by using bidirectional manipulation. In this
setup, the channel lengths were same, and an additional ITO electrode was placed to
the left side of the junction. The water droplets moved to whichever side the
electrodes were energized [11]. This methodology, however, was not tested on living
cells. Additionally, automation using a simple on and off controller could improve
the throughput considerably.

A feedback controlled highly sensitive detection and sorting system for living
fluorescent cells (E. coli expressing R-phycoerythrin) was developed based on
similar principles. The voltage supply activated electrodes placed at the separation
junction as soon as the sensor detected the colored cells. The polarity thus generated
separated the cells suspended in aqueous phase almost instantaneously [12]. A high
throughput in cell sorting invariably increases voltage and power requirements. This
limitation too was eliminated when Chen et al. achieved a high-speed automated cell
sorting utilizing power as low as 0.1 mW, a voltage less than 10 V, and a throughput
of 1000 particles per second. This automated sorting system was made of a fluores-
cence detection, real-time signal processing, and field programmable gate array
(FPGA). The microfluidic input channel divides into a waste and two collection
channels on the either side. As soon as a particle is detected by the optical system, a
piezoelectric actuator (response time 0.1–1 ms) changes the flow dynamics by
expanding and contracting and thus pushing the particles to the collection channels.
E. coli sorting on the same device occurred at a speed of 330 cells/s with high sorting
efficiency of 70% [13, 14]. All these devices can be grouped as linear systems where
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the applied voltage is clearly the manipulated variable. This external voltage essen-
tially changes the flow direction of suspended cells or droplets by either using their
inherent polarity or hydrodynamics of carrier fluid. The on-off controllers employed
in such systems seem to suffice, but more precise and reliable control can be
achieved by using error-based controllers such as PID. This would, of course, require
a thorough study on actuator’s influence on flow hydrodynamics on a continuous
time scale. Additionally, one would need to handle the nonlinearity hence imposed
on the system.

Manifesting electrical actuators to study reaction kinetics in microchannels have
been proved useful. Hans et al. used a metal electrode to measure the enzymatic
kinetics of hydrogen peroxide (H2O2). The electrodes were strategically placed in
the channel so that the microbubble creates a signal as soon as it touches both the
electrodes. A calibration curve of H2O2 concentration vs electric signal strength was
used to derive the concentration variation during the actual reaction. The data
obtained were used to successfully derive Michaelis-Menten kinetics of H2O2. The
major highlights of this work were low sample consumption (less than 50 μL), no
fluorescence tagging was required, and ease in fabricating microfluidic channel with
integrated electrochemical sensor [13, 14]. The inherent electrochemical property of
hydrogen peroxide simplified the study. Similar studies on neutral molecules such as
protein and organic compounds would require additional techniques such as induc-
ing conductivity or polarity into the molecules. Metal electrodes are commonly used
in electrochemical detection techniques but suffer from fouling and narrow potential
range. Suea-Ngam et al. used carbon paste electrodes (CPEs), first of its kind,
integrated on their microfluidic chip to detect dopamine (DA) and ascorbic acid
(AA) in intravenous drugs. The authors determined the optimum voltage, droplet
size, and total flow rate for the detection of these components in a micro bubble using
their standard solutions. The detection limit in this technique was 20 μM requiring a
small working area of 0.25 mm2. The percentage errors in detection of DA in
upamine, domine-250, and dopamax were 0.9, 1.69, and 1.46, respectively. The
same for the detection of AA in ascorbic acid was 2.86 [15, 16]. The microfluidic
platform resulted in a very high detection limit of the components with small errors
when compared to existing batch processes. The low concentration of DA and AA
(0.1 M each) in aqueous phase retained its polarity, and hence electric signals could
be generated when these microbubbles came in contact with CPEs. As long as the
samples are dilute, the electric detection techniques are fast and reliable. The
detection technique alone is good enough to achieve the objectives of aforemen-
tioned work. These techniques can, however, be coupled with simple controllers to
attain the additional purpose. For example, in reaction kinetic study a controller can
extend the reaction time when hydrogen peroxide concentration is too low to be
detected.

Fast and reliable electric actuation can also be achieved by electrowetting tech-
niques. This kind of actuation uses polarizable and conductive microdroplets as an
electrode to complete a circuit with a counter electrode powered by an external
voltage source. In one such study, the authors first designed microchips with various
configurations of electrodes and insulators. Finally, they demonstrated the
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dependence of applied voltage to droplet’s velocity. The average velocity of more
than 10 cm/s could be achieved for a voltage range of 15–100 V. A threshold voltage
has to be exceeded for droplets to start moving indicating a delay or lag in actuation
time [15–17]. There are two important deductions in this work. First, the external
voltage depends on the average linear velocity of the micro-droplets for different
proportional scaling of electrode pitch, gap spacing, and droplet volume. The plots
indicated nonlinear trends. Second, the velocity and displacement against time are
also nonlinear. The inherent nonlinearity can further be complicated by
implementing controllers in such devices. A suitable linear approximation can
simplify the control problem where applied voltage can be used as a manipulated
variable. As for the control variables, either of velocity and displacement can be
chosen based on one’s need.

Electrowetting can not only control droplets position but also its size at the point
of generation. Link et al. [11] fabricated a microfluidic device to precisely control the
droplet size at the point of its generation. The usual infusion methods use the
interfacial tension between water and oil to form droplets, but the size of the drops
cannot be controlled precisely. This work demonstrated that electrowetting tech-
niques can help overcome this limitation. The external voltage applied to the
electrodes fabricated within the device creates an electric field. This field capaci-
tively charges oil and water interface and the water droplet is thus formed. This work
clearly deduces the dependence of droplet size on applied voltage. At a constant
water infusion rate of 20 nL/s, decreasing profiles of droplet sizes vs voltage applied
were obtained for three different infusion rates of oil (80, 110, and 140 nL/s).
Further, oppositely charged water droplets were fused together under similar device
configurations [16, 17].

Controlling droplet size is not enough unless a uniform droplet size or volume can
be obtained throughout the process. Bransky et al. created such uniform droplets
(less than 3% deviation from average size) using a controllable piezoelectric actuator
integrated on their microfluidic device. A cross and a T-junction with water and oil
reservoirs (placed at a fixed height) were used separately to create droplets. The
piezoelectric actuator was inserted into the PDMS device such that it rested a little
away from the membrane. The external voltage amplitude of the actuator ranged
from 30 to 120 V changing the droplet volume linearly from 260 to 950 pL [18,
19]. The linearity in applied voltage and droplet size (R2 = 0.993) calls for a
feedback control system for precise on-demand droplet generation of desired size
or volume. The droplet size can be a controlled variable, while the voltage can be
manipulated to move the actuator and hence the membrane at the oil and aqueous
phase junction.

4.1.2 Optical
Optical means are popular in microfluidic manipulation and are mostly used as
sensors. Since this field is still at experimentation level, an optical microscope
attached to a CCD camera is an affordable and reliable sensor. Researchers integrate
various techniques to improve the detection limit as summarized in the following
paragraphs.
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A high-end optical detection method using a confocal microscope, mirrors, and
optical fibers was set up with the microfluidic channel to separate E. coli expressing
R-phycoerythrin. The setup consisted of Ar ion laser, two dichroic mirror filters,
optical fibers, band pass filters, avalanche photodiodes, and a pulse divider. The laser
coupled into the microscope using dichroic filter excited the fluorescent cells. The
light collected by objective was split into green and red spectral parts and directed
into respective entrance slits by optical fibers. Additional band pass filters in these
fibers ensured enhanced detection and suppression of background light. The signals
were detected by avalanche photodiodes and split by a pulse divider for one part to
reach the analyzer while the other reached the hardware processor which automat-
ically controlled the sorting [12]. The use of filters at strategic positions ensured a
high signal to noise ratio and hence a reliable detection system. However, the
instrumentation is expensive and not portable from a commercial point of view. A
laser-induced fluorescence detection was used by Cao et al. to sort encapsulated
particles using a solenoid valve. A set of neutral density filters adjusted the intensity
of laser beams focused on the channel. A dichroic beam splitter reflected them into
the objective. Spectral filters improved the quality of fluorescent emission collected
by the same objective. The lights collected were then converted into electrical
signals using a PMT equipped with a low noise current preamplifier. A differential
comparator processed the signal and fed it to a microcontroller [18, 19]. This
technique uses similar working principles with more precise results but is limited
to laboratory experiments.

Most optical sensing systems suffer from propagation loss within the channel. A
high-intensity beam is a solution, but it is a challenge to determine an optimal
intensity to excite living cells without incurred damage. Cho et al. coated the walls
of their microfluidic cell sorter with amorphous Teflon. This not only created a
waveguide during laser excitation of the mammalian cells, it ensured an optimum
intensity to brighten the cell without any mutilation. The fluorescence thus emitted is
collected by a microscope objective. The signals are then filtered consecutively by
spatial and optical filters before entering a photomultiplier tube (PMT). The fluores-
cence signals when modulated by this spatial filter register different waveforms on
PMT corresponding to different locations of the cells through the channel and thus
tracking their path. The output from PMT is fed to a real-time control processor
embedded with field programmable gate array (FPGA) which automates the mam-
malian cell sorting [20]. Microfluidic-based mammalian cell sorting imposes chal-
lenges such as high throughput, purity, and recovery of unstressed cells. HeLa, a
kind of mammalian cells which express a fused histogen-green fluorescent protein,
was sorted rapidly using optical switch control overcoming the above difficulties.
The sorting device consists of a three-way microfluidic network (input, waste, and
collection channels), a near-infrared laser for an optical switch, a visible wavelength
laser for detection, and fluorescence measurement. The infrared laser deflects the
detected cells to the collection channels using laser beams. The laser-on or response
time of this device ranges from 2 to 4 ms with varying cell density in the input
channel. The throughput ranges from 23 to 106 cells per second with purity as high
as 98.5%. The total sorting time varied from 9 to 44 min [21]. Living cells are
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delicate and can easily be damaged during analysis or experiments. The actuation by
optical means other than being fast and reliable can be applied without distorting
living cells.

Optical detection techniques are highly advantageous for monitoring microscale
reactions for a simple reason that light can penetrate these devices easily. Lignos
et al. manufactured lead sulfide (PbS) and lead selenide (PbSe) nanocrystals (NCs) in
a droplet microfluidic system integrated with real-time detection to map the chemical
reactions. The droplets exiting the channel after the reaction were optically excited
using light emitting diodes (LED). The fluorescence spectra from individual droplets
were then measured using a fiber-based spectrometer. The authors summarize the
variations in the droplet spectra as the initial conditions such as substrate ratio,
temperature, and residence time changes [22]. The inferences from these spectral
emissions can be analyzed to make suitable control algorithms. The control tech-
niques can drastically improve upon the reaction kinetics and hence the required
product composition. A paper by Krishnadasan et al. formulated a control algorithm
for the synthesis of nano-cadmium selenide (CdSe) QCs using microfluidic chan-
nels. The reacting particles in the channel were ignited using laser and the fluorescent
spectra thus emitted were monitored using a CCD spectrometer. The data from
variations in the emission spectra with a change in temperature and substrate
injection rates were utilized to form a control algorithm which can drive the reaction
to the desired product composition and size [23]. Maceiczyk and Demello suggested
an on-demand synthesis of QCs (CdSe and CdSeTe) using similar optical detection
system. They used the data from emission spectra of the reacting particles to
formulate a model-based algorithm using Universal Kriging [24]. All these novel
algorithms are yet to be visualized through experiments. Nevertheless, these spectral
data can be used to predict reaction conditions in a microchannel without the need of
setting the sensor up every time a QC is manufactured.

The online detection in nanomaterial manufacturing simplifies the kinetic studies
for microscale reactions occurring in microchannels. The mode of detection can be
photothermal, fluorescence, or absorbance spectroscopy depending on the sensitivity
requirement for a given reaction. All of these methods give a comprehensive idea on
the shape, size, and chemical composition of the formed nanoparticle [25, 26].

4.1.3 Pressure
Pressure actuation in microfluidic devices is brought about by using integrated or
external valves. The opening and closing of these valves are operated through a
vacuum or inert gas inlets. The following paragraphs bring together works that have
used pressure actuation in manipulating droplets in the microchannel.

Sorting and trapping of EGFP fractions from pNB estrange (two different expres-
sions of E. coli bacteria) were accomplished using pressure controlled mechanical
valves. These valves were integrated on a T-shaped microfluidic channel using
multilayer soft lithography techniques. An algorithm controlled the opening and
closing of a set of five valves (three peristaltic and two switches) for trapping and
reverse sorting. The valves responded in 5 microseconds. The recovery rate of EGFP
fraction varied from 16% to 50% consuming 2 to 3 h [26]. The relation between the
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cell velocity (control variable) and pump frequency (manipulated variable) is linear.
Here, the valves are operated by an on and off the controller. An advanced controller
such as PID can smoothly open and close the valves to control the cell’s velocity
with more precision, hence improving the sorting time and rate. Integration of such
complex control system into the microfluidic channel is an area if explored can
unlock new paradigms.

The sorting of living cells with no damage was achieved using pressure actuation.
The system consists of a fluorescence detection method, a sorting microfluidic
channel and an actuation channel. The dynamics of the flow in actuation channel
is controlled by a solenoid valve. As soon as the desired cell is detected, the solenoid
valves open, pushing the fluid in the actuation channel toward the collection channel.
The cells move toward the waste channel by default due to its shorter length. This
system has a sorting frequency as high as 50 Hz with 1 ms response time of the
valve. The living cells could be sorted with a throughput of 30 cells per seconds with
collection percentage of 93.7% [19]. Despite following an off-chip actuation system,
the response time was very high. The clear reason behind that is having a separate
detection and actuation channel in the device. That way, the cells and the particles are
studied and manipulated individually. This will increase the overall sorting time, but
the purity in sorting is very high as demonstrated. The feedback control used here is
an on and off the system. A more complex control system can give better output in
terms of manipulating cell’s location. This, of course, would require a thorough
study on the effects of applied pressure on flow hydrodynamics in the microchannel.

Steering of droplets in microchannels using an integrated valve in the single
layered device can make microfluidic applications simpler. Abate and Weitz char-
acterized such device relating the actuation pressure to the average flow velocity of
droplets. Apparently, the linear relationship between the two indicates a simplified
control problem. The actuator here was a membrane valve which is essentially a
T-shaped channel placed perpendicular to one of the two branches to the main inlet.
This membrane expands on the application of external pressure and blocks the
branch which in turn changes its hydrodynamic resistances. This makes the droplets
flow into the other branch [27]. The actuator response time, although not studied,
would be low enough to build a feedback control for this problem. It can be a single
input single output system with actuation pressure as manipulating variable and
velocity of exiting droplets as control variables. The quantification of membrane
contraction or expansion with varying actuation pressure would be an essential
requirement.

The usual technique to generate droplet is to use an external device to pump oil
and aqueous phase through channels. The surface tension between the two phases
forms droplets at the junction. A 2009 work by Zeng et al. uses an integrated valve
on T-shaped microchannel to generate droplets on demand. The aqueous and the oil
phase flow under negative pressure applied at the end of the channel. The valve,
placed at aqueous phase inlet, when closed, the water flow cuts off and a droplet is
formed immediately at the T-junction. The response time of the microvalve (50 to
500 ms) is varied to decide on the optimum droplet size and volume (1.3 to 13.3 nL).
The authors successfully show the linear dependence of microvalve open/response
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time to the droplet size. Further, they create and fuse multiple droplets by extending
the number of channels and valves [28]. The objective of this device here is to
generate droplets on-demand by solely changing the opening of the microvalve. The
relation between the valve opening time and the droplet size is linear, which means
the system can be approximated to a first-order linear system. The actuation time
here is represented in terms of the time it is taken by a valve to open completely
which is at least 50 ms. It is then varied to understand the relationship between
droplet size measured as its volume. It can be considered to be a step input system
with an output represented by droplet size and the manipulated variable being the
actuation time or valve opening itself.

4.1.4 Magnetic
Magnetic actuation in spatiotemporal control of droplets is an area less explored
when compared to other techniques. The related works, although few, are promising
from automation and control perspective and are summarized below.

Di-electrophoresis (electric manipulation of biological cells) is known to denature
the cells to some extent. Lee et al. hence used electronically controlled magnetic field
to spatially control the movement of bovine capillary endothelial cells (BCE). Their
device consists of the distribution of micro-coils over a microfluidic channel
connected to an integrated circuit (IC). This IC supplies current and controls the
magnetic fields by activating the micro-coils (one at a time) to move the microfluidic
bubbles to the desired location. At a single magnetic peak intensity of 15G, BCE
containing magnetic beads could be trapped at the force of 50pN. It moved to a
different location with an average speed of 6 μm/s by subsequent switching of
alternate magnetic coils [29]. The writer demonstrated an excellent example of an
integrated device which can single-handedly manipulate particle location in a micro-
channel. Although the experiment was carried only for discrete movement of
droplets, it can be extended for a continuous flow with real-time integrated control.
It will require a detailed study on how the magnetic force (manipulated variable)
affects the droplet position (controlled variable).

Manipulating cells in channels with precision and control is a sought after field
for the wide range of applications it covers. Magnetic manipulation of fluids for
splitting, exchange, trapping, and demulsification was achieved by Zhang et al. by
using hydrophobic ferrofluid as a continuous phase in their microchannels. Magnets
of size ranging from 1 to 3 mm were used to create magnetic fields. The change in
effective magnetic field gradient broke the droplets in the main channel into three
different ones which moved along the three branches. The ferrofluid not only acted
as a hydrophobic continuous phase but also directed the droplet motion as its
hydrodynamic changed with external magnetic field. Further, they demonstrated
trap and release of water droplets in another device containing microwells. These
wells stored the droplets when the ferrofluid repelled from the external magnetic
field and released them when the external magnetic field repelled the fluid in wells
[30]. This magnetic droplet merging, splitting, and trapping system can be made
efficient and precise by implementing control techniques. The fluid motion actuating
magnetic field can serve as a manipulative variable, while the interactive magnetic
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force between the fluid and external field can be the control variable. This force plays
a major role in droplet motion, thus a mathematical relation between the two would
be essential to design control techniques.

4.1.5 A Comparative Study on Actuators
Optical detection methods are widely used in various application of microfluidics. The
reason behind the same is a demand for high-speed detection systems of droplets of
nano- and microscale sizes. The optical detection systems although following the same
working principles can still be categorized based on the methodologies and excitation
sources. It can either be on-chip meaning the sensor is integrated into the device or
off-chip where a sensor is connected to the device. The detection technique in both on-
and off-chip sensors can be classified into fluorescence, absorbance, laser-induced
fluorescence (LIF), and chemiluminescence. Each of these techniques can be coupled
with devices such as optical fibers, CCD cameras, or photomultiplier tubes (PMT) in an
off-chip approach. On the other hand, waveguides, CMOS imager, or photodetectors are
integrated on the device in an on-chip approach. Despite all the advances, these
techniques have detection limits on practical time scale [10, 11]. Both on- and
off-chip approaches are utilized in the spatiotemporal control of droplets. Synthesis of
nanomaterials such as quantum dots is best monitored by optical means for the need of
quick detection of the high-speed reactions. Algorithms to control nanomaterial manu-
facture in microchannels have been suggested based on the radiation emitted by the
reacting particles as summarized under Sect. 4.1.1 of this chapter. However, active
control using actuators is not yet studied in the literature. Actuators can be used in
microchannels to precisely control reaction rates and microreactor (droplets) size to
achieve desired nanomaterial structures with high accuracy.

