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Foreword

One of the great disappointments in chemistry over the past half-century has been
the failure of theory to allow chemists to design molecules that bind specifically in
aqueous solution to other molecules. This is, of course, the “medicinal chemistry
problem”; a classical pharmaceutical is simply a molecule that binds to a protein
target with a therapeutically interesting affinity, say a dissociation constant of less
than one nanomolar. While heuristic processes are available to sort through hun-
dreds of lead molecules to get dozens of hits that might generate single drug
candidates ready for clinical trials, these rely on only broad theoretical concepts
and, more frequently, chemical intuition, rarely on constructively detailed design.
Even the three-dimensional molecular models for protein target that are now often
routine thanks to modern crystallography have not delivered a definitive solution to
this problem. The complexities of molecular interactions as well as the challenges
of modeling the solvent in which they must occur continue to defeat the largest
computers and the best theory.

The inability of theory to support explicit molecular design stands in stark
contrast to the ability of natural biology to deliver molecules that bind other mol-
ecules, often with exquisite specificity and enormous affinity. Natural biology does
not, of course, exploit explicit design. Rather, the binding molecules that nature
delivers come from random variation followed by natural selection, where specif-
ically tight binding enhances the fitness of the host organism. The binding mole-
cules are often proteins and, in the case of antibodies, a protein scaffold that has
evolved to support random variation in a binding pocket. Here, natural selection for
tightly binding antibodies occurs within a single organism. However, a primary
antibody library of perhaps 100 million species is sufficient, following mutation, to
generate binders with sub-nanomolar affinities, more than enough to support fitness.

It was against this backdrop of theoretical disappointment that in the late 1980s,
synthetic biologists decided to try to do laboratory in vitro evolution (LIVE). Here,
nucleic acids, not proteins, were to provide the framework from which selective
binding molecules were to be delivered “on demand”.

As Jack Szostak, one of the developers of this technology was later to write, it
was “an idea whose time had come”. Not long before, Thomas Cech, Sidney
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Altman, and others had found specific examples where natural biology used RNA
molecules to catalyze reactions under physiological conditions. A number of these
were involved in the processing of RNA molecules that were used by the ribosome
to biosynthesize proteins. The ribosome itself was suspected to be, and later shown
to be, a catalytic RNA molecule. Further, an analysis of the commonalities of
organisms all cross Earth suggested that we had all descended from an “RNA
world”, a biosphere where the only genetically encoded biological catalysts were
themselves RNA molecules. Indeed, some had suggested that the RNA world had a
sufficient number of RNA catalysts to support a complex metabolism.

If libraries of RNA could lead to catalytic RNA molecules on demand, surely (it
was thought) that they could solve a simpler problem: creating binding RNA
molecules on demand. Accordingly, Larry Gold, Andrew Ellington, and Jack
Szostak himself undertook to develop the technology that would create binding
molecules starting with RNA libraries. Gerald Joyce and others then followed with
efforts to do the same thing where DNA was the matrix.

In either case, perhaps 100 trillion different DNA or RNA (collectively xNA)
species were synthesized in a library. The library was then presented to a target
receptor, in an experimental architecture that allowed the receptor to extract from
these libraries specific binding xNA species. Then, the special ability of nucleic
acids to direct their own replication would allow amplification to follow. A few
binding molecules would have descendants by the polymerase chain reaction.
Perhaps with some mutation, laboratory selection and evolution would produce
higher affinity binding molecules by a process analogous to the maturation of
antibody affinity. Perhaps xNA “aptamers” (as they came to be called) could have
an affinity that would rival the affinity of antibodies.

Of course, this was easier said than done, and a rich literature emerged in the
following quarter century attempting to achieve this goal. Much of this literature is
represented by the chapters in this book. However, these chapters take the next
steps in many dimensions. For example, rather than aptamers that bind to simple
protein or small molecule targets, the practitioners who contribute to this volume
have included cells as the major targets for binding molecules on demand. The field
of “Cell SELEX” is today exploding.

This book is focused on cell-targeted selection, and is edited by the people who
first made it work convincingly. In this respect, it has the character of a monograph,
with the editors being the co-authors of many chapters, and with still other chapters
being written by those who were trained in the editor’s laboratories.

Some of the unique features of this book include its description of the cell-
SELEX process itself, with potential applications in molecular medicine being
linked in a logical and coherent way. This reflects the design of the book chapters
by the editors to allow individual authors to make contributions that blend coher-
ently with the other contributions. Thus, the product contrasts with many edited
books where each set of authors has written a self-standing chapter that need not
blend with the other chapters.

In the chapters on medical applications, the visionary question is addressed:
How should we use cell-targeted aptamers? Binding is often insufficient to meet a
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particular biomedical goal. One often also wants to capture, signal, or create
downstream action. This book has numerous chapters that meet this challenge,
including labeling, immobilization, and signaling that actually use the binding
molecules created “on demand”. The book contains individual chapters on each.

My own contributions to this field have been minimal. In December 1985, just
before I moved my laboratory to Switzerland to pursue these goals, I had dinner
with Jack Szostak, who told me of his plans to do directed evolution of functional
RNA libraries. My comment to Jack was based on a chemist’s perception. I pointed
out to Jack that unlike proteins, which have a rich collection of functional groups,
nucleic acids have very few of the moieties that are needed to do catalysis or
binding. Further, with only four nucleotides, xNA as delivered to us by prebiotic
chemistry and subsequent evolution, has too few folding motifs, too much con-
formational ambiguity, and too little structural diversity to have any hope of
rivaling antibodies as a matrix to support binding molecules on demand.

However, I explained that evening to Jack, there was a solution to this problem,
recorded in a witnessed notebook on November 14. All one needed to do was
rearrange the hydrogen bonding moieties on the nucleobases to give different
hydrogen bonding patterns. If one did so, one could create 12 different nucleotides
that should be able to form six independently replicable nucleobase pairs. Some
of these could carry functional groups similar to those found on proteins. In short,
this was the invention of a single biopolymer that had the replicability of nucleic
acids and the functional group diversity of proteins.

Jack’s response was prescient. “Steve,” I remember him saying, “it will take you
10 years to make these molecules and another 10 years to get polymerases to even
accept them” in a PCR reaction. He was approximately correct. Only last year were
we finally able to do LIVE with an AEGIS alphabet.

Nevertheless, I am delighted to see a chapter by Liqin Zhang in this volume,
showing the first examples where an artificially expanded genetic system has been
used to create binding molecules on demand. Catalysts are now following, and the
deficiencies of the Darwinian system presented to us by nature might now be solved
by molecular design, not explicitly for every specific target-receptor interaction, but
rather by the design of a system that is more evolvable and thus better able to create
functional species.

Steven A. Benner
Foundation for Applied Molecular Evolution and

The Westheimer Institute for Science and Technology
Gainesville, FL
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Chapter 1
Introduction to Aptamer and Cell-SELEX

Libo Zhao, Weihong Tan and Xiaohong Fang

Abstract Aptamers are functional oligonucleic acids that bind to specific targets
with high affinity. They have demonstrated their unique advantages as chemical
antibodies in molecular recognition for many applications in biomedicine and
biotechnology such as biosensing, bioimaging, and drug. In particular, a recently
developed method of live cell-based in vitro selection, termed cell-SELEX, has
successfully isolated aptamers without prior knowledge of a cell’s molecular sig-
nature, making such aptamers promising for applications in molecular medicine.
This chapter reviews the evolution of cell-SELEX technology and introduces the
content of this book, which surveys the advancements in cell-SELEX DNA aptamer
selection, characterization, modification, and application for theranostics.