The electric means are the most popular actuation techniques in droplet
microfluidic owing to the high processing speed. Although in an application
such as cell sorting that involves living bacterial or mammalian cell, pressure
and magnetic actuations are a better choice over electrical to prevent cell deteri-
oration. Electric actuation and optical detection are also favored in studying rapid
kinetics over other techniques because the molecule under study exhibits polar-
izing property or is soluble in water. The same technique would not help kinetic
study nonpolarizable or water insoluble compounds. More techniques are yet to
be explored in this area.

Pressure and magnetic actuation systems are less explored when compared to electric
and optical systems. Both on- and off-chip systems require external instrumentation
which adds to the cost and reduces portability. Besides, the processing speed in such
actuations is relatively low.

4.2 Fabrication

Since the standardization of microfluidic device fabrication [31], soft lithography has
branched into many techniques to suit various applications. For instance, integrating
micro sensors and actuators into devices has added new protocols to the classical
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methods of fabrications. The devices designed vary in their fabrication methods. In
the field of automation and control, the fabrication methods are broadly classified
into the following.

4.2.1 Single Layer Soft Lithography
Soft lithography is widely used in fabricating microfluidic channels because of the
ease in prototyping and handling. A transparency of the desired channel design is
patterned on a spin-coated (with photoresist) silicon wafer using UV rays. This wafer
(now called master) is covered with polydimethylsiloxane (PDMS) and cured in an
oven at desired temperature. The mold hence formed is irreversibly bonded to a glass
substrate. The microchannels are now ready for experiments. Single layered devices
can be further categorized into those with or without integrated features. These
additional features on the devices can be either in situ, meaning integrated into the
channels, or ex situ, meaning connected to channels externally.

4.2.2 Ex Situ Features
In ex situ features, the channels are designed to have a simple additional channel or a
reservoir to bring about actuation and detection from an external source. The
dimensions of these features, although not optimized, are chosen to give the best
actuation and detection speed.

The work by Dittrich and Schwille (2003) demonstrated how polarity switching
can sort fluorescent cells in a T-shaped microchannel. They achieved a high sorting
rate by inserting external electrodes at the junction of waste and collection channels.
The additional feature on the channel was reservoirs. These reservoirs were punched
before bonding to the glass slide and were used for inserting the external electrode
wires. An electric controller connected to these wires changed the polarity as and
when desired [12]. Another high-speed cell sorting using external solenoid valves
was achieved by Cao et al. In addition to the inlets for water and oil, the device had
an interrogation (23 μm wide) and actuation channels (80 μm wide and 2 mm long).
The fluid flow in the actuation channel was controlled by the external valve, while
the interrogation channel was used to observe the bubbles to be sorted [19]. Lignos
et al. synthesized and observed semiconductor nanocrystals by adding an additional
channel to their device. A three-channel inlet (for lead, sulfur, and carrier oil) was
connected to an outlet. The outlet channel was continued to a heating zone where the
reaction occurred, seen by a rapid color change in droplets. A channel free from oil
(career fluid) followed the heating zone where the drops were excited by a light
emitting diode (LED). The fluorescence spectra from individual droplets are mea-
sured through a fiber-based spectrometer to study the reaction kinetics.

4.2.3 In Situ (Integrated) Features
To achieve an objective, for instance, to control sorting of droplets, the additional
feature in the microchannel can be integrated on the device itself in the form of
valves or membranes. The actuation and detection speed gets improved. The device
gets more portable eliminating the need for external devices.
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The work by Zhang et al. achieved manipulation and collection of droplets using
magnetic blocks of portable sizes (1 to 3 mm long). These blocks manipulated the
carrier fluid containing magnetic nanoparticles and the flow hydrodynamics. The
aqueous droplets under the influence of the flow could be relocated, split, trapped,
and demulsified within the channel [30]. Zeng et al. used a T-shaped channel
integrated with a microvalve to control droplet generation, size, composition, and
their fusion. This pneumatic microvalve was constructed at the opening of the oil
phase inlet. The flow of the oil and aqueous phase was controlled by regulating the
pressure in evacuated bottles attached at the end reservoirs of the channels [28]. A
flexible elastomeric membrane integrated on the device in a single layer adds to the
many advantages of single layer soft lithography. The device consists of a main
channel and a T-shaped control channel placed 13 μm apart. The fluid entering the
control channel inlet compresses the main channel to change its hydrodynamic
resistance and thus the velocity of the fluid in it changes [26, 27].

4.2.4 Double-Layer Soft Lithography
The devices in this technique are formed by bonding two layers of PDMS molds
irreversibly first with each other and then on a glass substrate. Each layer has its own
function to perform. Double-layered microfluidic channels almost always have
integrated features that lead to either actuation or detection functionalities in them.
Such features in spatiotemporal control of droplets are summarized below.

Fu et al. devised a control layer to integrate valves and pumps into their device.
The channels meant for sorting cells were constructed on a different layer called
fluidic layer. Control layer consisted of multiple lines ending with valves. The
closing and opening of the valves were actuated by the flow of pressurized nitrogen
and vacuum, respectively. The whole cell sorting process was automated by digitally
controlling the valves through a fast Zener-diode circuit [26]. The pneumatic control
setup was fabricated as previously described [32]. Guo et al. used the similar double-
layered device to create a droplet on demand assay. The control layer is a set of
single-layered microfluidic channels that ends with a valve at the crossing points of
channels in liquid layer. The valves are actuated by compressed air with pressure
around 400 kPa. This pressure is provided by electronic solenoid valves under the
control of data acquisition module [33].

4.2.5 A Comparative Study on Fabrication Techniques
Integrated (in situ) features for actuation or detection are always at advantage over ex
situ categories in both single- and double-layered microchannels due to their ease of
handling and operation. The only advantage of a single-layered in situ feature over
double layer is the less time consumed in fabrication. But as the system gets more
complicated to handle more than two control functions, another layer to control the
actuation device is desirable over single-layered in situ devices. As more researchers
have progressed toward in situ features, there are many areas still unexplored. For
example, the dimensions of these additional features are not optimized for their
function. A fully automated detection-actuation-controller microfluidic system to
control the position and velocity of droplets is yet to be invented.
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Researchers are increasingly using droplet-based microfluidics-based systems for
diagnosis (biomedical devices), reaction analysis, discovery of drugs, droplet-based
display, and identification of cells. A lot of these applications require sorting or
screening of droplets/cells, synchronization of droplets, and sometimes segregating
and storing droplets. Though many passive techniques exist to control droplets,
some applications need active control strategies using a sensor, a controller, and an
actuator. In addition to the challenges involved in fabricating a droplet-based device,
designing an active control system to improve the applications of droplet systems is a
field on its own. Spatiotemporal dynamics of droplets in microfluidic networks can
be quite complex to model and control as droplets have shown to exhibit interesting
nonlinear dynamics in networks [34]. In the following sections, we describe and
discuss the various controllers and their applications in digital microfluidics.

4.3 Multilayer Microfluidic Devices(MMD) and Integration
with Silicon Layer

Multilayer microfluidic devices have been explored and demonstrated for applica-
tions that need more functionality than one layer can deliver, including organ on a
chip [35, 36], devices needing more sophisticated structures like valves, pumps, etc.
Techniques like anodic bonding, 3D printing and 3D printing with pattern transfer
(printed transfer molding) [37, 38], adhesive bonding [39, 40], etc. have been
employed to achieve multilayer devices of reasonable complexity. Often times
these multilayer PDMS/glass/PMMA microfluidics have also been coupled with
silicon layer to leverage the precision electronics (sensors, LEDS, etc.) semiconduc-
tor manufacturing can deliver [41, 42]. Silicon layers can include optical detectors,
electrical/electrochemical sensors, LED and laser light sources, amplifiers, ADCs,
noise filters, and signal processing elements [43, 44].

4.4 Controllers

A controller achieves an objective, usually maintaining a set point, with the help of
sensors and actuators; process model present in the controller or a real-time model
predictor enables a controller to adjust certain variables in order to achieve zero error
situation. There are controllers that operate without any sensors or actuators such as
open-loop controllers; they continue to operate autonomously without observing the
state of the process. While there are controllers that compute the actions, on a limited
frequency, based on the current state of the process or the predicted effect of
disturbances, such as feedback and feedforward controllers.

In a microfluidic device that transports confined droplets, a feedback of the
implemented controller action benefits the controller’s ability to predict and correct
future errors with precision. Feedback controllers such as proportional-integral-
derivative (PID) and model predictive control (MPC) are powerful controllers that
can take on complex tasks such as spatiotemporal control of droplets. Figure 9.2a, b,
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and c illustrate the instances where an open-loop, on off, and MPC controllers can be
used in microfluidic devices that involve droplet control. A controller operating
based on changes in set-point is said to solve a servo problem, while a controller
maintaining a set-point despite the process disturbances is said to solve a regulatory
problem.

The first step in designing a controller is identifying the process inputs and
outputs and modeling their dynamic behavior. In a feedback controller, controller
input is the dynamic process output/state that is monitored to gauge the quality of the
process, for example, droplet position, color, and volume. The controller inputs are
usually referred to as control variables (CV). The input is compared with the
set-point to compute the error. Controller output is the change in process input
necessary to attain zero error in the process. The controller calculates it based on
the dynamic process model and the error computed from the process; typical
examples of controller output in a microfluidic device are change in inlet flow rate
of oil and change in voltage to electrodes. We refer to controller inputs as control
variables (CV) and outputs as manipulated variables (MV).

A mathematical model of process dynamics forms the basis of relation between
controller input and output. Process models are developed based on the choice of
control variables in the system. Hagen-Poiseuille law relating pressure drop and flow
rate in a pipe is an example of a process model that can be used to control pressure
drop in a channel by manipulating the flow rate.

Models used in droplet microfluidics involve variables (inlet flow rate, inlet
pressure, inlet sequence) and parameters (length of channel, viscosity of fluid,
density of fluid) that determine outputs like droplet traffic, droplet sizes, droplet
positions, droplet velocity, etc.

4.4.1 Classification of Controllers
Controllers are either open loop or closed loop based on their nature of interaction
with the system. An open-loop controller that is autonomous in nature does not keep
track of the consequences of its control action, while a feedback controller contin-
uously monitors the CVs for feedback on its control actions. A feed forward
controller on the other hand predicts the effect of disturbances on a process before
they are realized, to make control actions.

Open-Loop Controllers
Controllers that operate without feedback from a process are open-loop controllers.
The decisions by an open-loop controller are completely independent of the current
state of the process. These controllers are capable of solving simple and repetitive
tasks. The processes involving uncertainty and complex dynamics cannot be con-
trolled with these kinds of autonomous controllers.

In droplet microfluidics, droplet sorting based on charge does not require feed-
back. Link et al. [16, 17] have demonstrated the use of the electric field as an open-
loop controller to sort positively charged droplets from the other droplets. This
control method offers a lot of flexibility and speed as it involves switching electric
field without moving parts and a very simple control logic. The large forces that can
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be applied to a droplet make this technique robust for sorting of charged droplets.
Neutral droplets could also be charged and controlled using this method [16].
Figure 9.3 shows sorting of positively charged droplets to one branch of a micro-
fluidic network using the electric field.

Feedback Controllers
A controller that operates based on feedback from the process is a feedback
controller. These controllers can monitor the process changes in the presence of
disturbances and adjust the process inputs to maintain the CVat a set point. Feedback
controller needs sensors that can continuously send data on the CVor on a state of the
system that can help determine CV.

Feedback controllers are classified into proportional, integral, derivative, and
model predictive controllers based on the nature of their control action. All of
these controllers take action based on the process model and the control variable
involved in the decision. Automation in chemical process plants has led to the
development of these controllers, and through control researchers, they have found
their way into digital microfluidics. We describe the nature and applications of these
controllers under the coming sections.

Proportional Integral and Derivative Control (PID)
Proportional controllers increase or decrease the process input proportionally with
the error in process output. Proportional controllers are easy to implement; however,
they carry an unavoidable offset. For processes that require precise control, propor-
tional integral controllers remove this offset by adding an integral time constant to
the model. Most often PI controllers are enough to achieve control over processes,
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Negatively chargedcells

On/off 
Controller

High Speed Camera

Fully open / closed valves

Transducer

Transducer MPC/PID
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Fig. 9.3 A basic controller classification

9 Integrated Multilayer Microfluidic Platforms with Silicon Architectures for. . . 379



while some processes have strict limits on oscillations in output where a derivative
action is added to predict the error in advance and stabilize the process.

Feedback controllers have found some interesting applications in microfluidics.
They are employed for precise droplet generation, fusion, and splitting. The dynam-
ics of droplet transport in microfluidic networks presents a challenge in the selection
and design of the controller.

All electronic droplet generation without moving parts uses feedback control to
produce droplets of various sizes synchronously without a syringe. All electronic
droplets generation performed using electrowetting on dielectric (EWOD) was
demonstrated by Jian et al. in the year 2008 [45].

The droplet volume was continuously measured through capacitance, a technique
established by Fair et al. The feedback of droplet volume is used to control the
voltage across two sites. The error between the target capacitance and the real-time
capacitance is minimized using a proportional-integral-derivative (PID) controller to
achieve the generation of a droplet of the desired volume in the creation site.
Figure 9.4a is a representation of the feedback process that was used in their work
to generate small daughter droplets from a mother droplet in a reservoir. In this work,
the hardware was designed to update the voltage outputs and measure droplet
volume as fast as 1 ms in order to achieve actuation and sensing criteria for less
than 1% volume control precision for a 225 nl droplet. A proportional controller
could solve the problem very well but the oscillations in droplet volume, once the
droplet is generated, is better controlled through the derivative action and the error
accumulation due to capillary forces are dealt with the integral action of the PID
controller. An error of less than 4% in the final droplet volume has been reported in
the literature for this technique [46].

PI controllers are also used to control droplet lengths to produce droplets of
various volumes in a T-junction. Flow rate ratio of continuous and dispersed phase
is linearly related to the length of the droplet formed in the T- junction at a low
capillary number (Ca � 0.1). PI controller implemented with this model that
predicts the droplet size from the flow ratio achieved precisely controlled droplet
generation; however, the control speed was limited by the speed of image pro-
cessing [47], a classic example of sensors limiting the efficiency of the control
system.

Input and Sample preparation layer

Actuations/Separation Layer

Sensing layer (Impedance, Optical, Chemical)

Control Systems Layer

Integrated Silicon Layer

Fig. 9.4 Integrated
microfluidic platform layers
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Another example of PID controllers in droplet microfluidics is the spatiotem-
poral control of droplets with feedback. Improved stability and precision control
are some of the benefits offered through these controllers. Yoko Abe et al. have
demonstrated the use of feedback-based spatial control of droplets in a device
filled with electro-conjugate fluid (ECF). ECF generates a powerful flow (ECF
flow) when a high voltage is applied across a pair of electrodes in the device. The
position of the droplet is sensed through image processing technique, and the
controller decides the next voltage signal to drive the droplet closer to the target
position. Closer the droplet to the target position, lesser the voltage applied to
ECF. The block diagram in Fig. 9.4b captures the essence of control algorithms
used in the device. The position is measured as a function of a pixel in the “x”
coordinate (xc) and compared along with the target coordinate (xt). The error (E)
decides the voltage to be applied between the electrode pairs to move the droplets
[48]. Image processing speed/optical detection limits the speed of the applied
control technique. On-chip integration makes control easier with just the sensor
as an external device.

Model Predictive Control (MPC)
Mathematical models describing the dynamic behavior of processes are nonlinear in
nature. Yet, for the design of PID controllers, they are linearized around their target
value introducing errors in control action. Though theses errors are tolerable in most
of the processes, some operations like spatiotemporal control of droplets require the
use of nonlinear models to achieve precise control.

Model predictive controller also works on nonlinear models, optimizing the
input values needed to achieve minimum error taking into account all practical
constraints. Most of the practical constraints such as sampling time and actuator
limitations are accounted as constraints in an optimization algorithm to find the
best actuation/control moves that can minimize the process error. MPC can
handle multiple PIDs, processes with MIMO type models, and multiple distur-
bances. It is the complexity of the optimization problem that determines the
efficiency of MPC.

Controllers based on MPC use the process model along with constraints to
calculate an optimized set of actuations that will minimize the error in process output
when implemented. Synchronization of droplets is an example of a nonlinear
problem in digital microfluidics. Droplet synchronization calls for feedback and
continuous actuation of the valves or other actuators. Maddala et al. [47] have
simulated the use of MPC-based control algorithm for sort-synchronization of
droplets in a microfluidic loop. Droplet positions are sensed through a high-speed
camera, and optimal valve actuations are determined that will synchronize droplets
at the outlet of the channel. Each time when an input is received, a new set of optimal
actuations are determined and the first of them is implemented.

There are not enough applications of MPC in digital microfluidics. This type of
controller in digital microfluidics can tackle the highly nonlinear and complex models
observed in this field and can be seen as an opportunity for control researchers.
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Fuzzy Logic Control
Fuzzy controllers are unique in the way they process the inputs received from the
process. Unlike the other feedback controllers they do not have a process model that
they use to determine the best manipulated variable. Instead they work very similar
to the human operators in an industry. Fuzzy logic needs a well-defined table of
outputs and inputs and some classification into different sets based on process need.
They have fuzzification, processing, and defuzzification stages before they decide on
the precise action to be implemented. In fuzzification, the input values are converted
to linguistic terms such as high, low, cool, hot, etc., based on predefined sets in those
names. Then they are processed to identify the corresponding fuzzy output such as
increase the speed or decrease the flow rate, etc., to be applied to the process. In the
end the output is defuzzified to a crisp output value that is applied to the process.
They are very popular in the field of robotics where the encountered models are
highly nonlinear. Fuzzy control logic works based on experience and heuristics. An
unknown process cannot be handled with a fuzzy logic. Fuzzy controllers are
referred to as intelligent controllers because of the way they process the inputs.

Fuzzy control has been used to control a pneumatic pump to manipulate positions
of droplets in a biochip. Yung Chiang Chung et al. [49] have demonstrated the use of
fuzzy logic-based controller in improving the extraction efficiency of DNA. The
sample and buffer were moved at a necessary rate to achieve improved collision and
better reaction efficiency through fuzzy logic-based controller. Jie Gao’s [49, 50, 51]
work on multi-droplet manipulation, moving, merging, and chasing using electro-
wetting and fuzzy logic-based feedback controller is another example of how fuzzy
logic could be exploited to improve the applications of lab-on-chip technologies in
the future.

4.4.2 Optimization
Optimization is the process of minimizing or maximizing an objective function
within the defined constraints and few variables to manipulate. The variables that
are allowed to change are decision variables whose choices will determine the
best value of the objective function. In synchronizing droplets, exit time differ-
ence is the objective function, actuator speed the constraint, and the actuator
positions as the decision variables. Optimization is also used in designing com-
plex microfluidic networks to achieve a predefined objective such as combinato-
rial chemistry [52–54].

Complex nonlinear models like spatiotemporal dynamics of droplets need fast
and reliable optimization techniques and call for the use of powerful controllers like
MPC. Each droplet makes discrete decisions in a continuous flow system. Synchro-
nizing droplets to form patterns then becomes a mixed integer nonlinear program-
ming (MINLP) problem. Optimization of MINLP systems within a small period
(time) available before a droplet makes the decision forms a key challenge in the
application of MPC in real time. Maddala et al. [47] have shown that an optimization
technique coupled with MPC could theoretically alter the spatiotemporal dynamics
of droplets in a microfluidic device.
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5 Key Research Findings

5.1 Whole Blood Analysis

Blood is a complex biological fluid comprising cellular components suspended in
protein-rich plasma. These components including WBCs, RBCs, platelets, cell-free
nucleic acids, exosomes, proteins, lactase, glucose, antibodies, other biomarkers [55,
56], and rare cells like circulating tumor cells (CTCs) [57], circulating mesenchymal
cells (CMCs), circulating endothelial cells (CECs), and putative circulating stem cells
(CSCs) perform distinct functions in vivo, and their enumeration and enrichment have
been of enormous significance to clinical diagnosis and biological research as they are
known to reflect the physiological state of the person, disease progression, and devel-
opment of resistance to therapy [58]. Due to this and its 2 h in vitro half-life as a fluid,
innumerable microfluidic studies have been published on blood with focus on study of
one or more of these components as biomarkers for a particular use case. Microfluidic
platforms have been used on blood samples for real-time cell enumeration and differ-
entiation using optical sensors (imaging, scatter, FACS-style [59], spectroscopic, SERS
[60], SPR) [10, 61] and electromagnetic sensors (resistive, capacitive, magnetic, elec-
trochemical, piezoelectric, micromechanical, faradic) [62–70]. This classification infor-
mation is also used to initiate cell separation/enrichment within the microfluidic devices
using a variety of approaches including flow shaping [71, 72], pressure driven [73, 74],
dielectric [71, 75], magnetic [76, 77], optical trapping [78–83], etc. Beyond these real-
time cell level analysis technologies, many microfluidic technologies have been devel-
oped to perform blood-based analysis that need short incubation/processing times
needed for applications like signal amplification and detection methods, including
PCR, immunoassays [69, 84], biosensors, and cell/platelet activation/drug response
[85–89] studies which provide further insights.

Here we envision a multilayer microfluidic device coupled with a silicon sensing
layer with integrated real-time computation for simultaneous tracking of the largest
feasible set of biomarkers/sensors with the hypothesis that multiparameter parallel data
collection could lead to novel insights that are otherwise masked. The hypothesis draws
strength from advanced semiconductor manufacturing technology that could deliver a
single system-on-a-chip with integrated components including arrays of image sensors,
solid state LED/photodetectors, precise electromagnetic components for measurement,
amplification, noise-filtering, ADC, and signal processing, as well as direct integration
into onboard CPU/GPU/FPGA/VPU for lossless real-time analysis coupled with the
versatility of microfluidic platforms that can prepare and deliver the sample of interest to
the sensors at the sensing layer.

In the use case of blood analysis, this would allow for simultaneous measurement of
glucose, cell counts, and cell/platelet differentiation based on optical imaging [59],
differentiation based on autofluorescence and fluorescence [69, 90–92], differentiation
based of light scatter, light absorbance, electrical impedance [69], capacitance, blood
plasma and cell lysate analysis for proteins [88], antibody and cell-free nucleic acids
characterization through electrochemical analysis, surface plasmon resonance (SPR)
[93, 94], surface-enhanced Raman scattering (SERS), on-chip spectroscopy [95, 96],
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magnetic susceptibility, dielectrophoretic susceptibility, faradic catalytic amplification,
and biosensors. Most of the external components not integrated into the microfluidic
devices used in these analyses have been already implemented in silicon-based semi-
conductor devices for other commercial applications [61, 63, 85, 97–101]. With all the
individual blocks already available and commercially implemented, it would merely be
an engineering exercise of systems integration to package them for near-simultaneous
measurement of multiple parameters on the same blood sample. We argue that the
decision making often tends to be more accurate if we can increase the number of
sensors/variables supplied to a system.

The multilayered device proposed would have a fluidic input layer, an actuation/
separation layer, an optical sensing layer, an electrical sensing layer, and coupling layer
on top of silicon layer [42, 92] with integrated sensors, electronics, optoelectronics, and
compute elements. The layers are connected where necessary by: “Via’s” that transport
liquids/air from one layer to the other to move the analyte as well as the air necessary for
valving [38]; electrical connectors for actuation/pumping and carrying back any addi-
tional sensors located outside the silicon layer; and optical waveguides [102] for
tunneling light from the LED/laser sources on the silicon layer to the optical sensing
layer as well as piping the light from the sample to the optical sensor arrays, photode-
tectors in the silicon layer. There could also be optical fibers linking layers where
integrated waveguides are not adequate/feasible.

The fluidic input layer is the interface for all reagents/analytes [103] necessary
for the device to function. It may also include modules for sample preparation
[104], amplification, tagging/incubating, partitioning sample components, and
waste collection/neutralization. The actuation/separation layer includes the actua-
tors for the valves in the rest of the device as well as additional bulk separation
modules to partition blood based on passive or field-based enrichment modules
including filters, sieves, micropillars, electric/magnetic fields, etc. [105–108]. The
optical sensing layer can include optics and modules to enable imaging flow
cytometry and associated cell sorting [82, 109–115]/flow shaping [59, 116, 117],
fluorescence activated cell sorting (FACS) [59], surface plasmon resonance (SPR)
[93, 94], surface-enhanced Raman scattering (SERS) [118], on-chip spectroscopy
[95, 96] that are coupled with the optical sensors in the silicon layer through
waveguides and optical fibers. The electrical sensing layer contains modules
setup for electromagnetic sensing (resistive, capacitive, magnetic, electrochemical,
piezoelectric, micromechanical, faradic) [62–69]. This layer is designed to be
closest to the silicon layer for the shortest possible interconnects before reaching
the integrated electronics that perform signal amplification, noise filtering, and
analog-to-digital conversion completed with minimum latency, losses, and noise
associated with traditional setups that rely on off-chip signal processing. The
compute layer includes the integrated microprocessors, graphics processors/vision
processing units, network interface, and signal processing units that perform data
analysis for flow control and classification analysis to generate a comprehensive
diagnostic companion analysis for the medic. The compute layer provides real-
time decisions to adjust sample preparation, process optimization, enrichment
strategy, drug screening plan, and waste neutralization based on results at each
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level of analysis. This could provide a customized report for each patient while also
doing a multicomponent analysis to identify patterns leading to higher accuracy in
diagnosis and medication.

5.2 Organs on Chip

Organs on chip (OOC) is a device that mimics organ level cell behavior in an
in vitro environment [119, 120]. These devices are fabricated using microfluidic
techniques and tissue cells are cultured in them thus mimicking the micro
environments of in vivo conditions in vitro. The process is to grow tissue cells
from different parts of the human body, for example, heart, liver, lung, muscle
[121], on a PDMS chip to replicate human tissue barriers. The advantage of such
systems is the ability to create precise micro environments of human tissue
interactions. These micro environments can be exploited to understand the
impact of specific chemicals/drugs. Such systems are crucial for personalized
medicine and drug discovery. The next paragraphs give a high-level summary of
various organs-on-chip platforms [121].

Blood vessel on chip is designed by coating the PDMS-based microfluidic
channels with fibronectin [122] and flushed with endothelial growth media. The
endothelial cells are pipetted into these channels and are incubated. The surface thus
gets coated with endothelial cells. To make a cylindrical channel for blood flow, a
capillary tube is inserted into the microfluidic channel, and after the endothelization,
the capillary tube is removed leaving a circular channel to study the blood and
endothelial interaction. Understanding blood vessel physiology has broad applica-
tions in predicting blood vessel bio-mechanics, fluid shear and stretch [123], wound
healing [122], vascular injury [124], drug discovery, and hemostasis/thrombosis
[122, 125].

Lung on chip [126] was build with soft lithography techniques that created an
in vitro alveolar capillary interface of the human lung. This device was used to
study the alveolar response to bacteria and nanoparticles. Fluorescent micros-
copy was used to quantify alveolar-capillary interface. Heart on chip [127, 128]
muscular thin films are designed with flexible elastomeric polymers and aniso-
tropic cardiac cells and tissues. The contraction and expansion of heart muscles is
quantified by these deformations of the elastomeric polymer designed using
microfluidics.

Designing these organs on chip with multilayer integration is challenging but
gives unprecedented advantage in looking at all barriers wholistically. The
current challenges for the organs on chip systems are: (i) interfacing multiple
organs on single chip; (ii) measuring simultaneously optical, electrical, and
chemical information; and (iii) measuring both the local and the global parame-
ters simultaneously. Current chips are mostly limited to measuring optical prop-
erties. Measuring other mechanical properties of these systems such as electrical
and mechanical properties gives better understanding of these systems. In situ
continuous monitoring of the OOC is critical to use these chips to full potential.
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These devices should not only have continuously monitoring sensors but also
have feedback based actuators to precisely perturb the micro environments. The
literature in developing such integrated OOC devices is very limited. Yu Shrike
Zhang et al. [129] developed a modular OOC device that integrated sensors for
monitoring micro environmental properties such as pH, O2, and temperature;
soluble biomarkers were monitored using electrochemical immuno-biosensors.
Similar OOC optical properties are measured using fluorescent microscopes. The
automation and integration of the sensors to the OOC gave uninterrupted con-
tinuous monitoring of a combined liver and heart on chip platforms.

5.3 Microfluidic Applications in Bionanomaterials
and Nanomedicine

5.3.1 Bio-nanomaterials
Nanomaterials (size range of 1–100 nm) that are either entirely composed of bio-
molecules or partially built into them qualify as bionanomaterials. Bionanomaterials
are being used for targeted drug therapy in cancer treatment research, for diagnostics,
and in cosmetics [130]. Worapol et al. delivered siRNA to cancer cells in mice using
biologically modified silica nanoparticles [130–132], and Inmaculada et al. devel-
oped magneto-plasmonic nanoparticles with potential applications in magnetic res-
onance imaging [133]. The above examples highlight the ongoing research in the
development and application of bionanomaterials in clinical medicine. One of the
biggest challenges in bionanomaterials research is the consistency in production
from batch to batch. Microfluidic systems offer the advantage of tuning the size and
quality for nanoparticle production without losing high rate of production. Due to the
inherent small channels, microfluidic devices offer improved control over reaction
conditions. Moreover, microfluidic systems have also enabled real-time characteri-
zation of nanoparticles during production [130]. These kinds of integrated systems
will greatly reduce the time and money needed for clinical translation of nano-
particles. Jong-min et al. used 3D flow focusing in parallel microfluidic systems to
synthesize poly(lactide-co-glycolide)-b-polyethyleneglycol (PLGA-PEG) nanopar-
ticle that are currently in phase I clinical trials for prostate cancer treatment
[134]. They reported a maximum production rate of 84 mg h�1 with eight parallel
systems and tested their nanoparticles in mice for fluorescence. Increasing sophisti-
cation in the manufacture of bionanomaterials will enhance their success in biomed-
ical applications. Highly integrated microfluidic devices with advanced process
control and real-time optimization systems proposed in this chapter are poised
perfectly to resolve challenges in production and characterization of
bionanomaterials.

5.3.2 Nanomedicine
Nanomedicine primarily involves the use of nanoparticles to assist disease treatment.
Major progress in nanomedicine has come in the form of targeted drug
delivery through nanoparticles as carriers [130–132]. Highly unstable drugs and
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biomolecules can also be delivered to target organs safely through nanocarriers. The
progress in clinical translation of nanomedicine has not been keeping up with the
pace of laboratory research due to problems associated with production, character-
ization, and in vivo testing of nanoparticles. Microfluidic technology is becoming in
common in the development of lipid-based nanocarriers that are highly valued for
their versatility in encapsulating both hydrophilic and hydrophobic loads. Alex
Leung et al. [135] used microfluidic mixing to synthesize lipid nanoparticles with
siRNA and identified a nanostructured core formed as a result of rapid microfluidic
mixing. Organs-on-chip platforms enable ex vivo testing of nanoparticles for their
organ selectivity [127, 128] and allow integration to mimic pharmacokinetics of
human body. Cancer on chip models are also being developed to test cancer drugs
and allow personalized medicine possibilities in future. Balabhaskar et al. developed
a microfluidic platform to test the efficacy of two different nanopolymer-based drug
delivery systems [136]. Advanced microfluidic systems with multiparameter analy-
sis like the ones proposed here when developed to analyze cancer cells from patients
could potentially enable personalized drug testing system.

5.4 Large-Scale Data Integration for Healthcare Diagnostics

With the advent of the Internet of Things (driven by low cost easily deployable
sensing and connectivity) and associated advances in biosensors integration owing
to an increasing number of use cases for disease diagnosis and drug screening,
healthcare providers have access to mountains of data at their disposal to analyze and
optimize healthcare at the individual level. Advanced multilayered microfluidic
devices as proposed in Sect. 5.2 with multiplexed sensing also generate huge
amounts of data that often need to be processed near-real-time to be able to complete
all the many sequential analysis within the few hours of in vitro stability of
biological fluids outside the body. For example, imaging flow cytometry techniques
rely on ultrafast image processing (>100 fps) to extract cell properties like size,
shape, color, and response to forces for cell classification in real time to feedback
decisions necessary for downstream flow shaping or single-cell manipulation of the
cells of interest for isolation and enrichment. Similar data processing speeds are
needed for other sensing strategies including on-chip FACS, electrical impedance
spectroscopy, absorbance/scatter, etc. to allow for high-speed classification needed
for decision-making on the strategy downstream of each of these sensing locations in
the process flow. However, these big data image/signal processing workloads have
historically been very compute intensive leading to longer than optimal processing
times (often hours) often ending up as offline analysis for post-mortem analysis.
Adding to this challenge and as proposed in the multiplexed sensing strategy in Sect.
5.2, due to the inherent heterogeneity within human beings, genetic or otherwise, in
their physiology and how they respond to stressants like disease, drugs, and other
stimuli, as well as heterogeneity at the cell level due to age, disease, mutation etc.,
individual cell properties like size, shape, density, appearance, specific fluorescent
markers, or susceptibility to magnetic, electrical, or light fields, and drug response in
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isolation are not always adequate to classify with confidence and there is a need for
multiparameter cross-correlation analysis. Recently, developments in the field of big
data analysis, often driven by e-commerce firms for user data analysis, have started
trickling into the field of healthcare to address a similar requirement: find trends/
commonalities in extremely large, often incomplete, unstructured, and seemingly
unrelated data piles with a large number of variables. Novel data processing
approaches, enabled by huge advances in computational hardware capabilities,
have pushed these data analyses to close to real time using machine learning and
deep learning architectures where either the cell classification or cell identification or
both is handled by pretrained models that can dole out classification at real time [115,
137–142]. This is not uncommon to the face detection algorithms widely deployed
on smartphones or Movidius VPU chip–powered Intel compute stick/Google clip
[143–145]. Recently this has also been demonstrated on an ultraportable raspberry Pi
platform paving the path for compact, low power on-chip integration of the detection
and the classification systems. In these systems, the training of the models is often
performed in the cloud with crowd sourced data, and the on-chip compute systems
are fed the trained models to perform inference and classify real time. Trained
models are available for a variety of biological analysis including machine learning
models for disease detection in liquid biopsies [146], cell counting [147], cancer
screening [148, 149], cell feature extraction [115, 117], and flow shaping [115],
while there is an increasing amount of literature/training/toolsets to retrain existing
popular models for new systems with small datasets and achieve reasonable accu-
racies in classification [138, 140, 142, 150–152]

6 Conclusions and Future Perspectives

The exercise here was to conceptualize a one-stop advanced microfluidic analysis
system and push to see how much we can do with one sample – with a goal of
leveraging advances in computation and create an able virtual assistant to a doctor at
point of care for customized, guess-free medical care that could optimize care and
reduce cost and treatment time while increasing survival rate as well as patient
comfort. We envision an advanced POC microfluidic device though systems inte-
gration and packaging via VLSI technology coupled to advances in sensor technol-
ogy and computational technology to power a multiparameter co-analysis that could
deliver valuable insights to dramatically improve decision making at the doctors
office. In here, technologies developed in microfluidics systems are adapted to
integrate with an extremely capable sensing and computation silicon layer (SOC).
This can also cater to other applications like environmental sensing, food quality
monitoring, and biosecurity applications. Inspiration is drawn from the IOT boom,
advances in computational tools, both hardware (capable low power edge compute,
extremely powerful cloud) and software (machine learning and DNN). A clear
analogy would be quality-of-life improvement delivered by modern day
smartphones that offer unreal artificial intelligence at the edge in the form of
technologies that were recently science fiction and suggestions/interactions that are
close to human like. Current day smartphones rely on up to 20 sensors to identify
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context information of the user and provide very tailor-made and accurate sugges-
tions and interactions/responses, often freaky. These include camera-based face
recognition/image processing, speech recognition, fingerprint sensor, GPS, ultra-
sonic range finder, battery sensor, temperature sensor, humidity sensor, multi-axis
accelerometer, light sensor, proximity sensor, etc. In this, the Google Assistant relies
on a combination of sensors to recognize user spoken request and respond appro-
priately with human-like interpretation and relevance. While the speech recognition
engine itself is a marvel with offline inference for some set of actions with an
onboard neural network inference chip, Google relies on cloud-based neural net-
works to generate a highly relevant response by relying on a multitude of other
variables that provide context to the conversation that allows it to make a meaningful
and highly accurate interpretation of a much wide range of phrases with varying
noise/accent. This context could be data from the many other sensors like the users’
location, local weather, time of day, and recent searches. We also see a similar tactic
applied improvement of face recognition where camera-based image detection is
being assisted by additional sensors that provide depth information as well as deeper
colors to allow for a better 3D representation as well as low light performance. This
additional data coupled with a dedicated RAM and VPU for offline neural network
inference is able to deliver real-time face/object/text recognition and better auto-
focus. Sometimes they leverage Phase-Detection AutoFocus (PDAF) coupled with
some AI neural network wizardry to extract depth. DNNs these days can look at
200000 labels for classification with adequately trained models (Microsoft’s Watson
or other cloud sources training models). This is the age of “Internet of Things”where
we are able to collect huge amounts of data needed to train neural network models to
find patterns not imagined by humans. A smart diagnostics companion in Figs. 9.5

Fig. 9.5 Evolution and future of organs-on-chip platforms

9 Integrated Multilayer Microfluidic Platforms with Silicon Architectures for. . . 389



and 9.6 above provides a superior disease diagnosis by gathering all the evidence
available to improve the context of a symptom, also preemptively screens/simulates
all the alternate treatment paths before identifying the best possible path to speed up
final diagnosis, optimizes reagent usage/cost while also preemptively screens appro-
priate drugs such as anticoagulants, antibiotics, and chemotherapy.
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1 Definition of Topic

Traumatic spinal cord injury (SCI), due to automobile accidents, falls, or sport
injuries, is a significant global public health concern. Following intracellular delivery
of adenosine triphosphate (ATP) nanoliposomes or gamma-thio ATP nanoliposomes
and immunohistochemical staining with antibodies to CD 68 and CD 163, the effects
of treatment of injured rat spinal cord sections can be examined. ATP is the energy
currency of the cell. A method to measure ATP and its metabolites (ADP and AMP)
in cells treated with ATP-encapsulated nanoliposomes is outlined. The detection limit
using HPLC and UVabsorption for ATP is 0.1 micromole. The method is applicable
for characterizing the amount of ATP encapsulated in the lipid bilayer, leakage and
degradation of ATP-laden nanoliposomes. The potential of exclusively the ATP-laden
nanoliposomes, as a potential treatment for accelerating wound healing has been
extensively studied in a rabbit model of wound healing. This method is also appli-
cable to studying the energy state of the cells in culture and how this is influenced by
treatment with ATP nanoliposomes with varying lipid composition. The provision of
a supplemental intracellular ATP supply is evaluated to determine the structural
integrity of the spinal cord (as judged by the spinal cord histology of the white and
gray matter). Immunohistochemical analysis is performed to assess whether there is
greater proliferation of the regenerative M2 (CD68+ and CD163+) macrophage
population compared to the M1 (CD68+ and CD163�) population. Examination of
spinal cord sections could determine whether candidates like the ATP nanoliposomes
either alone or in combination with an anticomplement agent could have a potential
benefit in regeneration and accelerating functional recovery following injury.