Keywords Aptamer � DNA/RNA oligonucleotide � Antibody � Cell-SELEX �
Theranostics
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1.1 Aptamer: Chemical Antibody

Together with proteins, nucleic acids are essential biological macromolecules that
encode, store, and transmit genetic information. Recent years have seen the rapid
development of many new functions of nucleic acids by their ability to bind spe-
cifically to target molecules, as notably demonstrated with the in vitro selection of
aptamer molecules in 1990 [1, 2]. Aptamers are single-stranded DNA or RNA
molecules generated for the recognition of specific targets. The term is derived from
the Latin word aptus, meaning “to fit,” and the Greek meros, meaning “region.”
The molecular basis for their target recognition is not the well-known Watson–
Crick base pairing, but rather, it stems from their unique tertiary folding architec-
ture. Structural characterization by nuclear magnetic resonance (NMR) has revealed
that aptamers possess various folding topographies composed of different elements,
such as loops, hairpins, stems, and quadruplexes [3, 4]. Each nucleotide in an
aptamer sequence either has direct contact with the target molecule as a binding site
or with another nucleotide within the sequence to sustain the overall aptameric
structure. Thus, through the diversity of their tertiary structures, aptamers are able to
bind with a wide range of targets.

In many ways, in vitro-selected aptamers mimic antibodies in terms of their
capacity for molecular recognition; hence, the term “chemical antibody” has been
applied to this unique DNA/RNA oligonucleotide [5]. In fact, with their high
binding affinity and specificity toward target molecules, aptamers basically function
like antibodies, but since aptamers are chemicals, they have many advantages over
antibodies. First, aptamers are chemically synthesized molecules. Compared to the
reproduction of antibodies in animals or cultured cells, the synthesis of aptamers is
economical and highly reproducible. Second, while site-specific modification of
antibodies is difficult to achieve, the nature of nucleic acid chemistry facilitates the
easy and controllable chemical modification of aptamers at different sites with
different functional groups to fulfill different diagnostic and therapeutic purposes in
molecular medicine. Third, whereas antibodies have to be carefully handled to
avoid irreversible denaturation, the conformational changes of aptamers are often
reversible, making them possible to restore the original structures after denaturation.
Such capacity allows aptamers to tolerate a broad range of conditions, including
temperature, pH, or ion concentration, providing, in turn, flexibility for their
modification, processing, and storage. Other advantages include small size, lack of
immunogenicity, and fast tissue penetration. These chemical properties make
aptamers ideal molecular probes for theranostics.

Besides their chemical properties, the test tube in vitro selection of aptamers,
known as Systematic Evolution of Ligands by EXponential enrichment (SELEX),
also has advantages over the generation of antibodies from cells or animals in its
applicability to cytotoxic or less immunogenic molecules [6]. The aptamer selection
process can be performed against a wide range of targets, including ions, small
molecules, peptides, purified proteins, and even whole live cells. For the past few
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decades, the use of live cells as targets for aptamer selection, termed cell-SELEX,
has gained popularity. Even though this technology is still in its infancy, progress
has been very promising, as detailed below.

1.2 Cell-SELEX: Selection from Specific Target Molecules
to Intact Complex Systems

The basic principle of SELEX, as well as cell-SELEX, is in vitro Darwinian
selection, which can be traced back to 1967 when Spiegelman et al. noticed the
function of RNA replicase in the synthesis of RNA molecules and realized the
possibility of mimicking a precellular event outside living cells. They conducted an
experiment by mixing an RNA from bacteriophage Qβ genome, Qβ’s RNA repli-
case, and free nucleotides in the buffer solution to start RNA replication [7, 8]. The
sequence involved in the interaction with the replicase is the only indispensable
section for this in vitro RNA replication. Under the selective pressure introduced by
reducing the incubation time for each replication, the progression to shorter RNA
sequence was observed. This result confirmed the deletion of sequences that did not
bind to replicase during the selection, indicating Darwin’s theory of natural section
is achievable in the test tube. However, in the absence of associated techniques,
such as chemical synthesis of DNA or RNA chains consisting of randomized
sequences, the idea of isolating functional oligonucleotide molecules, such as
aptamers, through in vitro selection remained in the conceptual stage.

The first SELEX experiments for aptamer selection were demonstrated in two
independent reports published in 1990 [1, 2]. In one report, Tuerk and Gold con-
structed a ssRNA pool containing about 65,000 different sequences by randomly
mutating the eight-base region of an RNA that can interact with T4 DNA poly-
merase [1, 2]. This RNA pool flanked by predefined 5′ and 3′ ends as primers was
then subjected to an in vitro evolution process in the presence of T4 DNA poly-
merase. Sequences that bound to T4 DNA polymerase were further isolated for
PCR amplification. Resultant sequences were then used as the RNA pool for next
run of selection. After multiple runs of selection, those ssRNA sequences with high
affinity against the target protein became dominant. Eventually, they were able to
produce two RNA sequences, wild-type T4, and another mutant sequence with four
mutant nucleotides, which exhibited equivalent binding affinity to T4 DNA
polymerase.

Meanwhile, to investigate the possibility that a given random sequence might
fold into a desired three-dimensional structure able to meet ligand-specific or
catalysis-specific requirements, Ellington and Szostak started with the chemical
synthesis of a large RNA pool containing 1013 different sequences [2]. The library
was then employed for in vitro selection against organic dyes using an approach
similar to that in the Gold’s report [1]. After multiple cycles of selection, a sub-
population of RNA molecules able to bind specific organic dyes was isolated from
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the pool. According to their estimation, roughly one out of 1010 random RNA
sequences could fold into the desired structure and thus meet the specifications of a
target-specific ligand. Two years later, they also realized DNA aptamer selection by
SELEX with a DNA library [9].

Since then, aptamers have been generated for a number of targets, including
metal ions, small molecules, and purified proteins. Among all these targets, purified
proteins have attracted the most attention because protein targets may also be
aptamer-mediated therapeutic targets. For example, aptamer NX1838, also known
as Macugen, is an antagonist of vascular endothelial growth factor (VEGF), and it
was approved for the treatment of neovascular (wet) age-related macular degen-
eration (AMD) by the US FDA in 2004 [10]. Even with no therapeutic effect by
themselves, aptamers can still be used for targeted therapy by coupling them with
cytotoxic reagents or drugs [11].

However, while the binding of aptamers to purified proteins may work well
in vitro, the same results may not be achieved in vivo. For example, to develop
aptamers targeting brain tumors, Liu et al. performed RNA SELEX against histidine-
tagged epidermal growth factor receptor variant III (EGFRvIII) ectodomain, which
was expressed and purified using an Escherichia coli system [12]. The resultant
sequence, E21, had high affinity with a Kd of 33 nM, but further experimentation
showed that this aptamer could not bind with EGFRvIII expressed in eukaryotic cells.
In the absence of post-translational modifications, it is likely that the generated
aptamer failed to interact with the full-length EGFRvIII in its natural state. Moreover,
even using protein expressed in a eukaryotic system for SELEX, conformational
changes during purification, especially for membrane proteins, is a potential problem.

The emergence of cell-SELEX technology solved such problems by directly
performing aptamer selection against live cells. In this way, the cellular proteins
retain their native conformations. More importantly, cell-SELEX enables the iso-
lation of cell-targeting aptamers without prior knowledge of a cell’s molecular
signature, e.g., the number and type of proteins on the cell membrane surface. As a
demonstration of this phenomenon in 2006, the Tan group [13] used the CCRF-
CEM cell line as the target and a B cell line, Ramos (human Burkitt’s lymphoma),
as negative control, to generate aptamers specific for T-cell acute lymphoblastic
leukemia (T-ALL) using cell-SELEX. After about 20 rounds of selection, a panel of
10 aptamers with calculated equilibrium dissociation constants in the nM-to-pM
range was obtained. Even though the target molecules of those aptamers were
unknown at that time, results showed that the aptamers displayed high binding
affinities to CCRF-CEM, but not Ramos, even in clinical samples.

1.3 Aptamers Generated by Cell-SELEX

Table 1.1 summarizes a list of cell-SELEX experiments thus far reported for the
selection of aptamers against mammalian cells. Both suspension (e.g., leukemia)
and adherent (e.g., epithelial) cells can be found in this table. Further inspection
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Table 1.1 Cell-SELEX against mammal cells for aptamer selection

Source Target cell Binding protein Best Kd (nm)
of aptamer

References

Leukemia T-ALL CEM PTK7 0.8 ± 0.09 [23, 13]

B-ALL Ramos 0.76 ± 0.13 [24]

Toledo [41]

AML NB4 Siglec-5 *2.77 [42]

HL-60 5.4 ± 1.6 [25]

Brain U251 Tenascin-C 104 [14, 43]

Glioblastoma cell U118-MG 19 ± 8 [26]

Glioblastoma
multiforme

A-172 61.82 ± 6.37 [27]

Primary
glioblastoma

EGFR vIII over
expressed U87

EGFR vIII 0.62 ± 0.04 [15]

Lung NSCLC A549 28.2 ± 5.5 [28]

NSCLC Vaccinia virus-
infected A549

2.7 ± 6.2 [21]

Lung
adenocarcinoma

H23 45 ± 5 [29]

SCLC NCI-H69 *38 [30]

SBC3 [31]

Colon Colorectal cancer DLD-1 32.1 ± 3.4 [32]

HCT 116 3.9 ± 0.4 [32]

Mouse colon
carcinoma

CT26 (HCV
E2 positive)

HCV envelope
glycoprotein E2

1.05 ± 0.4 [16]

Ovary Ovarian clear cell
adenocarcinoma

TOV-21G 0.25 ± 0.08 [33]

Ovarian serous
adenocarcinoma

CAOV-3 39 ± 20 [33]

Cervix Cervix
adenocarcinoma

HPV-transformed
Hela

1.6 ± 0.4 [22]

Breast Breast cancer MCF-10AT1 [34]

Metastatic breast
cancer

MDA-MB-231 2.6 ± 1.2 [35]

Breast cancer N202.1A HER2 45.8 [17]

Liver Hepatocellular
carcinoma

BNL 1ME
A.7R.1

4.51 ± 0.39 [18]

Metastatic
hepatocellular
carcinoma

HCCLM9 167.3 ± 30.2 [19]

Pancreas Pancreatic
carcinoma

Panc-1 and
Capan-1

(ALPPL-2) 22.5 [36]

Prostate Cancer stem cell DU145
(E-cad positive)

2.2 ± 0.8 [37]

Prostate cancer PC3 73.59 ± 11.01 [38]

Adipose tissue Mature adipocytes 3T3-L1 17.8 ± 5.1 [44]

Adrenal gland Rat
pheochromocytoma

PC12/MEN 2A RET RTK 35 ± 3 [20]

Mouse embryo Mouse embryonic
Stem cell

CCE [45]

Lymphoblastoma Human Burkitt’s
lymphoma

BJAB c-kit 12.21 [46]
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reveals that the target cells are derived from a variety of organs or tissues, including,
for example, brain, lung, colon, and ovary, indicating the universality of the cell-
SELEX approach, irrespective of species, tissue origins, or culture conditions.

When complex targets like living cells are used directly for SELEX, simulta-
neous selections toward multiple individual molecular components are likely to take
place. As we know, the live cell membrane is composed of many components
shared among different cell types. Therefore, performing exponential enrichment
through SELEX could lead to the selection of targets against undesired proteins. To
prevent this, cell-SELEX uses an additional counterselection with control cells,
allowing the selection of aptamers based on the cellular differences between target
and control cells through a comparative strategy. Thus, as shown in Table 1.1,
aptamers generated from cell-SELEX can be classified into three types:

1. Aptamers selected for a predefined target
When the target protein is already known, a strategy termed predefined cell-
SELEX is usually applied [14–20]. To construct known cellular differences, the
protein of interest can be expressed on positive (target) cells. Their parental
cells, which do not express the same protein, will act as mock control and will
be employed for counterselection. In this way, the target protein can be dif-
ferentially expressed and maintained in its native states during selection. Using
this approach, Cerchia et al. successfully developed nuclease-resistant aptamers
capable of recognizing human receptor tyrosine kinase RET [20]. Following a
similar approach, Chen et al. produced aptamer ZE2 that can selectively bind to
HCV envelope surface glycoprotein E2 [16].

2. Aptamers selected for induced targets
Molecular changes occur in cells responding to external stimuli, such as toxic
chemicals, bacteria, and viruses [21, 22]. Taking advantage of the ability of cell-
SELEX aptamer to differentiate minor cellular differences, it is possible to select
aptamers for the molecular-level study of cellular response to the applied
stimulus. For example, Tang et al. proposed a method of selecting aptamers
capable of binding virus-infected cells [21]. In this study, vaccinia virus
(VACV)-infected A549 cells were used as positive target, while normal A549
cells were used for counterselection. This step resulted in a panel of aptamers
able to specifically recognize VACV-infected cell lines whose target is most
likely a viral protein found on the cell surface.

3. Aptamers selected for unknown target molecules
Intrinsic cellular differences exist between any two given types of cells. Through
the comparative strategy proposed by Tan group, cell-SELEX can be performed
and eventually generate aptamers in the absence of prior knowledge of the
intrinsic difference between the two cell types [13, 23–38]. Cell-SELEX is so
powerful that it can even generate aptamers able to differentiate subpopulations
of the same cell line [37]. This is particularly useful for the development of
molecular probes to identify and subcategorize pathological cells with unknown
biomarkers.
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Modern molecular medicine strives to understand the molecular basis of
diseases and translate this information into theranostic strategies. Up to now, our
ability to understand many complex diseases at the molecular level, such as
cancer, has been limited by the lack of tools able to identify and characterize
distinct molecular features of the disease state. For example, effective clinical
cancer biomarkers are very limited. However, with the technological advance-
ment brought by cell-SELEX, it is now possible to identify the molecular dif-
ferences between normal and tumor cells, or discriminate among different types
of cancer cells at different stages and even among different patients. This offers a
new approach for biomarker discovery, as the binding proteins of specific cell-
targeting aptamers can be extracted and identified by mass spectroscopy for
further validation.

In addition to biomarker discovery, aptamers generated via cell-SELEX hold
promise for diverse biomedical applications, such as the detection, imaging,
profiling, and targeting of diseased cells [5, 39, 40]. Research efforts in this field
have resulted in important progress in the selection and application of cell-
SELEX aptamers for theranostics.