2 Overview

Spinal cord injury (SCI) is a major global public health problem [1, 2] that currently
has no reliable or specific medical treatment [3–5]. Primary SCI is well known to
activate complement pathways and inflammation, resulting in secondary injuries that
include permanent neuron death and apoptosis [6]. Inhibition of the complement
pathways and inflammation can therefore alleviate the secondary injuries associated
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with traumatic brain injury, spinal cord injuries, and with neurodegenerative diseases
[7]. Therefore, complement pathways can be targeted for SCI treatments [8, 9].

Previous studies have shown that the vaccinia virus complement control protein
(VCP) decreases the influx of neutrophils into the damaged spinal cord [10]. Treat-
ment with VCP also improved the functional recovery of the spinal cord, as
demonstrated by behavior studies [11]. However, VCP treatments have room for
further improvement in functional recovery beyond administration of VCP alone.
For example, damage to the endothelial lining of the spinal cord vasculature is a
major factor in the pathogenesis of the spinal cord injury, and the healing process
could also be accelerated by intracellular delivery of ATP nanoliposomes to enhance
recovery. Investigation of this innovative hypothesis of combining there two exten-
sively characterized agents as a synergistic treatment for SCI requires studying the
exclusive effects of ATP nanoliposomes administered to the epicenter of the injured
spinal cord.

3 Introduction

3.1 Nanotechnology of Intracellular ATP Delivery

ATP is the energy currency of the cell. It is a large molecule that cannot be taken up
by cells, and only the ATP synthesized inside cells is available for energy required to
maintain cellular functions. Nanotechnology has made it possible to study the effects
of intracellular delivery of ATP in cell culture as well as in an animal model. Based
on years of studies in a rabbit wound model, it has been found that the ATP
nanoliposomes accelerate wound healing by causing changes in immune cell com-
position at the site of the wound where ATP nanoliposomes are applied [12, 13]. ATP
encapsulated inside nanoliposomes is released in the cells when the cells are treated
with ATP nanoliposomes. This increased intracellular ATP levels contributes to the
upregulation of several mRNAs and small, noncoding RNAs, most significantly the
small nuclear RNAs that form the spliceosome. The spliceosome then would
contribute to greater splicing of pre-mRNA to translatable spliced RNA [14]. The
quantitation of high energy phosphates and related metabolic byproducts that
include ATP, adenosine diphosphate (ADP), adenosine monophosphate (AMP),
and related adenine family members enables estimation of the energy state of
cells. The methods for quantitation described here will be useful in the quality
control of ATP nanoliposome formulations and optimization of the lipid composition
process.

3.2 Macrophage Polarization and Tissue Regeneration

Several years of research on intracellular delivery of ATP by our group has
demonstrated that macrophages contribute to accelerated wound healing due to
elimination of the 3–5-day lag phase that occurs during normal healing [12,
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13]. The pathway for this role of macrophages in a rabbit wound model of M1 to
M2 macrophage polarization has been reviewed previously [15]. We recently
reported a significant upregulation of U1 and U4 spliceosomal snRNAs by ATP
nanoliposomes and postulated that the molecular mechanism for accelerated
wound healing involves an increase in pre-mRNA processing to functional
mRNA inside cells after treatment with ATP nanoliposomes [14]. Herein we
describe our method for administering ATP nanoliposomes at the epicenter of
an injured spinal cord and methods to evaluate its regenerative ability by staining
cross sections of the spinal cord to observe the integrity of the gray and the white
matter. The method for immunohistochemical characterization of the macro-
phages present at the epicenter 5 days after ATP nanoliposome administration is
detailed. The numbers of regenerative M2 (CD68+, CD163+) macrophages, in
comparison to the control spinal cord (treated with nanoliposomes containing
nonmetabolizable gamma-thio-ATP) is estimated and semiquantified. Predomi-
nantly, M1 (CD68+, CD163�) macrophages are found in control treated spinal
cord while M2 are found in treated spinal cord.

4 Experimental Material

4.1 Materials for ATP Formulation Analysis

Here we outline the materials used in high-performance liquid chromatography
(HPLC) for detection of adenosine phosphate, culture and dosing of rabbit kidney
cells, and the preparation of ATP-laden nanoliposomes. All materials utilize ultra-
pure water with a resistivity 18 MΩ-cm at room temperature that has further been
sterilized with ultraviolet light.

4.2 HPLC-Related Materials and Specifications

4.2.1 HPLC Hardware
Use a 0.5 μm particulate filter, Krud Katcher from Phenomex, part number
AF0-5727. Downstream of the Krud Katcher, install a reverse-phase C18 precolumn
to protect the column from contamination by cellular debris. Luna Column C18
(2) (18 carbon alkanes), 5 micron, 250 mm� 4.6 mm, volume 4.15 ml, Phenomenex
part no: 00A-4252-E0, 00G-4252-e0 was used.

4.2.2 Mobile Phases
Mobile phase A is composed of potassium phosphate monobasic KH2PO4

(50 mmol/L) in deionized water. The resulting pH should naturally reach 4.5
without adjustment. Note that some recipes call for pH = 6.5 but the lower pH
produces better separation between the ATP and ADP peaks. Mobile phase B is
100% methanol in DI. Record lot numbers for methanol and potassium
phosphate.
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4.3 Cell Culture and Sample Preparation

4.3.1 Cells and Culture
Rabbit kidney cells (RK-13) were the kind gift of Dr. Bernard Moss of the National
Institutes of Health, Growth: Minimum Essential Medium (MEM) with 10% v/v
Fetal Bovine Serum (FBS) from Gibco by Life Technologies, RPMI from Gibco,
Rinse: Gibco PBS pH: 7.2, trypsin was from ATCC.

4.3.2 Preparation of Cells for Analysis
Lysis buffer was 100 mM Tris as a physiological buffer, 4 mM EDTA to chelate
divalent ions and prevent ATPases from affecting the measurement, 0.1% v/v Triton
as a detergent to disrupt cell and organelle membranes.

4.4 Materials for ATP Encapsulation with Liposomes

Soy phosphatidylcholine (Soy PC), N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-tri-
methylammonium methyl-sulfate (DOTAP) from Avanti Polar Lipids. Trehalose
and Mg-ATP from Sigma Aldrich.

4.5 Animals Required for Spinal Cord Injury and Treatment
Evaluation

No human subjects were involved. Rats were used for the spinal cord injury using a
protocol approved by the Institutional Animal Care and Use Committee (IACUC).
In this case, University of Louisville School of Medicine, Louisville, KY, and the
methods followed were in accordance with institutional guidelines. All animals used
to illustrate the method are to be treated humanely.

5 Methods

5.1 HPLC for Measurement of ATP, ADP, and AMP in Electrolyte

To configure an HPLC, we used an NGC Explorer from Biorad Inc., to have a loop
volume of 1 ml, with a 0.5 um particulate filter and pre-column upstream of the
reverse-phase column. Detection uses principally 255 nm UV absorbance but
includes conductivity as well.

The method is adapted from Guan et al. [16] and was chosen to minimize the use
of toxic solvents. Method Settings include the following parameters.
• Parameters:

Column: Luna C18A
Detector: 255 nm
Flow: 0.7 ml/min
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A Reagent: KH2PO4 50 mM in water
B Reagent: 100% Methanol

• Equilibration step:
Time: 7 min
Segment type: Isocratic (constant concentration)
Reagents: 5%B + 95%A

• Sample application:
Load loop manually through a 0.1 μm or 0.2 μm syringe filter
Sample injection with system pump: Use flow rate from method settings
System buffers: Use same inlets as method settings

• Column wash – modified step
Time: 12 min
Segment type: Isocratic (constant concentration).
Reagents: 5%B + 95%A

• Column wash:
Segment 1:

Time: 12 min
Segment type: Isocratic (constant concentration)
Reagents: 20%B + 80%A

Segment 2:
Time: 12 min
Segment type: Isocratic (constant concentration)
Reagents: 5%B + 80%A

1. Calibration of HPLC for ATP, ADP, and AMP: Prepare aliquots of 1.5 ml 1 mM
ATP, ADP, and AMP. Freeze at �20 �C. As needed, dilute 1 mM sample to
0.1 mM, 0.01 mM, 0.001 mM, and 0.0001 mM injecting samples through a 0.1 or
0.2 μm polycarbonate filter. Rinse syringe three times in DI water and wipe
needle surface after each injection as there will be noticeable carry over at or
below 0.01 mM. An example of a chromatogram produced by 0.01 mM ATP is
shown in Fig. 10.1. Integrate the peak area of each sample and use these data to

Fig. 10.1 Example chromatogram of a 0.01-mM ATP sample used to calibrate the HPLC
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perform a linear regression for calibration. Figure 10.2 illustrates the calibration
curves for ATP, ADP, and AMP. Table 10.1 lists the results of a linear regression
from the calibration data.

5.2 Cell Culture and Dosing Cells with ATP Liposomes

1. Rk-13 growth from the freezer: From a �80 �C freezer, grow Rk-13 cells to
confluence in a 75 cm2 flask in 5 ml of minimal essential medium (MEM) and
10% FBS at 37�C in 5% CO2. Every 24 h exchange with 10 ml of the same
medium until confluent, usually 3 days.

2. Cell culture in six-well plates and dosing: Seed cells grow to confluence in MEM
and FBS (2.5% v/v), usually 1 to 2 days. To dose confluent cells, rinse in PBS and
add 2 mlMEM + FBS (2.5%), then add 0.2 ml of ATP liposomes, shake gently, and
return to incubator. After dosing with liposomes of various formulations, the time
course of absorption may also be studied, e.g., by harvesting every several hours.

3. Harvesting cells from a six-well plate: Remove growth medium from wells. Then
wash in 2 ml of cold (4 �C) PBS, add from the side being careful not to touch cells
with pipette tip. Shake gently and remove. Add 1 ml of RPMI to each well and
use a cell scraper to remove cells from the bottom of the wells (see Note 4). Shake
gently, tilt the wells, and perfuse from top to bottom. Remove cells with a sterile
pipette and put into 1.5 ml Eppendorf tubes. Place tubes in ice while harvesting

Fig. 10.2 Calibration curves
for ATP, ADP, and AMP.
There are three data points at
each of four concentrations:
0.1 mM, 0.01 mM, 0.001 mM,
and 0.0001 mM

Table 10.1 Result of linear regression from calibration data, Y = A + B�X
Analyte A A error B B error R Standard deviation P

ATP 6.39 21.45 4575 427 0.959 61.9 <0.0001

ADP 5.74 6.02 3737 99 0.997 14.9 <0.0001

AMP 0.28 2.79 4354 51 0.999 6.92 <0.0001
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and centrifuge for 5 min, 4 �C, 10,000g. Remove supernatant and discard, leaving
a cell pellet, and store in a freezer (�80 �C) until ready to analyze (see Note 5).

4. Preparing the cell pellet for analysis: Remove samples from �80 �C and add
1.5 ml of room temperature lysis buffer. Vortex mix for 3 min and then centrifuge
for 5 min, 4 �C, 10,000g. Withdraw supernatant with HPLC injection syringe and
inject through a 0.1-um or 0.2-um particulate filter. Figure 10.3 illustrates a
typical chromatogram showing ATP located at 6.91 min, ADP at 7.66 min, and
AMP at 13.37 min. Data showing the time course of ATP absorption for the
RK-13 can be found in Fig. 2 of Kotwal et al. [14]. Conveniently, the analyte
peaks of interest avoid interference related to other cellular components. Before
performing such measurements, it should be noted that we confirmed the location
and calibration of the adenosine peaks in the lysis buffer only using standards.
This was necessary as the presence of a surfactant may have an influence on the
elution times through the column.

5.3 Preparation of ATP-Laden Nanoliposomes

1. Preparation of liposome contents: Dilute 10 mM Mg-ATP in 10 mM KH2PO4,
adjust to pH 7.4 using KOH, and store at 4 �C.

2. Preparation and mixing of lipids: In a round bottom flask, prepare 98.2 mg/ml
of electrolyte of soy phosphatidylcholine (Ave. MW: 783.77 g/mole), DOTAP
2 mg/ml of electrolyte, add chloroform sufficient to dissolve lipids, e.g., 0.05 g/ml
to 0.025 g/ml. Note that DOTAP is a cationic lipid used widely as a transfection
agent. Allow the lipids to thoroughly solvate by mixing at room temperature in a
rotating round bottom flask (we use a Buchi R-100 rotary evaporator).

Fig. 10.3 Example chromatogram after exposing cells to ATP liposomes for 24 h. Integration of
the analyte peaks gives 3.9 μM ATP and 3.0 μM ADP. AMP was not quantitated in this sample
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3. Removal of chloroform in a rotary evaporator: Place the lipid mixture in a 500 ml
to 1000 ml round bottom flask and attach it to the rotary evaporator. Set the
rotation speed to 4 and angle to ~60� with respect to the vertical. Set the water
bath temperature to 45 �C, condenser temperature to 25 �C, and pressure to
500 mbar. Note that this condenser temperature is not sufficient to recover the
chloroform, and it will eventually be pumped out of the system. Proper ventila-
tion is important as chloroform is a known carcinogen. Evaporation should be
performed for 12–24 h. Complete solvent removal by lyophilization for 12–24 h.
Afterward, the remaining solids should appear as a yellow film on the walls of the
flask.

4. Manufacture of liposomes: Rehydrate the lipid cake from in a rotary evaporator
by adding the Mg-ATP/ KH2PO4 electrolyte to the dried lipids with a volume
sufficient to reach 100 mg of lipid/ml of electrolyte. If the sample is to be
lyophilized, the disaccharide and cryoprotectant trehalose may be added to the
buffer in a molar ratio of 2:1 with lipids (see Note 6). Set the bath temperature to
55 �C, condenser temperature to 25 �C, rotation at 4, and leave the pressure at
ambient for 24 h. The result should appear milky white.

5. In order to make the liposomes unilamellar and set the size, extrusion was
performed at least twice through track-etched polycarbonate filters with 200 nm
filters at 60 �C. Then they were extruded at least twice through 100 nm polycar-
bonate filters at 60 �C. The result will be a milky white material.

5.4 ATP Nanoliposome Used in Treatment of Injured Spinal Cord
and Visualization by Transmission Electron Microscopy (TEM)
and Checking for Sterility

The nanoliposome-encapsulated Mg-ATP was prepared by Avanti Polar Lipids
(Alabaster, AL, USA) and received as a lyophilized powder, which is reconstituted
in sterile water.

The nanoliposomes composition is HSPC/DOTAP (50:1 mol ratio), 10 mM ATP,
trehalose/HSPC (2,1 molar ratio), and 10 mM KH2PO4 and are rehydrated to a mass
concentration of 100 mg/ml in deionized water as a stock solution containing 0.1
mgs per microliter.

The average diameter of the liposomes was 120–160 nm as measured using a
DynaPro Particle Size Analyzer (Proterion Corporation, NJ) [12].

The sterility of the nanoliposomes was confirmed by spreading the vesicles onto
nutrient agar culture plates for detection of bacterial contaminants and onto
Sabouraud dextrose agar plates for detection of fungal contamination. Contaminated
batches are discarded.

Transmission electron microscopy (TEM) was carried out without staining
by placing Formvar-coated nickel slot grids onto 20 μl of the nanoliposomes at a
1 mg/ml concentration and then inverting them, removing the excess fluid, and allowing
the grids to dry. The grids were then examined using a Hitachi HT7700 instrument and
the images are captured with a 16-megapixel AMT V700 digital camera.
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5.5 Spinal Cord Injury in Rats: Histology and
Immunohistochemistry

Rat models of SCI have been used previously to study pathologies, and the results
have been considered for human application [17–19].

Adult Sprague-Dawley male rats were deeply anesthetized by IP injection of
50 mg/kg of pentobarbital. The back was shaved and the hair removed by vacuum.

The surface around the vertebral column was disinfected with Dermachlor™
concentrated wash followed by Dermachlor™ 105 wash.

Lubricant was added to both eyes, 10 ml saline was injected IV, and the rat was
placed on a heating pad. The ATP nanoliposome test sample 1mg/ml or thio-ATP
nanoliposome control sample were filled in capillaries.

An incision was made between T7 and T11 and supplementary isoflurane anes-
thesia was supplied. Sutures were placed and a laminectomy was performed at the
T9 vertebra.

A contusion assembly consisting of a Horizon impactor was cleaned with sterile
water and then adjusted to 150 kilodynes to deliver a mild to moderate injury.

The dura was opened, the rat was placed in a metal stabilizer, the T9 spinous
process was removed, and the exposed spinal cord was subjected to moderate
contusion injury using the impactor.

The first injection of 1 μl of 10 mg/ml ATP nanoliposomes or 1 μl of 10 mg/ml
of gamma-thio-ATP control nanoliposomes was administered; 3 min later, a
second identical 1 μl injection was administered on the other side, 1.6 mm inside
the cord.

The incision was then closed with sutures or clips. Bacitracin was applied over
the sutures or clips and 0.1 ml gentamycin (50 mg/ml) in 5 ml of saline was injected.

The bladder was emptied, by squeezing the lower abdomen of the rat.
A subcutaneous injection of 0.3 mg/ml buprenorphine in sterile saline (1:4, v/v)

was given at 0.45 ml/rat once on the day of the procedure and twice a day for the next
5 days.

On the 5th day after treatment, the rats were deeply anesthetized via IP injections
of 50 mg/kg of pentobarbital and placed securely on a dissecting rack.

Using surgical scissors, the diaphragm was opened and the heart was exposed.
A perfusion needle was then inserted through the left atrium and ventricle, and

into the ascending aorta.
A small puncture was then made in the right atrium in order to allow blood and

other fluids to drain. Next, 200–250 ml of 0.01 phosphate-buffered saline (PBS) was
pumped through the rat’s circulatory system, followed by 400–500 ml of 4%
paraformaldehyde in 0.01M PBS.

The rat is then dissected and its spinal cord pieces were removed using surgical
scalpels and forceps and placed in 4% paraformaldehyde in PBS overnight.

The spinal cord sections were then cryoprotected by placing them in a solution of
25% sucrose in 0.01M PBS; all sections were maintained at 4� C until frozen.

The spinal cord sections harvested on day 5 were checked for integrity by staining
sections with hematoxylin and eosin and by immunohistochemistry with antibodies
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to CD68 and CD163. Spinal cord sections were frozen in OCT using the isopentane/
liquid nitrogen method.

Frozen blocks were cut at 8 μm onto charged glass slides.
The tissue sections were allowed to air dry for 10 min and then fixed in alcoholic

formalin for 10 min at room temperature.
The slides were rinsed in distilled water and immediately placed on a Leica Bond

III instrument for automated staining.
Treatment with both antibodies followed the same protocol: heat-induced epitope

retrieval using Leica epitope retrieval 2 for 20 min, peroxidase blocking for 5 min,
primary antibody incubation for 15 min, post primary for 8 min, Polymer for 8 min,
DAB for 10 min, and hematoxylin for 10 min.

The Leica Refine System for chromogenic light microscopy was used for the post
primary, polymer, DAB, and hematoxylin steps. These, along with the epitope
retrieval 2, were proprietary reagents.

5.6 Notes

1. ATP nanoliposomes could lose activity from freezing and thawing, and
it is important to never freeze the ATP nanoliposome formulation more
than once.

2. The best way to quality control the ATP inside the nanoliposome is to
measure the ATP released when the ATP nanoliposomes are treated with 0.1%
Triton X 100.

3. The best way to preserve the nanoliposomes is to refrigerate them as soon as
they are prepared and never freeze them unless required for long-term use.