1.4 Chapter Summary: From Aptamer Selection
to Application

This book focuses on the use of cell-SELEX-selected DNA aptamers for applica-
tions in molecular medicine generally, and theranostics specifically. Chapters will
be devoted to aptamer selection and characterization, aptamer modification for
enhanced functionality, and aptamer–nanomaterials bioconjugates for biomedical
applications, in particular cancer theranostics.

The first step in aptamer research involves screening and validating aptamers
with high affinity and specificity. Accordingly, Chaps. 2–4 will focus on aptamer
selection and characterization. In Chap. 2, Shangguan et al. introduce the process of
cell-SELEX. Besides a detailed introduction to the selection protocol, including
new methods to improve selection efficiency, key considerations and challenges in
cell-SELEX are discussed as a practical reference for those new to this technology.

SELEX has successfully produced many different aptamer ligands from the
starting pool of DNA/RNA library. However, natural nucleic acids are built on four
different nucleotides that carry only a few key functional groups commonly found in
proteins. One feasible strategy to further improve SELEX is incorporating unnatural
nucleotides to obtain a DNA/RNA library with higher information density and more
functional groups for SELEX. In Chap. 3, Zhang discusses the emergence of
unnatural bases with different chemical modifications and their application in
SELEX, particularly the example of selecting the cancer cell-targeting aptamers using
a new expanded genetic system with six different kinds of nucleotides.
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After SELEX screening, thorough characterization of the enriched aptamers is
important for subsequent application in either diagnostics or therapeutics. Chap. 4
presents different analytical methods applied to the cell-specific aptamers to mea-
sure their binding affinity, binding density, binding sites, and binding strength.

Once the affinity and specificity of the selected aptamers have been validated, the
next consideration is functionalization through chemical modification to improve
their performance in complex physiological environments. Accordingly, Chaps. 5–8
are focused on molecular engineering to accomplish this goal, including chemical
modification of aptamers themselves and the integration of aptamers with other
materials.

Chapters 5 and 6 describe several new strategies of molecular engineering
inspired by DNA nanotechnology, as well as recent developments in nanomaterials
and nanodevices. These strategies lead to the construction of aptamer-based
nanoassemblies to increase nuclease resistance and biostability and multivalent
aptamers to enhance affinity and selectivity. The Tan group has also developed
switchable aptamers and logical aptamer systems for intelligent sensing and ther-
apy, aptamer-incorporated DNA dendrimers as efficient nanocarriers for intracel-
lular sensing, and aptamer-tethered nanotrains for targeted delivery of reagents for
cancer theranostics.

Chapters 7 and 8, respectively, discuss two new types of materials to improve
aptamer function, nucleic acid-based amphiphiles, and hydrogels. In Chap. 7, Liu
focuses on nucleic acid-based amphiphiles, which consist of nucleic acids cova-
lently linked to lipophilic lipid molecules. Combining the functions and properties
of both hydrophilic nucleic acids and hydrophobic lipid tails, these functional
amphiphiles have been developed to transport therapeutic drugs, penetrate cell
membranes, and interact with endogenous proteins. Their synthesis, self-assembly
properties, and biomedical applications are described. In Chap. 8, Lu et al. discuss
hydrogels, which are water-retainable materials that have been widely used in
bioanalysis and biomedicine owing to their physical and chemical properties that
change upon external stimulations. The latest developments in target-responsive
hydrogel engineering, along with many examples of their application in biomedi-
cine and theranostics, are provided.

Having considered aptamer selection and functionalization, Chaps. 9–13 turn to
a survey of advancements in aptamer-mediated biomedical applications, especially
those involving cancer diagnosis and therapy.

Since aptamers can discriminate cellular differences and differentiate among cell
subpopulations, as explained above, they are able to selectively capture diseased
cells. Thus, in Chap. 9, the use of aptamers in cell sorting and disease profiling is
demonstrated. First, aptamer-based microfluidic devices have been successfully
developed for the detection of rare circulating tumor cells. Next, since cell-SELEX
can produce multiple aptamers targeting different disease-related proteins, aptamer
technology can also be employed for disease profiling. Therefore, it is advantageous
to use a panel of aptamers to fully define the molecular signature of a specific
disease, even though the target proteins of aptamers are unknown.
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Chapter 10 discusses the detection of cancer cells using the conjugation of
cell-specific aptamers with various nanomaterials, including metallic, silica, and
magnetic nanoparticles, nanocrystals, and DNA nanostructures. Such aptamer–
nanomaterial conjugates combine the high affinity and specificity of aptamers with
the ability of nanomaterials to facilitate the sensing process and amplify the signal of
recognition events. This provides a powerful tool for highly sensitive cancer cell
detection for early cancer diagnosis.

Chapter 11 aims to illustrate the advantages of aptamers as new probes for
molecular imaging, which refers to in vivo characterization and measurement of
biological processes at the molecular level. By their small size, aptamers can
quickly penetrate tissue, be uptaken by target cells, and be rapidly eliminated from
nontarget organs, thus showing high potential for cancer cell-specific in vivo
imaging.

The discovery of biomarkers is an important by-product of cell-SELEX tech-
nology. Accordingly, the significant progress of aptamer-assisted biomarker dis-
covery is emphasized in Chap. 12 with six examples describing the methods of
identifying aptamers against cell-surface biomarkers.

Finally, in Chap. 13, Huang and coworkers discuss the conjugation of cell-
specific aptamers with drug molecules and gold or magnetic nanoparticles for
cancer treatment to improve efficacy and reduce the side effects commonly seen in
traditional chemotherapeutic methods. Conjugation strategies through a variety of
chemical reactions or physical interactions are described, and current advances in
aptamer-mediated targeted delivery for chemotherapy, photodynamic therapy,
photothermal therapy, and combinational therapy are highlighted.

As a closing remark, Chap. 14 discusses the potential and challenges in the
clinical and biotechnological utilization of aptamers and the requirements for
achieving this significant goal.

In summary, the structure of this book is designed to provide a comprehensive
understanding of the emerging field of cell-SELEX aptamers, which should appeal
to a broad range of researchers in chemistry, cell and molecular biology, biomedical
engineering and medicine, as well as theranostics.
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Chapter 2
Cell-SELEX: Aptamer Selection Against
Whole Cells

Dihua Shangguan, Tao Bing and Nan Zhang

Abstract Changes at the molecular level always occur at different stages in
diseased cells. The detection of these changes is critical for understanding the
molecular mechanisms underlying pathogenesis, as well as accurately diagnosing
disease states and monitoring therapeutic modalities. Cell-SELEX is a foundational
tool used to select probes able to recognize molecular signatures on the surface of
diseased cells. This technology has been increasingly used in biomarker discovery,
as well as cancer diagnosis and therapy. In this chapter, the whole cell-SELEX
process is described, including aptamer selection, identification, and validation. In
addition, we will explore the challenges and prospects for cell-SELEX now and in
the coming years. It is anticipated that this chapter will guide readers toward a better
understanding of the working principles underlying the cell-SELEX technology and
serve as a practical reference for bench scientists engaged in cell and molecular
biology.

Keywords Aptamers � Cell-SELEX �Molecular probes � Biomarkers �Molecular
recognition

2.1 Introduction

Revealing the molecular mechanisms that trigger changes in biological cells is the
concern of scientists across a broad spectrum of disciplines. However, the detection
of such changes and, hence, their understanding is primarily thwarted by the lack of
tools able to recognize features of cellular architecture at the molecular level.
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For cancer diagnosis, pathologists commonly use morphological evidence as a
basis for diagnosis, such anatomical features identified through the use of
microscopy, for example, cannot reveal changes, including mass-density fluctua-
tions, at the molecular level, even though such data could be critical to the diagnosis
of early stage cancer. Indeed, cancer diagnosis based on data collected through the
use of proteomic technologies provide the link between genes, proteins, and dis-
ease. Current technologies do not provide for the detection of a cancer cell’s par-
ticular molecular signatures, as most methodologies rely on known biomarkers for
the development of corresponding probes. However, the number of biomarkers that
have thus far been identified and validated is too small to clearly identify even one
particular cancer. Besides cancers, the lack of effective probes and biomarkers is
also the challenge of the molecular diagnosis of many other diseases. For example,
the infectious diseases are extremely widespread all over the world. Because few
biomarkers are currently known and available for effective detection of viruses,
bacteria, and fungi, as well as infected cells; the diagnosis of infectious agents is
cumbersome. Therefore, new technologies that can be applied to the discovery of
unknown molecular features of diseased cells and pathogens are in demand.

Aptamers are single-stranded DNA (ss-DNA) or RNA oligonucleotides, which
have the ability to bind to other molecules with high affinity and specificity.
Compared with antibodies, aptamers have a unique repertoire of merits, including,
for example, ease of chemical synthesis, high chemical stability, low molecular
weight, lack of immunogenicity, and ease of modification and manipulation [1].
These characteristics make aptamers good candidates as effective probes for the
recognition of molecular signatures and as target cell-specific ligands for thera-
peutic purposes. Aptamers are evolved from a random oligonucleotide library by
repetitive binding of the oligonucleotides to target molecules by a process known as
Systematic Evolution of Ligands by EXponential enrichment (SELEX) [2, 3]. In the
early stage of aptamer development, aptamers were generated against simple tar-
gets, such as small molecules and purified proteins [4]. From 2001 to 2003, aptamer
selection against complex targets, such as red blood cell membranes [5] and whole
cells [6–8], was demonstrated. However, at that time, the application of aptamers
toward cancer detection was limited by the absence of aptamers able to bind target
cancer cells, or, more specifically, target proteins on the cell surface.

By 2003, only a few cancer biomarkers had been identified, and there were either
known biomarkers, were very expensive, or were not commercially available.
Therefore, Tan group at University of Florida conceived of the idea of generating
specific aptamers by using whole cancer cells as targets. Differences at the
molecular level between any two given cell types, such as normal versus cancer
cells, or different types of cancer cells, represent the molecular signatures of a
specific type of cancer cells. Therefore, the ability to obtain aptamers able to
distinguish one type of cancer cell from another by the identification of particular
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molecular signatures would constitute aptamers also able to be used as molecular
probes for cancer identification. This approach, now known as cell-based SELEX or
cell-SELEX, conveniently circumvents the limitations previously noted, and a cell-
SELEX protocol was developed using the human acute lymphoblastic leukemia cell
line, CCRF-CEM (T cell line), as target cells, as well as human diffuse large cell
lymphoma cell line, Ramos (B-cell line), as control cells. This resulted in a panel of
aptamers that could specifically bind target cancer cells [9], including one able to
bind to a membrane protein on the surface of CCRF-CEM cells, protein tyrosine
kinase 7, which has been identified as a biomarker for leukemia [10, 11]. Since
then, many aptamers have been generated by cell-SELEX [12–22], their targets are
ranged from cancer cells, virus-infected cells to bacteria. These aptamers have
shown their utility in cell capture, detection and imaging, even in vivo cancer
imaging [1].

Thus, cell-SELEX offers the following advantages:

1. Prior knowledge about the molecular features of target cells is unnecessary since
the cell-SELEX specifically generates aptamers that can recognize and differ-
entiate the molecular signatures found on a range of abnormal cell types.

2. Countless molecules, especially proteins, are found on the cell surface, and the
molecular differences between two cells typically relate to a series of molecules.
In cell-SELEX, each of these molecules is a potential target. A successful
selection will therefore generate a panel of aptamers for many different targets,
and, as a result, such panel of aptamer probes will provide more data for
accurate disease diagnosis and, hence, new opportunities for personalized
medicine.

3. Aptamers bind to the native state of target molecules, making it possible for
aptamer probes, through ligand binding, to directly recognize their cognate
target, creating, in turn, a true molecular profile of diseased cells. In addition, the
target molecules are naturally anchored on cell surface, so that the bound
aptamers can be easily partitioned from the unbound oligonucleotides by
centrifuge or wash (for adherent cells) during the SELEX process; it is
unnecessary to purify the target molecules and fix them on solid supports.

4. Providing the opportunity to discover new biomarker. Pathological or physio-
logical changes are complex processes that involve many molecular-level
changes on cells. Many of these changes are unknown. Cell-SELEX provides
the opportunity to generate aptamers that bind to unknown biomarkers. Then,
the obtained aptamers can be used, through affinity separation, to purify and
identify their targets. These targets have the potential to be new biomarkers.

Based on these advantages, nowadays cell-SELEX technology has been widely
used all over the world and a large number of aptamers specific to a variety of cells
have been reported. Nonetheless, the whole cell-SELEX procedure involves
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multiple complex steps; and the beginners often fail to obtain desired aptamers. In
this chapter, we present an overview for the development of DNA aptamers against
different types of mammalian cells (cancer cells as example) using cell-SELEX
technology. The discussions mainly focus on the key considerations in each step of
cell-SELEX procedure. The challenges and prospects of cell-SELEX are also
discussed.

2.2 Overview of Cell-SELEX Procedure

The SELEX strategy was described primarily in 1990 by Gold and Szostak [2, 3],
and then it has been modified over the years in different ways [23]. Briefly, the
general process of SELEX involves the incubation of the target of interest with an
oligonucleotide library (DNA or RNA), separation of the oligonucleotides-target
complexes from the unbound sequences, and amplification of the bound sequences
by PCR or RT-PCR to obtain an enriched pool for next round of selection. This
process is repeated until the pool is highly enriched for sequences that specifically
recognize the target. The enriched pool is then cloned into bacteria and sequenced
to obtain the individual sequences. Representatives of these sequences are chemi-
cally synthesized, labeled with reporters and tested against the target to determine
potential aptamer candidates. In this whole procedure, the most critical step is the
partition of the target-bound sequences from unbound sequences, especially for the
SELEX using purified target molecules; thus, many modified SELEX strategies
have been proposed to simplify this step or to enhance the efficiency of partition
[23]. Compared with the SELEX for purified target molecules, the partition step of
cell-SELEX is relatively simple, because the unbound sequences can be easily
removed by centrifuge or wash (for adherent cells). But after obtaining aptamers
using cell-SELEX, a target identification step is necessary.

The typical cell-SELEX procedure is shown in Fig. 2.1. The starting point of a
cell-SELEX process is the preparation of a synthesized random oligonucleotide
library and the growth of cells of interest, which is discussed in details in Sect. 2.3.