4. Sterility is very critical and the best way to handle is to do transfer in a sterile
laminar flow cabinet.

5. Increase of back pressure, or sometimes loss of resolution, necessitates changing
precolumn and Krud Katcher.

6. Might be good to modify the method to add 5% methanol to the electrolyte as
this is the minimum concentration used in the method and this would prevent the
growth of organisms in the KH2PO4 which was a problem.

7. A pH of 4.5 in the mobile phase improves separation between ATP and ADP
versus physiological.

8. This step may be a significant source of error in the measurement. It is critical to
remove all the cells from each well.

9. Cells can rapidly metabolize available ATP, particularly after being removed
from MEM; thus, it is important to keep cell pellets at 4 �C until ready to be
frozen. It might also be useful to use the lysis solution before placing the cells in
low temperature storage.

10. We have found that many preparations of nanoliposomes and the ATP inside
are actually quite stable for at least 6 months being stored at 4 �C, and lyophi-
lization may be unnecessary unless long-term (over 6 months) storage is
required.

10 Characterization of ATP Nanoliposome Treatment for Regeneration of Injured. . . 407



6 Key Research Findings

6.1 Current Status of Nanoliposomes in Medical Applications

From the beginning of this century, research has been ongoing to study the effects of
nanoliposomes in a number of animal models for a range of human disease condi-
tions. Examples of applications includes protection of endothelial barrier following
ischemia reperfusion injury of organs for transplantation [20, 21], incorporation of
therapeutic biomolecules with anti-complement properties like the vaccinia virus
complement control protein (VCP) and antithrombotic proteins [22, 23], anti-
vascular candidates that block metastasis in cancer therapy [24], delivery of
molecules for CNS disease conditions like Alzheimer’s disease and Parkinson’s
disease which are larger than sizes that can penetrate the blood brain barrier
[25–28], adjuvants in vaccines, signal enhancers/carriers in cancer therapy [29],
chronic disease treatment with nanodelivery systems [30], and antimicrobial drug
delivery [31].

6.2 Current Status of ATP Nanoliposomes

ATP Nanoliposome for intracellular delivery although first reported around the turn of
the century for organ preservation has not yet reached the patient bed side. The bench
research on ATP nanoliposomes has been extensive with the focus being on a rabbit
wound model and on understanding the complexity of the molecular and cellular
mechanisms as they relate to determining how the acceleration of wound healing
occurs upon treatment with ATP nanoliposomes [12, 13, 15, 33]. There is a gross
change in the wound, which includes granuloma formation upon treatment with ATP
nanoliposomes within 24 h [33]. Immunohistochemical studies have shown the
cellular changes occur in the form ofmacrophage proliferation and collagen formation,
which seals the wound rapidly. What happens following ATP levels increasing inside
cells in terms of significant changes in RNA expression primarily driven by U1 and U4
RNAs which accelerate the formation of spliceosome which then fast tracks the
mRNA processing from pre-mRNA by a well-known process of splicing [14].

6.3 Current Research Findings That Advance Translation
of the Application of ATP Nanoliposomes

• The appearance of the ATP nanoliposomes was determined by TEM observation
of the unstained preparation. A wide range of sizes was observed for the nano-
liposomes (Fig. 10.4). While most of them having diameters of 120–160 nm,
some of the particles were greater than 500 nm.

• A method was developed to quantitate adenosine phosphates using high-
performance liquid chromatography with ultraviolet absorption detection. The
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detection limit from calibration standards was 0.1 μM with elution times of
6.91 min for ATP, 7.66 min for ADP,and 13.37 min for |AMP.

• Methods for preparing HPLC-compatible samples from cells grown in culture and
treated with ATP nanoliposomes or controls indicate that treatment with ATP
nanoliposome results in increasing amounts of intracellular ATP from the time of
treatment to 24 h [14]. Increasing intracellular ATP results in overexpression of
snRNA U4 and SnRNAU4. Both of these RNAs are central to the formation of the
spliceosome that is essential for the processing of premRNA to translatable mRNA.

• All analytes were detected without interferents from lysed cells.

The cellular changes in the epicenter of the injured spinal cord were determined
by immunohistochemical and histological examinations of sections of the spinal
cord, as shown in Fig. 10.5. The histology results revealed by hematoxylin and
eosin staining, shown in Fig. 10.5a, indicated that treatment of the injured spinal
cord with ATP nanoliposomes resulted in little mononuclear cell influx (semi-
quantitative +) and loss of integrity when compared to the control spinal cord
shown in Fig. 10.5d. The control injured spinal cord treated with gamma-thio-ATP
nanoliposomes showed a significant influx of mononuclear cells (semiquantitative
++++). Furthermore, Eriochrome® cyanine staining indicated that injured spinal
cord sections had better integrity after treatment with ATP nanoliposomes

Fig. 10.4 ATP nanoliposome from the batch used in the spinal cord study was deposited on
Formvar-coated nickel slot grids and allowed to dry. The grids were examined unstained in a
Hitachi HT7700 TEM and the images were captured by a 16-megapixel AMT V700 digital camera.
The image on the left is that of ATP nanoliposomes at 286000� print magnification and the one at
the right is that of print magnification of 456000�
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Fig. 10.5 (continued)
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(Fig. 10.5g) than the control treatment with gamma-thio-ATP nanoliposomes
(Fig. 10.5h).

Immunohistochemical staining with antibodies to CD68 (++) and CD163 (+++)
revealed increases in the proportion of regenerative M2 macrophages (CD68+,
CD163+) in the injured spinal cord following treatment with ATP nanoliposomes
(Fig. 10.5b and c) when compared to the delivery of gamma-thio ATP nano-
liposomes (Fig. 10.5e and f ). The gamma-thio-ATP nanoliposome treatment instead
increased the influx of either M1 macrophages (CD68+, CD163–) or destructive
macrophages (semiquantitative ++++) and decreased the number of CD68 (semi
quantitative +) and CD163 (semiquantitative ++) macrophages.

7 Conclusions and Future Perspectives

Taken together, the results presented here indicate that the use of a combination of
ATP nanoliposomes and VCP would be expected to inhibit the complement-
mediated inflammatory neurodegenerative response as well as bring about an accel-
erated restoration of spinal cord integrity by mechanisms suggested in the illustration
in Fig. 10.6. The ATP nanoliposomes will ensure an appropriate immune response
by speeding up the physical recovery of the spinal cord. Such investigations suggest
that although VCP treatment on its own can improve the structural and functional
recovery from SCI in rats, treatments in combination with ATP delivery are likely to
mirror the uninjured spinal cord in appearance.

Kong and Gao have concluded that macrophage polarization is a key event in SCI
[32]. To our knowledge, the potential of ATP nanoliposome treatment for recovery
of SCI or other agents could be tested using the method described. This method
described provides the first evidence for the proliferation of regenerative M2 mac-
rophages, as well as the maintenance and recovery of spinal cord integrity in the days
following injury in response to ATP nanoliposome treatment at the SCI site. While
this approach of direct ATP delivery may not be the most suitable for human
intervention, it demonstrates the benefit of ATP nanoliposomes, and further

�

Fig. 10.5 (a) A section from an injured spinal cord treated with ATP nanoliposomes; the section
was harvested 5 days after treatment and stained with H&E. (d) A section from an injured spinal
cord treated with gamma-thio-ATP (negative control) nanoliposomes; the section was harvested
5 days after treatment and stained with H&E. Note the relative preservation of the spinal cord
architecture in image A compared to the near-total distortion and effacement by macrophages in
image d. Immunostaining for the CD68 surface marker corresponding to treatment with ATP
nanoliposomes (b) and gamma-thio-ATP nanoliposomes (e). Immunostaining for the CD163
surface marker corresponding to treatment with ATP nanoliposomes (c) and gamma-thio ATP
nanoliposomes (f). A section from an injured spinal cord treated with ATP nanoliposomes; the
section was harvested 5 days after treatment and stained with Eriochrome® cyanine (g). A section
from an injured spinal cord treated with gamma-thio-ATP (negative control) nanoliposomes; the
section was harvested 5 days after treatment and stained with Eriochrome® (h). The section treated
with ATP nanoliposomes shows better integrity
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refinements will need to be considered to make this method of treatment more
applicable for human administration following SCI. Together, VCP and delivery
of ATP will not only inhibit the complement mediated inflammatory neurodegener-
ative response but also bring about an accelerated restoration of spinal cord integrity
by ensuring the appropriate immune response by speeding functional recovery of the
spinal cord corresponding to the physical recovery as illustrated in Fig. 10.6. The
earlier investigations suggested that individually VCP treatment improved structural
and functional recovery from SCI in rats, but feasibility studies for use as a future
treatment needs to be done in combination with an ATP delivery system to mirror the
uninjured SC.

Fig. 10.6 An illustration of the events following spinal cord injury without any intervention and
the proposed intervention with a combination of VCP and ATP nanoliposomes to limit the
inflammatory damage and accelerate regenerative process
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The potential for spinal cord recovery following injury with ATP nanoliposome
treatment had not been studied before, and therefore this is the first indication
showing the proliferation of regenerative macrophage M2 as well as the maintenance
and recovery of spinal cord integrity through days following injury and treatment at
the site of injury. While this approach of direct delivery may not be most suitable for
any human intervention, it demonstrates the benefit of ATP nanoliposomes which
can be considered for further refinement to make it more applicable to human
administration following spinal cord injury.
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1 Definition of Topic

Nanoparticle-based targeted drug delivery system (DDS) is one of the major appli-
cations of nanotechnology in modern biomedical research. Basically, it comprises of
bare or functionalized biocompatible nanoparticles with or without targeting ligands
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and one or more chemotherapeutic drugs. While the targeting efficacy of DDS
without targeting ligands involves passive targeting through enhanced permeability
and retention (EPR) effect, DDS containing targeting ligands (e.g., protein, anti-
bodies, peptides, and small molecules) relies on their specificity to cell surface
receptors. To achieve combination therapy, two or more chemotherapeutic drugs
(exhibiting synergistic effect) are often loaded on nanoparticulate DDS. Besides site-
specific delivery, the release of drugs from the DDS and stability of nanomaterials
are also important factors to develop an effective nanomedicine that could overcome
the disadvantages (e.g., nonspecificity, less bioavailability, and adverse side effect)
associated with conventional treatment strategies of different diseases. To compre-
hend the drug release, stability of nanomaterials as well as ultimate therapeutic
applications of DDS, it is highly essential to gradually develop and understand
relevant physicochemical and biological characterization techniques. In view of
the rapid growth of modern biomedical research involving drug delivery, it might
be speculated that many nanomedicines based on DDS would come up in near future
for practical therapeutic applications in human.

2 Overview

Nanotechnology offers an extensive shift in modern days diagnostic as well as thera-
peutic treatment strategies for various types of diseases. The applications of nanotech-
nology are generally described as nanomedicine. The huge implication of nanomedicine
for several disease theranostics might be manifested to the facile interaction of nano-
particles with cell surface receptors, proteins, DNA/RNA, and other biomolecules
because of their nanoscale size similarity. Almost all of the conventional drugs for the
treatment of some certain diseases have some common limitations such as side effect,
nonspecificity issue, and low bioavailability. In this scenario, nanomedicine could play
an important role through targeted drug delivery approach, where nanoparticles act as a
drug carrier for the delivery of drugs to the specific disease site with better efficacy and
reduced systemic toxicity. Although nanomedicine shows several biomedical applica-
tions, nanoparticle-based targeted drug delivery has got maximum attention to the
researchers. Since past decades, numerous literature report only the applications of
targeted drug delivery of different nanomaterials. However, the report describing the
characterizations of drug delivery system (DDS) is very scarce. In this context, this
chapter describes the detailed chemical and biological characterizations of nano-
particulate targeted DDS as well as their brief therapeutic applications. Finally, we
conclude with diverse challenges and future aspects of nanoparticle-based targeted DDS.

3 Introduction and Background

Nanotechnology refers to an interdisciplinary field of contemporary science and tech-
nology encompassing the field of physics, chemistry, engineering, and biology [1–3]. It
deals with various types of nanoparticles, having unique physicochemical characteristics
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such as mechanical, electrical, optical, and biological properties as compared to the
corresponding bulk substances, which could be attributed to their high surface area to
volume ratio. Due to possessing unusual and interesting properties, nanomaterials
exhibit various applications in diverse fields including agriculture, [4] energy, [5]
catalysis, [6] electronics, [7] and environment [8]. Although nanotechnology involves
numerous applications, it especially brings revolution in modern biomedical research
field in terms of developing new therapeutic and diagnostic treatment strategies of
different diseases via nanomedicine approach [9, 10]. The extensive applications of
nanotechnology in healthcare research could be manifested by the easier interaction of
nanoparticles with cell surface receptors (~10 nm), proteins (~1–20 nm), and nucleic
acids (~2 nm) owing to their size (nanoscale range) similarity factor [9, 11].

Since past decades, scientists have highly engaged in design and development of
various kinds of functionalized/engineered nanomaterials often called as nano-
composites for different therapeutic and diagnostic applications including cancer ther-
apy, tissue engineering, wound healing, antimicrobial activity, bioimaging, and
biosensor [9]. However, major reports related to the biomedical applications of nano-
composite systems demonstrate their potential for designing efficient drug delivery
systems (DDSs), owing to their unique physicochemical features such as large surface
area, high drug loading capacity, easier functionalization, and controlled drug release.
The basic criteria for effective DDSs include slow and sustained release of therapeutic
drugs as well as their delivery to the specific site of body system [12]. To achieve site-
specific delivery of drug, researchers have generally employed either passive targeting
or active targeting approaches [13]. While passive targeting strategy relies on enhanced
permeability and retention (EPR) effect, [14] active targeting involves the conjugation of
nanoparticles with some active ligands (e.g., recombinant proteins, peptides, antibodies,
and small molecules) which would recognize cell surface receptors more
specifically [15].

The most common nanocomposites employed for targeted drug delivery applications
are based on noble metals (e.g., gold nanoparticles: AuNPs and silver nanoparticles:
AgNPs), transition metal oxides (e.g., ZnO nanoparticles, TiO2 nanoparticles, super
paramagnetic iron oxide nanoparticles: SPIONs), carbon materials (e.g., graphene
oxide: GO, carbon nanotubes: CNTs, carbon dots: CDs, etc.), silica (silica nanoparticles:
SiNPs), lanthanides (cerium nanoparticles: CeNPs, gadolinium nanoparticles: GdNPs),
as well as different organic/polymeric nanomaterials. Although various literature
demonstrated the applications of targeted DDS, the reports related to the characteriza-
tions of DDS are very limited. In this circumstance, this chapter offers an overview of
in-depth characterizations as well as brief therapeutic applications of recently developed
nanoparticulate targeted DDS, which are described in the following sections.

4 Experimental Methodology

Proper characterization of nanoparticles is highly essential prior to their applications
in any field especially in biomedical science and so for targeted drug delivery
application. The physicochemical characterizations of nanoparticles for targeted
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DDSs are based on their morphology, hydrodynamic size, surface charge, functiona-
lization, stability, drug loading capacity, encapsulation efficiency, and drug release
profile. On the other hand, biological characterizations for efficacy and mechanism
of action of different DDSs include cellular uptake, cell viability assay, apoptosis
assay, western blot, immunohistochemistry, and biodistribution. The following
sections elaborately discuss the physicochemical as well as biological characteriza-
tions of nanoparticles and nanoparticulate targeted DDSs.

4.1 Physicochemical Characterizations

4.1.1 Analytical Techniques
There are various analytical techniques available for characterization of bare as well
as functionalized nanoparticles such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), atomic force microscopy (AFM), dynamic
light scattering (DLS), X-ray diffraction (XRD), ultra violet spectroscopy (UV),
Fourier-transform infrared spectroscopy (FT-IR), and nuclear magnetic resonance
(NMR). While the morphology of nanomaterials is characterized by TEM, SEM, and
AFM, the hydrodynamic size and surface charge of nanoparticles are characterized
by DLS. TEM and DLS are also employed for the stability study of nanomaterials.
XRD analysis provides the crystalline characteristics of nanoparticles. The
functionalization of the nanoparticles is generally confirmed by FT-IR, NMR, and
UV. Fluorimeter and UV spectroscopy are often employed for measuring the drug
loading capacity and the encapsulation efficiency. The next sections elaborately
discuss the characterization methodologies of nanoparticles and their DDSs.

4.1.2 Particle Size and Morphology
The nanoparticles are primarily characterized by their particle size distribution and
morphology. The drug release from the nanoparticles is largely dependent on the
particle size of the nanoparticle. Fast drug release is observed in case of small size
nanoparticles due to their large surface area [16]. In contrast, slow diffusion of drug
occurs when the drug is encapsulated inside the larger particles. Moreover, during
the storage and transportation of the dispersed nanoparticles solution, there is a trend
of aggregation in case of small size particles [16]. Therefore, there is a mutual
compromise between the small size of the particles and maximum stability
[17]. Also, extent of degradation of polymeric nanoparticles depends on the particle
size, e.g., with increasing the particle size, the extent of poly (lactic-co-glycolic acid)
degradation increases [18]. The surface morphology of the nanoparticles plays an
important role in determining their stability for biological and biotechnological
application. There are various analytical tools available for measuring the nanopar-
ticle size as well the morphology as discussed below.

Dynamic Light Scattering (DLS)
DLS is very simple and widely used techniques for determination of the particle size.
The size distribution profile of small Brownian particles in colloidal suspension in
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nano or submicron ranges or polymer in solution is measured by DLS technique.
When shining monochromatic light (laser) is exposed to solution of spherical
particles in Brownian motion, Doppler shift occurs. There is a change in the
wavelength of the incoming light as a result of hitting the monochromatic light
with the moving particles. The size of the particles is determined by the extent of this
change in wavelength. Various types of nanoparticles including polymers, micelles,
lipid, proteins, carbohydrate, and inorganic nanoparticles are characterized by DLS.
This measurement depends on the particle concentration, type of the ions in the
medium, size of surface structures, and size of the particle core. DLS software of
commercial instruments typically displays the particle population at different diam-
eters. There is only one population in case of monodisperse solution. Multiple
particle populations are observed in polydisperse systems. In 2012, Lee et al.
developed a target-specific long-acting delivery system of interferon α (IFNα) for
the treatment of hepatitis C virus (HCV infection). The authors have developed a
hybrid material of AuNPs and hyaluronic acid (HA) for targeted delivery of inter-
feron α (IFNα). IFNα was attached to HA-AuNPs through physical binding. Syn-
thesis of HA-AuNP/IFNα complex was fully characterized by various spectroscopic
techniques. The change in the particle size of AuNPs after attachment of HA and
IFNα was measured by DLS. The mean hydrodynamic diameter of AuNPs was
increased after HA and IFNα attachment (Fig. 11.1a) [19].

Transmission Electron Microscopy (TEM)
The most common technique to analyze the morphology, shape, and size of the
nanoparticles is the TEM. Moreover, the aggregation tendency and the stability of
the nanoparticles are often studied by TEM. It provides direct images of the
nanoparticles and also accurate estimation of nanoparticle homogeneity. TEM is a
microscopy technique based on the interaction between a thin sample and a uniform
current density electron beam. When the electron beam reaches the sample, part of
the electrons is transmitted, while the rest are scattered [20]. The magnitude of the
interaction depends on several factors such as size, elemental composition, and
sample density. The final images are produced with the information gathered from
the transmitted electrons. Nanoparticle solution is deposited onto support grid or
films during TEM characterization. To make nanoparticles unaffected against the
instrument vacuum and easy handling, they are fixed using negative staining agent
such as uranyl acetate and phosphotungstic acid. Alternatively, nanoparticle sample
is exposed to liquid nitrogen temperatures after embedding in vitreous ice. One of
the limitations of TEM is the difficulty in quantifying a large number of particles.
Lee et al. used TEM for characterization of AuNP/IFNα and HA-AuNP/IFNα
complex, used for targeted delivery of interferon α (IFNα) for the treatment of
hepatitis C virus (HCV infection). The monodispersed morphology was observed
in TEM images of AuNP/IFNα and HA-AuNP/IFNα complex (Fig. 11.1b) [19].