The iterative cycles of cell-SELEX process includes the following steps: incu-
bation of target cells with randomized DNA library or the enriched DNA pool;
collection of cells bound with oligonucleotides; elution of bound oligonucleotides
on target cells; amplification of eluted oligonucleotides and preparation of enriched
oligonucleotide pool; and counter selection (also named subtractive selection) using
control cells. The counter selection step is strongly recommended to reduce the
nonspecifically binding oligonucleotides and the oligonucleotides that bind com-
mon surface molecules present on both types of cells, which can increase the
specificity of enriched pool to the target cells. After each or several rounds of
selection, a binding assay of the enriched pool to target cells and control cells is
performed to monitor the progress of aptamer enrichment. In this iterative process,
each round of selection is not a simple repeat of the previous round. In order to
obtain aptamers with high affinity and specificity, the pressure of selection is
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progressively increased in the course of a SELEX process by modulating the cell
number and the binding/washing conditions in later SELEX rounds. For more
details concerning the iterative selection process, see Sect. 2.4.

The number of rounds necessary depends on the progress of enrichment (in
general 10–20 rounds). If the binding assay shows that the enriched pool has
enough affinity and specificity, the PCR products of the last selected pool are cloned
and sequenced to obtain the individual sequences. Representative sequences are
chosen, synthesized, and applied to binding assays. Finally, the aptamers with high
affinity and specificity to target cells can be further optimized and modified for
different applications. The details concerning the aptamer identification are shown
in Sect. 2.5.

The efficiency of a cell-SELEX depends on many factors, such as the library, the
nature and growth state of cells, the selection conditions, the desired target mole-
cules on cell surface, and operation skills. There is no standardized cell-SELEX
protocol for any type of cells and purpose. Therefore in the following sections, we
do not describe a detailed cell-SELEX protocol (please see our previous paper for

Fig. 2.1 Schematic representation of the cell-SELEX (Reprint with permission from [9],
Copyright 2006, National Academy of Sciences, USA)
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detailed protocol [24]), but give the general principles of each selection step,
including library design, cell preparation, choice of selection conditions, enrich-
ment monitoring, and aptamer identification. The key considerations for each step
are discussed.

2.3 Preparation of Oligonucleotide Library and Cells

2.3.1 Oligonucleotide Library and Primers

The design and chemical synthesis of a random oligonucleotide library is the start
point of any SELEX. This library consists of huge numbers of different ss-DNA
sequences that have a central random region (20–80 nt) flanked on either side by
constant sequences for primer binding during PCR amplification. For DNA aptamer
selection, this library can be directly used for Cell-SELEX. For RNA aptamer
selection, the random DNA library has to be converted into a double-stranded DNA
(ds-DNA) library by PCR with a sense primer containing the T7 promoter sequence
and an antisense primer, and then transformed into a RNA library by T7 RNA
polymerase. Since DNA is more stable than RNA, most of cell-SELEX has been
performed with DNA oligonucleotide library. In this chapter, we mainly discuss the
DNA aptamer selection by cell-SELEX.

Since PCR amplification is an essential step in each selection cycle, a set of
DNA sequences including library and primers needs to be prepared before cell-
SELEX. An example of primer-library set for cell-SELEX is shown below [9]:

Sense primer: 5′-(dye)-ATACCAGCTTATTCAATT-3′
Antisense primer: 5′-(biotin)-AGATTGCACTTACTATCT-3′
Library: 5′-ATACCAGCTTATTCAATT-N52-AGATAGTAAGTGCAATCT-3′

As shown in above example, the primer sequences and the length of the ran-
domized region are needed to be designed before the library synthesis. The general
rules for conventional primer design also apply to primers for cell-SELEX. A good
primer pair should result in high PCR amplification efficiency and low nonspecific
amplification. For monitoring the progress of selection, the sense primer is labeled
at the 5′-end with a fluorescence dye (such as FAM, TMRA, and Cy5). In order to
obtain the ss-DNA pool after PCR amplification, the antisense primer is usually
labeled with a biotin at the 5′-end, so that the duplex PCR products can adsorbed on
the streptavidin-coated matrix, and then the dye-labeled sense strand (aptamer
strand) can be separated from the antisense strand by alkaline denaturation. It is
worth to remind that the contamination of primers by trace amount of library would
severely disrupt the aptamer selection. Thus, synthesis and purification of primers
and library should be performed separately.

The length of the randomized region determines the diversity of the library. For
cell-SELEX, the length of randomized region is commonly in the range of
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20–80 nt. The short libraries are better manageable, cost-effective in chemical
synthesis. However, longer randomized regions give the libraries a greater struc-
tural complexity, which is important for cell-SELEX because the molecular targets
are numerous and unknown. Therefore, a longer random sequence pool may pro-
vide better opportunities for the identification of aptamers [23], but too longer
random sequence is not necessary.

The amount of synthesized library used for one cell-SELEX is in the range of
20 pmol–20 nmol, which is equivalent to 1013–1016 random sequences.

2.3.2 Choice and Maintenance of Cancer Cells

Aptamers have been reported to be generated against various target cells, such as cells
highly expressing specific protein of interest [25], a certain type of cancer cells [9],
cancer stem cells [17], adipocyte cells [26] virus-infected cells [19, 21], and bacteria
[27, 28]. Most of these aptamers are selected by using live cells, except in one case
using fixed cells [8], which may due to that the target molecules on live cells are
present in their native state. For cancer cell-SELEX, cultured cancer cell lines are
usually used. That is because the periods of cell-SELEX are at least 2–3 months; it is
hard to obtain enough live cells with stable performance in this long period by
primary cell culture.

Although cell-SELEX without counter selection has been reported able to
generate aptamers that broadly recognize common cancer biomarkers [12, 29],
more specific aptamers for desired cell lines need to be selected by combining a
counter selection step. In order to generate aptamers that only recognize the
molecular signatures of the target cells, at least one control cell type is used for
counter selection to eliminate the sequences that bind to the common molecules
present in both types of cells. The choice of target cells and control cells mainly
depends on the purpose of the selection and the future applications of aptamers. In
general, two closely related cell types are chosen, such as tumor cells and
homologous normal cells, differentiated cells and parental cells, drug resistant
cancer cells and drug sensitive cancer cells, virus-infected cells and uninfected
parental cells, and antibiotic resistant bacterial-strains and antibiotic sensitive
bacterial-strains. In the case of aptamer selection for cancer stem cells, the target
and control cells were E-cad+ and E-cad− DU145 cells, respectively, which were
isolated by FACS sorting by gating for the top 10 % of E-cad+ cells and the bottom
10 % E-cad− cells [17].

Cell culture maintenance is very important in cell-SELEX, because improper cell
culturing maintenance may influence the aptamer enrichment, and even lead to
failure of aptamer selection. For example, overgrowth of cell culture results in
higher rates of cell death, which potentially lead to alteration in cell morphology
and protein expression, as well as cause collection of a lot of nonspecific oligo-
nucleotide sequences because of the increased membrane permeability of dead
cells. The reduction or elimination of dead cells can significantly enhance the
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enrichment of selected pool. Also, the change of cell culture condition and cell
growth status may result in the changes in expression levels of some target mol-
ecules. The viability of adherent monolayer cells may be not a big problem in
selection because most dead cells normally float in the medium, and once the
medium is removed, relatively healthy cells are obtained. That notwithstanding,
cells must not be allowed to overgrow. But for adherent monolayer cells, the
density of cells used for each round of selection should keep consistent because the
cell-to-cell connections and expression levels of target molecules would be quite
different at different cell density.