Scanning Electron Microscopy (SEM)
SEM is another type of electronmicroscope. The size, shape, and surface morphology of
the nanoparticles with direct visualization is determined by this microscope. SEM
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constructs the images of the sample scanning its surface with a focused beam of
electrons in a raster scan pattern. The surface topography and composition of the sample
is obtained from the various signals, which is produced by the interaction of the
electrons and the atoms in the sample. For nanoparticles characterization by SEM, the
solution of nanoparticles should be converted into a dry powder. Then it will be further
mounted on a sample holder and coated with conductive metal using a sputter coater.
The whole sample is scanned with a focused fine beam of electrons [21]. The surface
characteristics of the sample are determined by secondary electrons, emitted from the
sample surface. The average mean size obtained from SEM and DLS is comparable.
The disadvantages of this technique include high cost, time consuming process and
frequent need of complementary information about size distribution [22]. In 2011,
Sanpui et al. reported chitosan nanocarriers (NCs)-based delivery system, where the
authors delivered silver nanoparticles (AgNPs) to mammalian cells. The authors
observed that AgNP-nanocarriers (Ag-CS NCs) with very low concentrations of the

Fig. 11.1 (a) Dynamic light scattering analysis for the hydrodynamic diameter of AuNP/IFNα and
HA-AuNP/IFNα complexes. Transmission electron microscopic images of (b) AuNP/IFNα and (c)
HA-AuNP/IFNα complexes. (Adapted from Ref. [19]. Copyright © 2012, American Chemical
Society)
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AgNPs induces apoptosis to the mammalian cells. The average size and morphology of
Ag-CS NCs was determined by SEM, which was found to be 172.6 nm (Fig. 11.2) [23].

Atomic Force Microscopy (AFM)
AFM is based on a physical scanning of samples at submicron level. A probe tip of
atomic scale is required during AFM analysis. It offers ultrahigh resolution in particle
size measurement [24]. This technique is also used for studying the particle size and
morphology of the nanoparticles. The samples are generally scanned in contact mode
or noncontact mode based on the properties of the samples. A topographical map is
produced by tapping the probe on to the surface across the sample during contact
mode; however, in noncontact mode, the probe drifts over the surface. The main
advantage of AFM is, even nonconducting samples are imaged without any specific
treatment. For that reason, delicate biological and polymeric nano- and microstructures
also can be imaged [25]. The most accurate description of size, distribution of size, and
real picture is obtained from AFM (without any mathematical calculation), which
helps in understanding the effect of functionalization as well as various biological
condition [26]. In 2010, Liu et al. developed a delivery platform based on PEGylated
nanographene oxide for hydrophobic anticancer drug SN38 delivery. The authors
characterized graphene oxide (GO) and PEGylated graphene oxide (NGO-PEG) by
AFM. The as-made GO sheets were 50–500 nm in size, whereas NGO-PEGwas�5 to
50 nm. The researchers also checked the water and serum stability of GO and
NGO-PEG. It was found that GO was aggregated in serum as well as in DMEM
medium, but NGO-PEG was stable in those solutions (Fig. 11.3) [27].

Fig. 11.2 (a) Typical SEM image of Ag-CS NCs. (b) (Inset) Particle size distribution calculated
based on the SEM images and mean particle size was found to be 172.6 nm. (Adapted from
Ref. [23]. Copyright © 2011, American Chemical Society)
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4.1.3 Surface Functionalization
Surface functionalization of the nanoparticles is very essential aiming various
biomedical and biotechnological applications of inorganic, organic, and polymeric
nanoparticles. The surface of the nanoparticles is functionalized with various
molecules like PEGylation with polyethylene glycol for increasing the hydrophi-
licity and biocompatibility of the nanoparticles. The nanoparticles surface can also
be functionalized with proteins, small molecules, peptides, various receptor
targeting ligand, and anticancer drugs for various biomedical applications. After
functionalization of nanoparticles, there is alteration in their size and surface
morphology which are usually characterized by measuring the size distribution
by TEM or DLS, and the surface charge by DLS. Most importantly, the functiona-
lization of nanoparticles is generally characterized by various spectroscopic
techniques such as UV-Vis spectroscopy, FT-IR, and NMR. Here we discuss
the various spectroscopic techniques for characterization of functionalized
nanoparticles.

Fig. 11.3 PEGylation of graphene oxide: photos of GO (a) and NGO-PEG (b) in different
solutions recorded after centrifugation at 10000g for 5 min. GO crashed out slightly in PBS and
completely in cell medium and serum (top panel). NGO-PEG was stable in all solutions; AFM
images of GO (c) and NGO-PEG (d). (Adapted from Ref. [27]. Copyright © 2008, American
Chemical Society)
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UV-Vis Spectroscopy
One of the most important techniques for characterization of nanoparticles
functionalization is UV-Vis spectroscopy. It is an absorption spectroscopy or reflec-
tance spectroscopy in the ultra violet-visible spectral region. Absorption spectros-
copy is complementary to fluorescence spectroscopy. Absorption measures
transition from the ground state to the excited state, while fluorescence spectroscopy
deals with transitions from the excited state to the ground state. Various nano-
particles have characteristic UV absorption peak, which is shifted to higher or
lower wavelength or the intensity is lowered and increased after the functiona-
lization. There is the appearance of new absorption peak or disappearance of exiting
peak due to functionalization of nanoparticles in some cases. As discussed earlier,
Lee et al. developed AuNPs-based DDS for targeted delivery of interferon α (IFNα)
for the treatment of hepatitis C virus. The formation of AuNP/IFNα and HA-AuNP/
IFNα complex was assessed by UV-Vis spectra. The surface plasmon resonance
(SPR) band of AuNPs is red-shifted after attachment of IFNα, which confirms the
interaction of IFNα with AuNPs. Moreover, the SPR peaks shifted from 519 to
523 and 527 nm as a result of stepwise binding of HA-SH and IFNα to AuNP
(Fig. 11.4) [19].

FT-IR Spectroscopy
This is the most frequently used techniques for the characterization of functionalized
nanoparticles. An infrared spectrum of absorption or emission of nanoparticles is
obtained using FT-IR spectroscopy. An FTIR spectrometer simultaneously collects
high-spectral-resolution data over a wide spectral range. The term Fourier-transform
infrared spectroscopy implies that a Fourier transform (a mathematical process) is
necessary to convert the raw data into the actual spectrum. There are some nano-
particles such as graphene and CNTs, which have characteristics FT-IR absorption
peaks. There is shift in the FT-IR absorption peak position as well as appearance of
the new peaks in the FT-IR spectrum of functionalized nanoparticles depending on
the type of functionality present in the attached functional proof. FT-IR technique is
the direct proof of the functionalization of nanoparticles.

NMR Spectroscopy
Since its discovery, NMR has grown to be one of the major characterization tool for
scientists to obtain information about the structure and dynamics of molecules with
atomic resolution. It has also important application in characterization of nano-
particles functionalization. It is a spectroscopic technique to observe local magnetic
fields around atomic nuclei. An NMR signal is generated by excitation of the nuclei
sample with radio waves into nuclear magnetic resonance, when the sample is placed
in a magnetic field. The signal is detected with sensitive radio receivers. The
intramolecular magnetic field around an atom in a molecule changes the resonance
frequency. As a result, details of the electronic structure of a molecule and its
individual functional groups are obtained. The synthesis of organic nanoparticles,
polymeric nanoparticles, lipid nanoparticles, and micelle are usually confirmed by
1H and 13C NMR spectroscopy. NMR spectra of functionalized nanoparticles are

11 An Insight into Characterizations and Applications of Nanoparticulate. . . 425



changed due to different functionality and the interaction of the attached molecules
with the nanoparticles. A novel gold conjugate (GNP-NHN = Dox-mPEG) with
doxorubicin (DOX) shielded by PEGylation on the surface of GNPs is designed by
Cui et al. [28] Fig. 11.5 represents the synthetic procedure of a novel lipoic acid
(LA)-modified PEG derivative of Dox (LA-NHN = Dox-mPEG)-attached gold
nanoparticles (GNP-NHN = Dox-mPEG) and their intracellular drug release mech-
anism. GNP-NHN = Dox-mPEG enters into the cancer cells through endocytosis
mechanism followed by the liberation of Dox-mPEG in acidic lysosomes and then
free Dox in cytoplasm, which is catalyzed by esterase.

The authors characterized the DDS GNP-NHN = Dox-mPEG through FT-IR and
1H NMR spectroscopy (Fig. 11.6). All the data supports the successful synthesis of
GNP-NHN = Dox-mPEG. A two-step stimulus-responsive drug release in response
to an acidic environment in lysosomes and then esterase in the cytoplasm has been
achieved with DOX-GNPs conjugate with improved solubility and stability, which
allows sustained drug release to increase antitumor efficacy.
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4.1.4 Surface Charge
Interaction of nanoparticles with the bioactive molecules as well as with the biolog-
ical environment is determined by their surface charge and intensity. Surface charge
of the nanoparticle is estimated by measuring its zeta potential. Zeta potential of the
nanoparticles determines the stability of colloidal materials. High zeta potential
values (either positive or negative) of nanoparticles indicate the high stability and
nonaggregation tendency. Moreover, the surface hydrophobicity, nature of the mate-
rials encapsulated within the nanoparticles, and type of materials coated or
functionalized on the surface are also determined by measuring the zeta potential
values [29]. Recently, Palanikumar et al. introduced a degradable mesoporous silica
nanoparticle (MSN) system as a simple, facile, and versatile drug delivery vehicle,
decorated with HA, which augmented the targeted delivery of doxorubicin hydro-
chloride to CD44 over-expressed cancer cells. The successful coating of polymeric
gatekeeper as well as HA on the MSN was confirmed by measuring the zeta potential
(Fig. 11.7) [30].

4.1.5 Drug Loading and Encapsulation Stability and Drug Release
A crucial property of nanoparticle-based therapeutic systems is drug release, directly
related to the drug stability and the therapeutic results. It is a process by which the
drug loaded in or on the nanomaterials is released in the body through diffusion or
dissolution of the nanomaterials matrix releasing the drug in solution or the release
of the drug from the nanoparticles by biodegradation, a process of breakdown of the
DDSs inside the body. One should consider both the drug release and biodegradation
during the development of nanoparticle-based DDS. Generally, the effectiveness of
drugs not only depends on its active component, but its diffusion and solubility. The
effectiveness of the nanoparticle-based drug delivery is affected by the particle size
and the release process, which is again affected by the biodegradation of the particle
matrix. Faster rate of drug release is observed in case of smaller particles as it has
large surface area to volume ratio, so most of the drug molecules will be near the
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particle surface. In contrast, in case of larger size particles, slower drug release is
observed as its larger core allows more drugs to be encapsulated per particles.
Therefore, particle size is an important factor to consider during design of
nanoparticle-based DDS. There are two important parameters “drug loading capac-
ity” and “drug entrapment efficiency,” which determine the capacity of DDS. Drug
loading capacity denotes the mass of the drug encapsulated in the nanoparticles/mass
of the nanoparticles, whereas drug entrapment efficiency denotes mass of the loaded
drug/mass of initial drug. Various techniques such as high-performance liquid
chromatography (HPLC) after ultracentrifugation, gel-filtration, ultra-filtration, and
UV spectroscopy are used to measure these parameters. Similar techniques for
determination of drug loading are also used for drug release analysis, which is
generally assessed for a period of time to evaluate the drug release mechanism
[31, 32]. In general, release rate of the drug depends on several factors such as
desorption of the surface bound or adsorbed drug, drug solubility, nanomaterials
matrix degradation or erosion, and drug diffusion out of the nanomaterials matrix.
When the drug is loaded to the nanoparticle through covalent attachment, the drug
release is affected completely by drug-nanomaterials diffusion. When the drug is
encapsulated inside nanomaterials, diffusion of the drug from the nanomaterials
interior controls the drug release. In an encapsulated drug where the drug is uni-
formly distributed inside the nanomaterials matrix, drug release occurs by diffusion
and/or erosion of the matrix. The diffusion largely controls the mechanism of
release, when the diffusion of the drug is faster than matrix erosion. Recently,
various DDSs have been reported, where the drug release is controlled by external
stimuli such as light, pH, and enzyme. In 2013, Wang et al. developed dendrimer-
encapsulated gold nanoparticles (DEGNPs) as a carrier of thiolated anticancer drugs.
Thiol-containing drugs such as captopril and 6-mercaptopurine loaded within
DEGNPs showed an “off�on” release behavior in the presence of thiol-reducing
agents such as glutathione and dithiothreitol (Fig. 11.8) [33].
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4.1.6 Nanoparticle Stability
Stability of the nanoparticles is measured by the DLS. Aggregation tendency of the
nanoparticles over time can be measured by measuring the size of the nanoparticles
in DLS over time. If there is aggregation of the nanoparticles, there will be larger
population of particles with larger radius and size of the nanoparticles will increase
with time. In contrast, there will be no change in the particle size in case of the stable
nanoparticles. Stability of the nanoparticle plays a critical role in determining their
potential application in drug delivery. There are two terms “colloidal stability” and
“serum stability” most frequently used to address the stability of the nanoparticles.
When a nanoparticle is added to the biological medium such as phosphate buffer
saline (PBS) and Dulbecco’s modified Eagle’s medium (DMEM), their intrinsic
properties such as surface charge, size, and aggregation state could change signifi-
cantly due to interaction with the physicochemical properties of the solution such as
pH, components, and temperature. These properties of the nanoparticle determined

Fig. 11.8 In vitro release
profiles of CPP (a) and 6-MP
(b) from G5-OH and G5-OH/
Au NPs. The purple arrow (b)
indicates the addition of DTT
into the complex solution at
24 h. (Adapted from Ref.
[33]. Copyright © 2013,
American Chemical Society)
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the colloidal stability of nanoparticles. Such properties of the nanoparticles do not
change in case of the nanoparticle which have good colloidal stability. However,
poor colloidal stability makes the nanoparticle unsuitable for drug delivery applica-
tion. There is another term, i.e., serum stability, which signifies the stability of the
nanoparticle in blood serum. The nanoparticle must remain unchanged and circulate
in the blood for a moderately long period of time after intravenous injection to be
accumulated at the target site, to be used as a potential drug delivery candidate. In
2015, Wang et al. reported the increase in colloidal stability of silk fibroin nano-
particles after coating with cationic polymer for effective drug delivery application.
The authors checked the colloidal stability of their nanoparticles by measuring the
change in the particle size by DLS over time (Fig. 11.9) [34].

4.2 Biological Characterizations

4.2.1 Cell Viability Assay
Cell viability assay is one of the fundamental assays to comprehend the biocompatibility
of the nanoparticles, and therapeutic efficacy of these biocompatible nanoparticulate
targeted DDS in vitro [35–40]. To perform cell viability assay, researchers have used
various reagents including MTT (3-(4, 5-dimethylthiazol- 2-yl)-2, 5-diphenyl tetrazo-
lium bromide), alamarBlue, and trypan blue. In MTT reagent-based cell viability assay,
yellow-colored MTT is reduced by the mitochondrial dehydrogenase present in the
cells, leading to the formation of purple formazan crystals, whose absorbance could
reflect the viable cells [35, 36]. On the other hand, nonfluorescent alamarBlue reagent
(resazurin-based blue-colored solution) is getting reduced upon entering into live cells
leading to the formation of red fluorescent resorufin, whose absorbance or fluorescence
can reflect the cell viability. Trypan blue dye is also used for determining the cell
viability, where the principle is that living cells can exclude the trypan blue dye due to
their intact membrane, while dead cells cannot.
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SFNPs prepared with acetone
or ethanol as a function of
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Among all these reagents described above, MTT reagent has most frequently been
used for checking the cell viability in presence of any materials and so for nano-
conjugated system [35–40]. To perform cell viability assay, cells (generally, 10,000
cells/well) are seeded in all the wells of 96-well tissue culture plate and kept inside a
humidified incubator system (37 �C, 5% CO2) for 24 h. The cells are then treated with
the nanoparticles and/or DDS at different concentrations for a certain period of times
(generally, 24–72 h). After this, media in the wells are replaced by DMSO-MeOH
(1:1; v/v) mixture to solubilize the purple formazan crystals, followed by checking the
absorbance of the purple solution in each well of the plate using a multimode reader at
570 nm. The cell viability in presence of the treatment materials can be normalized by
considering the viability of untreated control cells as 100%. For example, Bollu et al.
developed MSU-2 as well as MCM-41-based chloro- and amine-functionalized SiNPs
containing anticancer drug curcumin [35]. Cell viability study using MTT reagent
(Fig. 11.10) demonstrated that the curcumin-loaded DDSs (MSU-2: V3 and
MCM-41: V6) exhibited more inhibition of cancer cells (A549, MCF-7, and B16F10)
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Fig. 11.10 Cell viability assay in normal (CHO) and cancerous (A549, MCF-7, B16F10) cell lines
incubated with V1-V6. (a) All the materials (V1-V6), including curcumin-loaded materials, exhibit
their biocompatible nature into CHO cells. (b–d) Curcumin-based nanostructured V3 and V6
materials show significant cytotoxicity in various cancer cells [A549 (b), MCF-7 (c), and
B16F10 (d)] compared to pristine curcumin suggesting the materials as potent drug delivery
systems. Curcumin and DMSO have been used as positive and vehicle control experiments,
respectively. Numerical values 5 and 10 indicate doses in μM with respect to curcumin.
�P � 0.05, ��P � 0.005, ���P � 0.0005 compared to control. (Adapted from Ref. [35]. Copyright
© 2016, Royal Society of Chemistry)
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proliferation in a dose-dependent manner as compared to untreated control cells,
corresponding chloro- (MSU-2: V1 and MCM-41: V4), and amine (MSU-2: V2 and
MCM-41: V5)-functionalized SiNPs as well as free curcumin. However, all the SiNPs-
based materials (V1-V6) are found to be biocompatible in normal CHO cells. Overall,
the cell viability study depicted the therapeutic potential of the SiNPs-based DDSs V3
and V6.

4.2.2 Cellular Internalization
Cellular internalization of nanomaterials and corresponding DDS is another basic assay
to rationalize their mode of actions. Cellular uptake of nanopartiulate DDS have often
been characterized by means of several techniques including fluorescence/confocal
microscopy, flow cytometry, TEM, and ICP-OES/ICP-MS [35, 36]. In case of fluores-
cence/confocal microscopy and flow cytometry-based cellular uptake characterizations
of DDS, the nanoparticles or therapeutic drug should possess inherent fluorescence
properties that could be detected by the respective instruments. For instance, Bollu et al.
synthesized curcumin-loaded functionalized SiNPs-based DDSs (V3 and V6) as
described in earlier section and studied the kinetics of internalization of V3 and V6 in
A549 cells through fluorescence microscopy exploiting the inherent green fluorescence
of curcumin [35]. The result exhibited thatV3- andV6-treated cells showed more green
fluorescence as compared to untreated control cells, and the intensity of green fluores-
cence was enhanced with time (Fig. 11.11). The result suggested that intracellular uptake

Fig. 11.11 Investigation of intracellular uptake of V3 and V6 in A549 cells using fluorescence
microscopy. Kinetic study for cellular internalization using fluorescence microscopy shows that the
cellular uptake of curcumin-loaded materials V3 and V6 increases in a time-dependent manner as
indicated by the enhanced green fluorescence intensity with time. Row1: control (a1–a3: 6 h; a4–a6:
12 h); Row 2: cells treated with V3 (b1–b3: 10 μM w.r.t. curcumin, 6 h; b4–b6: 10 μM w.r.t
curcumin, 12 h); Row 3: cells treated with V6 (c1–c3: 10 μM w.r.t. curcumin, 6 h; c4–c6: 10 μM
w.r.t. curcumin, 12 h). Column 1 and Column 4: bright field images; Column 2 and Column 5: green
fluorescent images; Column 3 and Column 6: merging of bright field and green fluorescent images.
The inset picture shows the enlarged images of cellular fluorescence. Scale bar = 50 μm. (Adapted
from Ref. [35]. Copyright © 2016, Royal Society of Chemistry)
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ofV3 andV6was increased with time. This cellular uptake study was further confirmed
by flow cytometry as well as ICP-OES analysis.