There are two ways by which adherent monolayer cells can be used for selection:
either directly in cultured dish/flask or as dissociated cells. The direct option may
offer a better representation of the cells’ natural environment. Dissociated cells
either by treatment with short-term trypsin treatment or non-enzymatic dissociation
buffer or by scraping may result in the change of the surface expression, cell death,
and cell rupture.

2.4 Aptamer Selection Against Live Cells

The key principle for a successful SELEX is to keep the specific binding sequences
and reduces the nonspecific binding sequences as much as possible during the
whole SELEX process. The appropriate selection conditions and selection process
are essential to achieve this principle.

2.4.1 Binding Conditions

The selection conditions play an important role in the success of cell-SELEX. These
conditions include binding buffer, washing buffer, elution buffer, and binding
temperature.

For cell-SELEX, the most essential requirement for buffer condition is to keep
the cells intact during the binding and washing steps. Thus, the osmolarity, ion
concentrations, and pH value of binding buffer and washing buffer must match
those of cells. The commonly used buffers are cell culture media, phosphate buf-
fered saline (PBS), and other buffered salt solution (such as Hank’s buffer and
Tris-HCl buffer), pH 7.4. In our cases, the washing buffer is PBS plus 4.5 g/L
glucose and 5 mM MgCl2. As sequences in initial DNA library or enriched pools
may nonspecifically bind to some molecules on cell surface (e.g., electrostatic
adsorption), excess other nucleic acid sequences, such as t-RNA, salmon/herring
sperm DNA or synthesized oligonucleotides are added to the binding buffer to
compete the nonspecifically binding of sequences in library or selected pools. Since
the added sequences do not contain the primer binding sites and cannot be amplified
by PCR, there is no need to worry about the interference on the selection by these
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sequences. In order to reduce the nonspecific sequences that binding to proteins on
cell surface and to enhance the utility of aptamers in biological samples or in vivo,
albumin (e.g., BSA) or serum is usually added to the binding buffer. Therefore, in
our cases, the binding buffer is prepared by adding other nucleic acid sequences
(0.1 mg/mL) and bovine serum albumin (BSA, 1 mg/mL) or fetal bovine serum
(FBS, 1–10 %) into washing buffer.

The function of elution buffer is to dissociate the potential aptamer sequences
from cells. For cell-SELEX, the most commonly used method to recover the
sequences binding to target cells is by heating the cell-DNA complex at 95 °C in
water or buffer. Compared with other used methods, such as phenol/chloroform
extraction, TRIzol extraction and denaturation by 7 M urea, the heating method is
simple and efficient. That is because: (i) Elevated temperature will cause denaturing
of the cell surface proteins and the folded structure of the DNA, and this will lead to
the disruption of the interaction between DNA and protein and the release of DNA
from the target protein. (ii) At 95 °C, any DNase that is released after cell disruption
at the elevated temperature is inactivated and therefore cannot cause DNA diges-
tion. (iii) After heating, the supernatant containing potential aptamers can be
directly used as template for PCR amplification.

The binding temperature depends on the purpose of selection and application of
aptamers. In general, 4 °C, room temperature and 37 °C are used in cell-SELEX.
However, the higher temperatures such as 37 °C can cause internalization of oli-
gonucleotides into live cells, which may result in the collection of nonspecific
sequences because that not all internalizations are caused by the specific binding,
such as pinocytosis. In addition, incubation with live cells at 37 °C may increase the
probability of DNA digestion by nuclease. Most of our cell-SELEX cases have
been performed at 4 °C or on ice. Although the binding affinity of some aptamers
selected at 4 °C may decrease at 37 °C, most of the aptamers bind very well at
37 °C [15, 16], especially those with very high affinity. Some of the aptamers
generated at 4 °C have been used in various applications at 37 °C [9, 18].

2.4.2 Selection and Counter Selection

As shown in Fig. 2.1, the main body of the cell-SELEX process is the iterative
cycles that take most of the time for whole SELEX. Each cycle generally includes
steps of target-cell binding, washing, elution, PCR amplification, and enriched pool
preparation, as well as a counter selection.

Theoretically, there is only one copy of each sequence in the initial library.
Therefore, it is highly possible to lose some of the specific sequences in the first
round of selection. When any sequence is lost, it can never be recovered. In order to
collect as many specific sequences as possible in the first round of selection, the
amount of used target cells should be higher than the subsequent rounds; the
incubation time of target cells and initial library should be long enough to let
specific sequences have more chance to bind to the target molecules on cells.
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In order to avoid loss of specific sequences, the washing strength should be
moderate, and the counter selection usually is not performed in the first round. The
typical protocol for the first round of selection is as follows: incubate target cells
(1–20 × 106) with synthesized ss-DNA library (20 pmol–20 nmol, 1013–1016

random sequences) in 1–5 mL of binding buffer on ice for 0.5–1 h. After incuba-
tion, cells are washed with 0.5–1 mL of washing buffer for 1–3 times. Then, the
bound sequences are eluted by heating at 95 °C for 5 min in 300 μL of DNase-free
water, and all the eluted sequences are directly applied for PCR amplification.
Finally, the PCR products are converted to enriched pool for the second round of
selection.

From the second round of selection, a counter selection step is usually added into
the selection cycle. The counter selection can be carried out before the target-cell
binding step [16] or after elution step [9]. In the former case, the selection cycles
start with incubation of control cells (10 million or monolayer in a 60 cm2 dish/T75
flask) with the DNA pool (200 pmol) in binding buffer for 30 min; the supernatant
containing unbound sequences is then incubated with target cells, and the other
steps from washing to preparation of enriched pool are similar with those described
in the first round. In the latter case, the steps before elution are same with those
described in the first round. After that, the bound sequences on target cells need to
be eluted by heating at 95 °C for 5 min in 300–500 μL of binding buffer, and then
incubated with control cells on ice for 1 h. After centrifuge, the supernatant need to
be desalted with NAP 5 column (GE Healthcare) and then applied for PCR
amplification; and finally, the PCR products are converted to enriched pool for the
second round of selection. In order to effectively eliminate the nonspecific
sequences, the control cells used for counter selection should be much more than
the target cells.

Because after PCR amplification in the first round of selection, the specific
sequences in the enriched pool have many copies, the key consideration from the
second round is to effectively eliminate the nonspecific binding sequences and weak
binding sequences. In order to obtain aptamers with high affinity and specificity, the
selection pressure from second round is gradually enhanced by decreasing the
amount of the ss-DNA pool (from 200 to 30 pmol), the incubation time for the
target-cell binding (from 60 to 10 min), and the target-cell number (from 10 to
0.5 million); and by increasing the number of washes (from 2 to 5), the volume of
wash buffer (from 0.5 to 5 mL).

Since cells are grown in suspension or adhesion on a surface, there are some
differences in handling the suspension cells and adherent cells during the SELEX
process. For suspension cells, the cells bound with DNA sequences are collected by
centrifuge in the binding and washing steps. For adherent cells, cells bound with
DNA sequences are collected by removing the supernatant with pipette. But after
the washing step, the adherent cells need to be scraped off from the bottom of flask
or dish, and then cells are collected by centrifuge and applied for elution. Scraping
is used to detach cells because it would not affect the binding of aptamers on cell
membrane surfaces. The conventional detaching method by trypsin could not be
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used because it was demonstrated that trypsin could cleave the target proteins on the
cell surface [9, 16].