When the nanoparticles and the drug do not have fluorescence characteristics, some
dyes (e.g., DiI, FITC, Rhodamine, Cyanine, etc.) have often been conjugated with the
nanoparticulate DDS so that their internalization can be monitored either through
fluorescence/confocal microscopy or flow cytometry instrument. The kinetic study of
internalization of the DDSs could even be performed by these techniques by incubating
the cells with DDSs for different time points. It is to be mentioned here that the cells
could be live or fixed using paraformaldehyde (PFA) for fluorescence/confocal micros-
copy experiment. However, the cells are trypsinized after treatment followed by washing
with Dulbecco’s phosphate-buffered saline (DPBS) and then analyzed with flow
cytometry instrument. Besides microscopy and flow cytometry, TEM have often been
employed to analyze treated cells for understanding the localization of nanoparticulate
system inside cells, whether in cytoplasm or nucleus. ICP-OES and ICP-MS techniques
are also used to determine the cellular internalization of DDSs in terms of the content of
respective elements present in nanoparticles.

4.2.3 In Vitro Mechanistic Study
To understand the mechanistic pathways for therapeutic efficacy of DDSs, scientists
have employed several methodologies including apoptosis assay, determination of
reactive oxygen species (ROS), immunocytochemistry, and western blot, which are
briefly described in this section.

Scientists have often employed apoptosis assay to understand whether a material-
based toxicity to cells are induced via apoptosis pathway [35, 36, 39]. Apoptosis assay
for nanoparticulate DDSs are carried out either through propidium iodide (PI)/Hoechst
staining-based fluorescence microscopy or by means of flow cytometry analysis. PI
(DNA binding dye) can stain more the damaged DNA of nucleus during late apoptosis
process. In case of microscopy method, the cells are generally treated with DDSs for a
certain time period, followed by fixation with PFA and permeabilization using triton-X.
The cells are then incubated with PI/Hoechst solution for some periods, washed with
DPBS, and analyzed through fluorescence/confocal microscopy. On the other hand, for
flow cytometry technique, after the respective treatments with DDS, the cells are washed
with DPBS and stained with Annexin V FITC and PI staining solution, followed by
analysis in flow cytometry instrument.

ROS plays an important role for various cellular signaling pathways. Therefore,
researchers often check whether DDSs could induce the formation of intracellular ROS
such as H2O2 or O

�
2 using fluorescence/confocal microscopy technique [35, 36]. To

measure the generation of intracellular ROS, cells are first treated with nanoparticulate
DDS, followed by staining with either H2DCFDA (green fluorescence for H2O2) or
DHE (red fluorescence for O�

2 ) and then analyzed with fluorescence/confocal micros-
copy. The cellular esterase could cleave the acetate group of H2DCFDA, which can get
oxidized by DDS-induced intracellular H2O2, leading to the formation of green fluores-
cent DCF (20,70-dichlorofluorescein), that could be detected through fluorescence/con-
focal microscopy [38]. On the other hand, the formation of intracellular O2

� could be

434 A. K. Barui et al.



assessed by observing the red fluorescence deriving from the reaction of DDS-induced
O�

2 and DHE, leading to the generation of 2-hydroxyethidium (red fluorescent). For
instance, Kotcherlakota et al. developed KIT-6 (S2), MSU-2 (S4), as well as MCM-41
(S6) based functionalized SiNPs conjugated with anticancer drug curcumin and dem-
onstrated the efficient antiproliferative effect of all these DDSs, especially S4 to various
cancer cells (A549, MCF-7 and SKOV3) as compared to free curcumin [36]. The
authors employed fluorescence microscopy study (Fig. 11.12) using DHE reagent,
which revealed that all these DDSs (S2, S4, and S6), especially S4, induced intracellular
formation of O�

2 (evidenced by red fluorescence) as compared to the untreated control
cells and corresponding functionalized SiNPs without drug attachment (S1, S3, and S5).
The result indicated that formation of ROS might play a crucial role underlying
therapeutic potential of the DDSs.

Immunocytochemistry has been used by various researchers to understand the
expression of different proteins in cells treated with nanomedicine. These proteins are

Fig. 11.12 Determination of intracellular superoxide anion radicals in A549 cells by fluorescence
microscopy. The results show the formation of the superoxide ion radical in cells treated with
curcumin-loaded materials. Phase images (a–h) and corresponding fluorescent images (a’–h’) of
A549 cells. (a–a’): untreated control cells; (b–b’): cells treated with curcumin (10 μM); (c–c’): cells
treated with S1; (d–d’): cells treated with S2; (e–e’): cells treated with S3; (f–f’): cells treated with
S4; (g–g’): cells treated with of S5; (h–h’): cells treated with S6. The doses of all curcumin-loaded
silica materials are 10 μMw.r.t. curcumin. Scale bar= 200 micron. (Adapted from Ref. [36]. Copy-
right © 2016, Royal Society of Chemistry)
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often responsible in regulating the cellular mechanism which plays important role in the
therapeutic efficacy of the nanomedicine. The cells are generally seeded on coverslips,
and after the treatment with nanomedicine, the cells are washed with DPBS, fixed with
PFA, and permeabilized with triton-X. The cells are then subjected to blocking using
BSA in TBST buffer, followed by incubation with primary antibody and fluorescence
moiety conjugated secondary antibody sequentially for certain time periods. The cov-
erslips are mounted with DAPI for nucleus staining and sealed using nail polish,
followed by analyzing through fluorescence/confocal microscopy.

Similar to immunocytochemistry, expression of different proteins responsible for cell
signaling cascades are often been investigated using western block technique. To
perform western blot, the cells are first incubated with nanomedicine for certain time
periods. The cells are then lysed employing RIPA buffer (radioimmune precipitation
assay buffer) which contains protease inhibitor cocktail [35, 36]. To get the cell lysate,
the cell suspension are centrifuged, followed by estimation of protein content in lysate
using Bradford assay or BCA assay. The equal amount of proteins is loaded on SDS-
polyacrylamide gel and blotted on PVDF or nitrocellulose membrane after separation
through electrophoresis. The proteins are blocked using BSA or nonfat dry milk and
incubated with primary and secondary antibodies sequentially for some periods. The
blot is then developed using colorimetric or chemiluminescence reagents to understand
the expression of the target proteins. For instance, Kotcherlakota et al. developed
functionalized SiNPs-based curcumin-loaded DDS (S4) as described in earlier section
and studied the mechanism of therapeutic potential of the DDS through western blot
analysis [36]. The result revealed that S4 treatment in A549 cancer cells led to
downregulation of the expression of poly ADP ribose polymerase (PARP) protein as
compared to control experiment and corresponding amine-functionalized SiNPs
(Fig. 11.13). The result suggested that S3 exhibited cancer therapeutic potential by
inducing apoptosis in cancer cells.
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4.2.4 In Vivo Studies
To comprehend the practical validity of in vitro biological characterizations and
therapeutic potential of nanoparticulate targeted DDSs, their in vivo characteriza-
tion/experiments in animal models are highly essential. The in vivo studies
employing DDSs generally include tumor regression analysis, biodistribution, his-
topathology, and immunohistochemistry. For instance, Sau et al. developed different
AuNPs-based nanoformulations for cancer therapeutics application [41]. These
nanoformulations included (F2) AuNPs-MDA (MDA: 11-mercaptoundecanoic
acid), (F3) AuNPs-Dex (Dex: Dexamethasone), (F4) AuNPs-MDA-Dex, (F5)
AuNPs-Dex MDA, as well as (F1) water-Dex-MDA formulation without AuNPs.
Intraperitoneal administration of these formulations to melanoma tumor containing
C57BL6/J mice showed that F5 significantly inhibited the tumor growth in compar-
ison with other formulations and untreated (UT) control experiment, as observed by
tumor regression analysis (Fig. 11.14a–c). Immunohistochemistry study of tumor
sections of different groups also revealed that F5 induced more apoptosis as com-
pared to UT and other formulations, as indicated by the TUNEL-based green
fluorescence in the respective tumor section (Fig. 11.14d). Additionally, the
biodistribution of AuNPs in F5-administered mice through ICP-MS showed higher
entrapment of AuNPs in tumor than in other vital organs such as lungs, spleen,
and kidney. The overall result suggested the cancer therapeutic potential of F5
nanoformulation.

The following section briefly discusses the experimental methodology of differ-
ent in vivo studies. In case of targeted DDS for cancers, respective doses of DDS are
administered through various routes (i.p.: intraperitoneal,. i.v.: intravenous, i.m.:
intramuscular, intratumoral, and oral) to animals (e.g., mouse, rat, rabbit, and others)
containing tumors for some certain days. The volume of the tumors are measured
from starting day of experiment to sacrificing day to plot the regression of tumors
that would give an overview of the therapeutic potential of the DDS [42].

Similar to cellular uptake experiment in vitro, nanoparticulate DDS could be
characterized by in vivo biodistribution analysis either through ICP-OES/ICP-MS or
in vivo imaging system. Various important organs (e.g., brain, heart, lung, liver,
kidney, spleen, etc.) of animals are collected after sacrificing, followed by washing
with DPBS and digested in nitric acid. The digested tissue solutions are subjected to
ICP-OES/ICP-MS analysis to detect the availability of the DDSs with respect to the
content of respective elements present in nanoparticles. On the other hand, some-
times DDS containing NIR dye might be administered to the animals for some time
periods, and then after sacrificing the animals, the vital organs are analyzed through
in vivo imaging system to understand the biodistribution of the DDS in different
organs.

Histopathology is one of the common methods to understand the structural
change of organs due to toxicity of any kind of materials [43]. Therefore, researchers
often perform histopathology of different organs of animals administered with
nanoparticulate DDS. In brief, after completion of experiment period, the vital
organs of animals are collected, washed with DPBS, and fixed with PFA. The tissue
samples are then embedded in paraffin, sectioned, and fixed on clean slides. The
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slides are dipped in xylene, rehydrated with ethanol, rinsed with water, and placed in
hematoxylin solution. After that, the tissue slides are washed with acidic water,
rinsed with 70% ethanol, and dipped in eosin solution, followed by dehydration
using absolute ethanol. Finally, tissue slides are rinsed in xylene and mounted using
mounting media followed by analyzing under bright-field microscope.

Similar to in vitro immunocytochemistry, in vivo tissue samples of animals
administered with DDS are often analyzed through immunohistochemistry experi-
ment to check the expression of proteins of interest. Briefly, the tissue samples are
washed with DPBS, fixed with PFA, and rinsed with 20% glycerol. While
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Fig. 11.14 Therapeutic study of GNP formulation: (a) tumor regression curve after subcutaneous
implantation of B16F10 cells in C57BL6/J mice followed by intraperitoneal injection of F1–F5 or
kept untreated (UT). Days of injection are indicated by black arrows. The dose of Dex in F1 was
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(UT) group. � Denotes p < 0.05. (d) Microscopic pictures of 10 μm tumor sections from UT, and
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the left. All the images are taken at 10�magnification. (Adapted from Ref. [41]. Copyright © 2016,
Royal Society of Chemistry)
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processing, the tissue samples are embedded in paraffin, sectioned, and fixed on
clean slides. The tissue slides are dipped in isopropanol and xylene for few minutes
and warmed in sodium citrate buffer. After cooling, the tissues are subjected to block
with BSA in TBST buffer, followed by incubation with primary antibody and
fluorescence moiety-tagged secondary antibody for few hours sequentially. Finally,
the tissue samples are washed with TBST buffer and mounted with DAPI for nucleus
staining. The tissue slides are then analyzed through fluorescence/confocal micros-
copy to comprehend the expression of the target proteins.

5 Therapeutic Applications of Drug Delivery Systems: Key
Research Findings

Since past decades, scientists have developed various active and passive targeted
nanoparticulate DDSs using different biocompatible nanoparticles, including gold,
silver, zinc oxide, iron oxide, titanium dioxide, CNTs, CDs, and SiNPs. The follow-
ing sections briefly discuss the therapeutic applications of few recent advancement
of these nanomaterial-based DDSs.

5.1 Gold Nanoparticles

Over the past decades, AuNPs have been developed for a wide variety of applica-
tions including catalysis, bioanalysis, and imaging. But the most important applica-
tion of AuNPs drawing attention to the researchers is the use of AuNPs as an ideal
drug delivery scaffold because they are known to be nontoxic and nonimmunogenic.
Researchers can readily functionalize the AuNPs with multiple targeting molecules
and have shown their excellent potential for the delivery of various potential
anticancer and antibacterial drugs. Several AuNPs-based drugs are currently under
clinical trials [44, 45]. In the recent years, researchers are trying to develop various
drug delivery platform based on AuNPs for better antitumor efficacy. In this
context, a pH-responsive DDS has been developed by Aryal et al. [46] The
authors have developed hydrophilic DOX-conjugated AuNPs, which exhibit a
significant pH-responsive drug release. Thiolated methoxy polyethylene glycol
(MPEG-SH) and methyl thioglycolate (MTG) at an equal molar ratio have been
used to stabilize the AuNPs. The anticancer drug DOX has been attached to the
MTG segments of the thiol-stabilized AuNPs through hydrazine as the linker.
DOX-conjugated AuNPs have the potential to deliver the anticancer drugs to their
target site to simultaneously enhance CT imaging contrast and facilitate photo-
thermal cancer therapy. In another study, Brown et al. have functionalized naked
AuNPs with a thiolated poly(ethylene glycol) (PEG) monolayer capped with a
carboxylate group to tether the active component of the anticancer drug oxaliplatin
for improved drug delivery [47]. The nanoparticle-conjugated drug shows as good
as, or significantly better, cytotoxicity than oxaliplatin alone in all of the cell lines.
It has also unusual ability to penetrate the nucleus in the lung cancer cells. Green
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synthesis of AuNPs was achieved by Kumar et al. using the extract of eggplant
as a reducing agent. HA serves as a capping and targeting agent [48]. Metformin
(MET) was successfully loaded on HA-capped AuNPs (H-AuNPs), and this
formulation binds easily on the surface of the liver cancer cells. This formulation
exhibited better targeted delivery as well as increased regression activity than free
MET in HepG2 cells. Suarasan et al. further developed a new pH- and
temperature-responsive nanochemotherapeutic system based on DOX non-
covalently bound to biosynthesized gelatin-coated gold nanoparticles (DOX-
AuNPs@gelatin) [49]. The high drug loading capacity and effective drug release
under pH control combined with the advantage of multimodal visualization inside
cells clearly indicate the high potential of our DOX-AuNPs@gelatin delivery
system for implementation in nanomedicine.

5.2 Silver Nanoparticles

Besides AuNPs, AgNPs are also extensively used as an effective drug delivery
platform. For instance, Benyettou et al. demonstrated simultaneous intracellular
delivery of DOX and alendronate (Ald) by bisphosphonate Ald-coated AgNPs
(Ald@AgNPs) for improving the anticancer therapeutic indices of both drugs
[50]. Dox- and Ald-loaded AgNPs (Dox-Ald@AgNPs) show better anticancer
activity in vitro than either Ald or Dox alone. Ald@AgNPs nanoplatform can
accommodate the attachment of other drugs as well as targeting agents and can be
used as a general platform for drug delivery. Figure 11.15 represents the synthesis of
Ald@AgNP and dye/drug conjugation, intracellular uptake of drug-Ald@AgNPs,
and subsequent drug release. Intracellular release of drug occurred within the acidic
microenvironment of late endosomes and lysosomes. In another study, Li et al.
functionalized the surface of AgNPs by polyethylenimine (PEI) and paclitaxel
(PTX) to evaluate the cytotoxic effect of Ag@PEI@PTX on HepG2 cells and
corresponding anticancer mechanism [51]. It has been shown that Ag@PEI@PTX
could enhance the cytotoxic effects on HepG2 cells and triggered intracellular
reactive oxygen species. Further the signaling pathways of AKT, p53, and MAPK
were activated to advance cell apoptosis. The result shows that Ag@PEI@PTX can
be used as an appropriate candidate for chemotherapy of cancer. Liang et al. have
further developed HA modified AgNPs for targeting CD44 receptors over-expressed
cancer cell lines for targeted cancer therapy [52]. HAwas used as the reducing agent
and stabilizer and for targeting CD44. The antitumor efficacy was significantly
improved by HA modification. Moreover, multiple mechanisms including the
decline of mitochondrial membrane potential, cell-cycle arrest, apoptosis, and auto-
phagy are involved for the enhanced anticancer activities of HA-AgNP, which
provided a promising solution for AgNPs-mediated cancer treatment. In another
study, Wang et al. proposed one-step synthesis approach for folic acid (FA)-coated
AgNPs for DOX drug delivery [53]. Paramasivam et al. also reported biopolymers of
chitosan (CH) and dextran sulfate (DS)-coated silver nanorods (AgNRs) for encap-
sulation of water-soluble antibacterial drugs like ciprofloxacin hydrochloride (CFH)
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[54]. The authors compared the encapsulation of drugs and profiles of drug release to
that of spherical AgNPs. Such system shows unique and attractive characteristics
required for drug delivery.

5.3 Zinc Oxide Nanoparticles

Zinc oxide (ZnO)-based drug delivery platform has many advantages over the other
DDSs as it is benign and weakly toxic. This property of ZnO nanoparticle makes
it ideal for drug delivery application. In this context, Cai et al. developed a
pH-responsive drug delivery platform for intracellular controlled release of drugs

Fig. 11.15 (a) Schematic representation of Ald@AgNP formation and dye/drug conjugation. (b)
Schematic representation of the uptake of drug–Ald@AgNPs into cells and drug cargo release.
(Adapted from Ref. [50]. Copyright © 2015, Royal Society of Chemistry)
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based on acid-decomposable, luminescent-aminated ZnO quantum dots (QDs)
[55]. NH2-ZnO QDs are attached with dicarboxyl terminated PEG to increase
their stability in physiological condition, followed by the attachment of a
targeting ligand HA to target the CD44 over-expressed cancer cells.
PEG-functionalized ZnO QDs are loaded with DOX via formation of metal-
DOX complex and covalent interactions. Dissociation of the metal-drug complex
and a controlled DOX release was occurred as pH-sensitive ZnO QDs dissolved
to Zn2+ in acidic endosome/lysosome after cellular uptake, leading to achieve a
synergistic therapy. Figure 11.16 represents the cytotoxicity of ZnO QDs and
comparable concentrations of Zn2+ ion in human lung cancer (A549) cell line.
The result showed that both displayed significant antitumor effect with the
dosage surpassing 25 μg/mL. The cytotoxicity of ZnO-DOX, HA-ZnO-DOX,
and free DOX was also evaluated in A549 cell line. Dose-dependent toxicity was
found in all the three groups. Moreover, toxicity of HA-ZnO-DOX was higher
than ZnO-DOX due to specific targeting of HA. In another study, an iron
oxide–zinc oxide core-shell nanoparticle has been synthesized, which can deliver
carcinoembryonic antigen into dendritic cells [56]. As a result, enhanced tumor
antigen-specific T-cell responses delayed tumor growth and better survival was
obtained in nanoparticle–antigen complex-treated mice, immunized with dendritic
cells. In another report, Chen et al. synthesized core-shell structured NCs with ZnO
QDs-conjugated AuNPs as core and amphiphilic block copolymer (containing poly
l-lactide: PLA inner arm and a folate-conjugated sulfated polysaccharide outer
arm) as shell for targeted anticancer drug delivery. Both NCs and CPT-loaded NCs
show better antitumor efficacy in mice [57]. In another study, water-soluble
curcumin was delivered by 3-mercaptopropionic acid (MPA)-functionalized
ZnO-NPs. ZnO-MPA-curcumin complex shows enhance toxicity on MDA-MB-231
breast cancer cells compared to free curcumin, which suggests novel ZnO-MPA-curcumin

Fig. 11.16 Cytotoxicity assay of A549 cells after 48 h of incubation with (a) ZnO QDs and
comparable concentrations of Zn2+ ions; (b) ZnO � DOX, HA � ZnO � DOX, and free DOX.
(Adapted from Ref. [55]. Copyright © 2016, American Chemical Society)
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nanoformulation is promising and could be considered for new therapeutic applica-
tion [58]. Further, Han et al. reported the targeted photocatalytic and chemotherapy
in a multifunctional drug delivery platform based on aptamer-functionalized ZnO
nanoparticles (NPs) [59]. Aptamer-ZnO NPs system loaded with anticancer drugs
shows higher rate of death of cancer cells compared to that of single photocatalytic
or chemotherapy. The results indicate the potential of aptamer-functionalized semi-
conductor nanoparticles for targeted photocatalytic and chemotherapy against
cancer.

5.4 Iron Oxide Nanoparticles

Magnetic iron oxide (IO) nanoparticles are extensively used as a promising
theranostic candidate for drug delivery. For example, Chen et al. showed the
delivery of DOX by a reducible copolymer self-assembled with super-
paramagnetic iron oxide nanoparticles (SPIONs) [60]. rPAA@SPIONs were
synthesized by the alkyl grafts of reducible copolymers made of polyamidoamine
(rPAA) with PEG/dodecyl amine graft intercalated with the oleic acid layer
capped on the surface of magnetite nanocrystals. rPAA@SPIONs loaded with
anticancer drug DOX inhibited the tumor growth in mice with xenograft
MDA-MB-231 breast tumor. In another study, Park et al. converted drug-loaded
polymeric NPs into polymer iron oxide nanocomposites (PINCs) by dopamine
polymerization for drug delivery application [61]. PINCs was accumulated in
poorly vascularized subcutaneous SKOV3 xenografts that did not support the
EPR effect by in vivo magnetophoretic delivery and showed better efficacy.
Nasongkla et al. also developed iron oxide nanoparticle-based theranostic abbre-
viated as SPIO-DOX-cRGD micelles for targeted drug delivery. The authors
loaded DOX and a cluster of magnetic iron oxide nanoparticles into the cores
of PEG-PLA micelles, which was further functionalized with cRGD targeting
ligand for targeting the integrin αvβ3 of tumor or endothelial cells. SPIO-DOX-
cRGD micelles exhibited enhanced uptake in αvβ3 overexpressing endothelial
cells [62]. In another study, Hwu group conjugated iron oxide nanoparticle
surfaces by PTX, a mitotic inhibitor used in cancer chemotherapy, through a
phosphodiester moiety to increase the efficacy of PTX [63]. Further, Quan et al.
developed a human serum albumin (HSA)-coated iron oxide nanoparticles
(HINPs) and loaded DOX onto the HINPs to assess the potential of the conjugate
(D-HINPs) as theranostic agent [42]. D-HINPs showed a striking tumor suppres-
sion effect that was comparable to that of Doxil and greatly outperformed free
Dox in a 4 T1 murine breast cancer xenograft model. Such a strategy can be
readily applicable to other types of anticancer drugs, making HINPs a promising
theranostic nanoplatform. Figure 11.17 represents the tumor growth inhibition
study and body weight change by the treatment of D-HINPs in 4 T1 tumor model.
The result shows the significant antitumor effect of D-HINPs, and it does not
cause any toxicity to mice.
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5.5 Titanium Oxide Nanoparticles

Titanium oxide with its unique properties is found to be a potential candidate in drug
delivery. For instance, Li et al. designed biocompatible one-dimensional titanium
dioxide whiskers (TiO2 Ws) loaded with daunorubicin (DNR) and explored it for
drug delivery application and anti-tumor function [64]. Intracellular concentration
and potential anti-tumor efficiency of DNR is greatly increased in presence of
TiO2Ws in human hepatocarcinoma cells (SMMC-7721 cells), indicating TiO2Ws
could produce an efficient drug delivery carrier effect importing DNR into target
cells. This study reveals that TiO2Ws-based delivery of anticancer drugs represents a
promising approach in cancer therapy. Further, Kamari et al. prepared insulin
conjugated montmorillonite nanocomposites, which were further coated with TiO2

to modulate the slow release of insulin from the DDS [65]. The results showed that
incorporation of TiO2 coating significantly enhanced the drug loading, while reduc-
ing the amount of drug release, so that the nanocomposites without and with TiO2

coating could release insulin after 60 min and 22 h at pH 7.4, respectively. The
authors suggest that these findings could be used for converting the administration of
insulin from injection to oral. In another study, graphene oxide/TiO2/DOX
(GO/TiO2/DOX) composites was loaded into the chitosan/PLA solutions to synthe-
size the electrospun chitosan/PLA/GO/TiO2/DOX nanofibrous scaffolds via electro-
spinning process for increasing the efficacy of DOX [66]. The higher sustained
release rate of DOX following the small burst release was achieved from nanofibrous
scaffolds having 30 and 50 m thicknesses within 2 weeks incubation time. It was also
found that the DOX release rate is faster in pH 5.3 compared to pH 7.4. Higher
proliferation inhibition effect of nanofibers on target lung cancer cells was observed
in the presence of magnetic field. Wang et al. also introduced PEI-modified novel
multifunctional porous titanium dioxide (TiO2) nanoparticles to achieve ultraviolet
(UV) light-triggered drug release [67]. Additionally, FAwas chemically attached to
the surface of the functionalized multifunctional porous TiO2 nanoparticles through

Fig. 11.17 Left: tumor growth curves for treatment with (1) D-HINPs (3 mg of Dox/kg); (2) free
Dox (3 mg of Dox/kg); (3) Doxil (3 mg of Dox/kg); (4) HINPs (with same Fe concentration as in 1)
and (5) PBS. D-HINPs showed similar therapeutic efficacy to Doxil and greatly outperformed free
Dox. Right: change of mouse body weight during treatment (n = 5/group). (Adapted from Ref.
[42]. Copyright © 2011, American Chemical Society)
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amide linkage with free amine groups of PEI to effectively promote cancer-cell-
specific uptake through receptor-mediated endocytosis. A typical poorly water-
soluble anticancer drug PTX was incorporated in multifunctional porous TiO2

nanoparticles and its drug delivery efficiency was studied. The anticancer effect
was controlled by the amount of drug released from multifunctional porous TiO2

nanoparticles regulating the UV-light radiation time. This multifunctional porous
TiO2 nanoparticle shows a combination of stimuli-triggered drug release and cancer
cell targeting. Further, Leon et al. prepared a novel targeting DDS for
2-methoxyestradiol (2ME) for improving the clinical application of this antitumor
drug [68]. For this purpose, TiO2-PEG–2ME composite was formed, where 2ME
was encapsulated in titanium dioxide (TiO2) nanoparticle coated with PEG. Modi-
fying TiO2 NPs with PEG loaded with the 2ME drug showed that the titanium
dioxide nanocarrier has potential application as a system of drug delivery.

5.6 Carbon Nanotubes

Among various nanomaterials, CNTs have drawn particular attention as carriers of
biologically relevant molecules due to their unique physical, chemical, and physio-
logical properties. For example, Chen et al. developed a novel single-walled carbon
nanotube (SWNT)-based tumor-targeted DDS, consisting of a functionalized SWNT
attached to tumor-targeting modules biotin and a spacer as well as prodrug, taxoid
with a cleavable linker that is activated to its cytotoxic form inside the tumor cells
upon internalization and in situ drug release [69]. It has been observed that this
tumor-targeting DDS shows high potency toward specific cancer cell lines, thereby
forming a solid platform for further development. In another study, Li et al.
synthesized antibody of P-gp (anti-P-gp)-functionalized water-soluble single-
walled carbon nanotubes (Ap-SWNTs) loaded with Dox, Dox/Ap-SWNTs, for
overcoming the multidrug resistance (MDR) of K562 human leukemia cells
[70]. The resulting Ap-SWNTs specifically recognize the multidrug-resistant
human leukemia cells (K562R) and demonstrate controllable release performance
for Dox toward the target K562R cells by near-infrared radiation (NIR) exposure.
Dox/Ap-SWNTs showed 2.4-fold higher cytotoxicity and significant cell prolifer-
ation suppression toward K562R leukemia cells (p < 0.05) as compared with free
Dox. Further, a dual-targeting DDS has been developed for treatment of brain
glioma by Ren et al., based on PEGylated oxidized multiwalled carbon nanotubes
(O-MWNTs) modified with angiopep-2 (O-MWNTs-PEG-ANG) [71]. O-MWNTs
can distribute in brains, accumulate in tumors, and have ultrahigh surface area with
remarkably high loading of anticancer drug DOX. Angiopep-2 can specifically
combine to the low-density lipoprotein receptor-related protein (LRP) receptor
overexpressed on the blood–brain barrier (BBB) and glioma cells, which was
selected as targeting ligand. The antiglioma effect of DOX-loaded O-MWNTs-
PEG-ANG (DOX-OMWNTs-PEG-ANG) was determined by C6 cytotoxicity and
median survival time of glioma bearing mice, which revealed a better antiglioma
effect than DOX, which suggests that O-MWNTs-PEG-ANG is a promising

11 An Insight into Characterizations and Applications of Nanoparticulate. . . 445



dual-targeting carrier for brain tumor treatment. Further, Zhang et al. reported a
pH-responsive targeted DDS based on single-wall carbon nanotubes (SWCNTs),
functionalized with carboxylate groups and coated with a polysaccharide material
[72]. Functionalized SWCNTs was loaded with the anticancer drug DOX at
physiological pH (pH 7.4) and is only released in lysosomal pH and the pH
characteristic of certain tumor environments. SWCNTs was also attached to FA,
a targeting agent for many tumors for selective delivery DOX into the lysosomes of
HeLa cells with much higher efficiency than free DOX. Meng et al. also reviewed
the design and synthesis of SWNT-based DDSs and their pharmacokinetic, cancer
targeting, and therapeutic properties both in vitro and in vivo [73].

5.7 Carbon Dots

CDs are exceptional nanocarriers due to their potential optical properties and
biocompatibility. For instance, Feng et al. have reported a cisplatin (IV) prodrug
conjugated CDs based extracellular micro-environment responsive DDS (CDs-Pt
(IV)@PEG-(PAH/DMMA)) for imaging guided drug delivery [74]. High tumor
inhibition efficacy and low side effects of cisplatin(IV) was observed in the presence
of CDs nanocarrier, proving its capability as a smart drug nanocarrier with enhanced
therapeutic effects. In another study, a smart stimuli-responsive DDS has been
reported by Majumder et al. [75] Carbon-dot-coated novel alginate beads
(CA-CD) was used as a drug delivery vehicle, in which garlic extract (GE), a
model drug containing allicin, was loaded to form the DDS CA-CD-GE. The DDS
exhibits pH-dependent controlled drug release which results in increased therapeutic
efficiency. CA-CDGE is both stimuli responsive and a controlled drug release
system as it releases drug according to the pathogen concentration (MRSA).

5.8 Mesoporous Silica Nanoparticles

In recent past, several research groups including ours have developed different
MSN-based DDSs. For instance, Chen et al. developed dextrin-coated, DOX-
conjugated MSNs-based DDS which could release DOX at a faster rate at mild
acidic pH (pH 6.0) as compared to physiological (pH 7.4) [76]. The faster release of
DOX at acidic pH might be due to the hydrolysis of Schiff’s base (pH sensitive)
present in the said DDS. Additionally, the in vivo studies in tumor (H22 cells)-
bearing mice model illustrated the enhanced retention time and more entrapment of
the DDS in tumor in comparison with pristine DOX, indicating the therapeutic
efficacy of the DDS. In another report, M. B. Cardoso and group synthesized FA-
modified SiNPs-based DDS containing anticancer drug curcumin [77]. The DDS
exhibited efficient delivery of curcumin to prostate cancer cells (PC3). The authors
further showed that the DDS was more cytotoxic to PC3 cells as compared to the
prostate epithelial cell (PrEC), indicating the targeting efficacy of the DDS. Further,
Palanikumar et al. reported a simple as well as robust procedure for the synthesis of
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polymer (containing pyridine disulfide hydrochloride: PDS and PEG)-
functionalized, targeting ligand (cyclic (Arg-Gly-Asp-D-Phe-Cys: cRGDfC)-
decorated MSN-based DDSs containing hydrophilic anticancer drugs doxorubicin
hydrochloride or cisplatin [78]. Here, PEG on MSN surface facilitated the water
solubility and could prevent the nonspecific interaction with different
biomacromolecules. On the other hand, PDS augmented the functionalization of
the targeting ligand on MSN surface. The DDS exhibited high drug loading capa-
bility with 44 wt% for doxorubicin hydrochloride and 33 wt% for cisplatin. The
results depicted that doxorubicin hydrochloride-conjugated polymer-wrapped MSNs
(PMSNs) containing cRGDfC ligand (RGD-PMSNs) exhibited better cytotoxicity in
KB cells (human nasopharyngeal carcinoma cells) as compared to the nonligand-
wrapped PMSNs, indicating targeting efficacy of the DDS. Additionally, while both
cisplatin- and Dox-loaded PMSNs were administered to KB cells, their synergistic
effect showed better cytotoxic potential as compared to the treatment with single
drug-loaded DDS, suggesting the potential applications of PMSNs for combination
therapy. In another study, MSNs were used as a drug carrier for various hydrophobic
anticancer drug (DOX, PTX, camptothecin: CPT, tamoxifen: TMX, Cur: curcumin),
having high drug loading capability and colloidal stability [79]. The results illus-
trated that the combination of DOX-CPT-PTX and DOX-CPT-Cur with polymer-
coated MSNs (PMSNs) showed better cytotoxicity to KB cells as compared to the
DDS with single drug loading. Moreover, targeting ligand (RGD peptide: KB cells;
SP94 peptide: HepG2 hepatocellular carcinoma cells) containing CPT-loaded
PMSNs exhibited better cytotoxic potential and cellular uptake as compared to the
nonligand-decorated PMSNs, suggesting the targeting efficacy of DDSs. Very
recently, Oh et al. have developed GSH-modified anticancer drug (DOX and
CPT)-loaded MSNs, decorated with HER2-binding affibody combined with
glutathione-S-transferase (GST), to form a protein corona shielding nanoparticle
(PCSN)-based targeted DDSs [80]. The affibody served as the targeting moiety as
well as it could prevent the protein corona formation around the nanoplatform.
Confocal microscopy study in Raw264.7 cells showed that the protein corona shield
minimized the cellular uptake of PCSN in macrophages as compared to the
PEGylated MSN (PEG-MSN). Further, confocal microscopy revealed that
CPT-conjugated PCSN exhibited significant cytotoxicity to HER2 receptor over-
expressing SKBR3 breast cancer cells as compared to HER2 receptor negative cells
HEK293T, suggesting the targeting efficacy and potential application of the DDS for
breast cancer therapy. To assess the in vivo biodistribution, the authors administered
DiD-loaded PCSN and PEG-MSN to SKBR3 tumor-bearing nude mice intrave-
nously. Post 48 h of injection, the mice were sacrificed and the vital organs were
collected, followed by analysis through in vivo imaging system. The result exhibited
that fluorescence intensity for PCSN group was significantly higher in tumor as
compared to PEG-MSN group (Fig. 11.18a–b). Moreover, for PEG-MSN group, no
such difference in fluorescence intensity between tumor and reticuloendothelial
systems (liver and spleen) was observed. However, PCSN group exhibited almost
seven times higher fluorescence signal in tumor than that in reticuloendothelial
systems. The result suggested that the protein corona shielding could facilitate the
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nanoparticles to avoid immune system, thereby enhanced entrapment in target tumor
site. Additionally, CPT-loaded PCSN (PCSN-CPT) exhibited better in vivo thera-
peutic efficacy as compared to CPT-loaded PEG-MSN and free CPT in terms of
more tumor volume regression in SKBR3 tumor-containing mice (Fig. 11.18c). The
overall experimental data demonstrated that binding of GST-HER2 affibody with
MSNs leads to the formation of protein corona shield, which could minimize the
interaction of PCSN with serum protein as well as improved its tumor targeting
efficacy and therapeutic potential.

6 Conclusions: Challenges and Future Perspective

Since past decades, nanoparticulate targeted DDSs have been emerged as one of the
revolutionizing nanomedicine approaches that could serve as an alternative to the
conventional therapeutic treatment strategies for different diseases. Although, the
study related to nanoparticulate targeted DDS have gradually been growing, the
systematic investigation of nano-toxicity to humans is in early stage [81]. The
physicochemical properties of nanomaterials such as size, morphology, surface
charge, and stability often play a vital role behind their toxicological profile. To
evaluate the nanotoxicity, the interaction of nanoparticles with cells, tissue, blood,
proteins, and nucleic acids are to be thoroughly studied [82]. Additionally, number
of doses of nanoparticulate system, administration route (i.p,. i.v., i.m., intramuscu-
lar, intratumoral, and oral), and immunological response are also to be assessed
during the evaluation of toxicity profile of any nanomaterials. It is well known that
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Fig. 11.18 Ex vivo and in vivo efficiency of PCSN. (a, b) Fluorescence images of organs and
tumors 48 h after intravenous injection and biodistribution of injected formulations in animals with
SK-BR3 tumor xenograft from fluorescence intensity analysis. In vivo antitumor effects in different
treatment groups loaded with camptothecin (CPT) (1.5 mg/kg of mice) (scale bar is 2 cm).
(c) Growth curve of tumor volume after intravenous injection with various groups of carriers
until day 21 (n = 6 mice per group, mean 	 1 day [n = 6 mice per group, mean 	 SD, statistical
significance was calculated by one-way analysis of variance, �P< 0.05, ��P< 0.01]. (Adapted from
Ref. [80]. Open Access Journal)
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in vitro toxicity data of nanosystem might or might not be the similar in case of
in vivo conditions. Therefore, in-depth evaluation of toxicological profile of nano-
particulate system is immensely important for the safety of our lives. Another
challenge for nanomaterial-based system is that there is no precise uniform protocol
for the assessment of toxicity of nanomaterials. It imposes the necessity for the
development of standard protocols that would be followed globally, to get more
reliable toxicity data for particular nanomedicine, which would be beneficial for
practical biomedical applications of nanomaterials for human. Besides nanotoxicity,
the fate of the nanomaterials for prolonged periods inside body system has to be
considered for checking their adverse side effects. In this context, it is highly
essential to investigate the pharmacokinetics, pharmacodynamics, and excretion of
nanoparticulate systems. It is to be mentioned here that after investigating the
thorough toxicological as well as pharmacokinetic profiles of therapeutic nano-
materials, the nanoformulations should be subjected to clinical trials, so that we
could avail the practical benefits from the nanomedicines for different diseases.
Although, there is not so much nanoparticulate targeted DDS available in market,
considering the growth of present research in drug delivery field, we could expect
many more nanomedicines would arise for practical biomedical applications for
human in near future.
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