During the binding and washing steps, strong vortexing/shaking and high-speed
centrifuge should be avoided since that can cause cell breakage and may eventually
affect selection. When collecting cells bound with DNA sequences in the binding
and washing steps, the residue liquid should be removed as much as possible
because a small amount of liquid contains a large amount of unbound sequences.
Before each round of election, the DNA library or pool needs to be denatured by
heating at 95 °C and cooled on ice to obtain folded ss-DNA.

2.4.3 Preparation of Enriched Pool

Compared with other combinatorial chemistry strategy, the most attractive advan-
tage of aptamer selection from nucleic acid library is that nucleic acids can be easily
amplified by PCR or in vitro transcription. Unlike the common PCR amplification
for a specific template sequence, the DNA library and enriched pool are highly
complex. In order to obtain highly efficiency of PCR amplification, an optimization
of PCR conditions for library is necessary before SELEX. After PCR amplification
of each SELEX cycle, a gel electrophoresis assay is needed to assess the PCR. The
PCR contamination should be avoided in the whole SELEX process. The detailed
protocol for PCR can be obtained from our previous publication [24].

As the PCR products are ds-DNA, they have to be transformed into a new
ss-DNA pool by separating the sense strands from the antisense strands. Several
methods have been described in literature for this purpose. Based on our experi-
ence, the streptavidin/biotin approach is a very effective way to obtain the sense
strand from PCR mixture. The general procedure of streptavidin/biotin approach is
as follows: The bound sequences on target cells are amplified by PCR with dye-
labeled sense primer and biotin-labeled antisense primers; the PCR products are
captured by streptavidin-coated support (such as Sepharose beads and magnetic
beads), and then the sense ss-DNA strands are eluted off the beads with 0.1–0.2 M
NaOH solution (0.5–1 mL). The eluate is desalted with NAP 5 column (GE
Healthcare) and quantified the amount of DNA sequences by absorption at 260 nm.
Finally, the desalted solution is dried to obtain the enriched pool for the second
round of selection.

2.4.4 Enrichment Monitoring and Selection Procedure
Adjustment

The selection cycle is a complex process. It is hard to ensure that the aptamer
sequences are enriched in every selection cycle. Therefore, the progress of the
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selection is needed to be monitored by binding assay at the end of every cycle or
every several cycles. Based on the results of binding assay, the selection procedure
can be adjusted. The binding assay of the enriched pool in cell-SELEX usually
performed using confocal imaging and flow cytometry.

Flow cytometry assay is the best way to monitor the enrichment progress of cell-
SELEX, because this method has high sensitivity, good reproducibility, high degree
of statistical precision due to the large number of cells measured, quantitative nature
of the analysis, and high speed. For the suspension cells, the binding assay can be
carried out by incubation of cells with dye-labeled DNA pool in binding buffer.
After washing, cells are applied to flow cytometry assay. For adherent cells, before
incubation with selected pool, cells need to be detached and suspended in binding
buffer. The cell detachment is performed with non-enzyme cell dissociation solution
(including EDTA). Then, the detached cells are gently dispersed with pipette,
resuspended in binding buffer and passed through a 40 μm strainer to remove the
cell clusters which would block the tube of flow cytometer. Finally, the cells are
incubated with selected pool, washed, and applied to flow cytometry assay. The
concentration of selected pool for cell binding is set in the range of 0.1–1 μM.

Confocal imaging (or fluorescence microscopy imaging) can provide intuitive
information of the DNA binding on cells. After incubation with selected pool and
washing, adherent cells can be directly observed when they are attaching on the
bottom of the dishes; suspension cells can be detected after dropped on a thin glass
slide and covered with a coverslip. Although confocal imaging can show the
binding regions of DNA sequences on cells, it is difficult to provide the quantitative
information with statistical significance for comparing the binding ability of
selected pool from different rounds, thus the results of confocal imaging can be used
as a supplement to confirm the binding of selected pool on cells. Usually, the
selected pools of the first few rounds have low binding affinity, so that the fluo-
rescence intensity on cells is weak, thus the enrichment of the first few round is hard
to be judged by confocal imaging.

In order to estimate the enrichment and specificity of the selected pool, con-
trolled experiments with control sequence (unselected library or non-binding
sequence) labeled with the same dye and with control cells must be done. The
typical progress of a successful cell-SELEX is shown in Fig. 2.2 [15]. The fluo-
rescence intensity of target cells stained by the selected pools gradually enhances
with the increase of selection rounds; and the fluorescence intensity of the control
cells does not significantly change with the selection going on. These results
indicate the steady progress of the selection and the good specificity of the selected
pools to target cells. But in practice, the steady progress and good specificity are not
often obtained; if so, the SELEX procedure needs to be adjusted.

Cell-SELEX is a highly complex process; many factors can affect the enrichment
of aptamer sequences, such as low sequence diversity of DNA library, contami-
nation of PCR reagent, contamination of eluted sequence from target cells (PCR
template) by DNA pool or PCR products from previous round of selection,
sequence discrimination in PCR, strong nonspecific binding, low abundance of
target molecules on cells, and change of cell states.

24 D. Shangguan et al.



It often happens that no notable progress is observed after many rounds (5–10)
of selection. If so, it is necessary to check for any inappropriate operation during the
SELEX. If all the selection steps are run correctly, it may be due to too many
nonspecific sequences or too few specific sequences in the selected pool. If that is
the case, what can we do is to further enhance the selection pressure as describe in
the previous section. In one of our previous case [9], we extra added 20 % FBS and
50- to 300-fold molar excess other synthesized DNA in the incubation solution to
suppress the nonspecific binding sequences. If all these efforts do not help much, it
may be due to the loss of specific sequences in the first round. If so, the SELEX has
to be restarted from the first round or even from redesign of the DNA library.

It also often happens that the selected pools bind to both target and control cell
lines. It is due to that many of the sequences bound to the common molecules on
both cell lines are enriched, and the counter selection is not enough to eliminate
these sequences. If that is the case, the counter selection should be strengthened by
increasing the number of control cells, reducing the amount of DNA pool, and
decreasing the number of target cells. If the enriched sequences bind to highly
abundant targets molecules that are present on cell surface of both cell lines, they
could not be eliminated only by strengthening the counter selection. In many cases,
the counter selection could not completely eliminate the enriched sequences that
bind to both cell types. But, if the selected pool bound to target cells stronger than
to control cells (Fig. 2.3), aptamers that only bind to target cells may be found in
this enriched pool [16].

Fig. 2.2 Monitoring of the cell-SELEX progress. Flow cytometry binding assays of the selected
pools from the 4th, 5th, 15th, 18th, and 22nd rounds. Left LoVo cells (target); right HCT-8 cells
(control); FITC-labeled ssDNA library as control DNA. Reprinted from Ref. [15], Copyright 2014,
with permission from Elsevier
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2.5 Aptamer Identification

2.5.1 Cloning and Sequencing

By iterative cycles of selection and evolution, the complexity of the initial random
DNA library is reduced, and aptamer candidates with high affinity and specificity
are enriched. The completion of selection is judged by the results of binding assay.
The selection circle is finished when the binding assay shows that the selected pool
exhibits significant binding ability to target cells, the affinity of the pool cannot be
further increased in two or three successive rounds of selection, and the binding of
the pool to target cells is higher than that to control cells. Then the final selected
pool is PCR-amplified using unmodified primers and cloned into Escherichia coli
using the TA cloning kit, and the positive clones (50–100) are sequenced to identify
individual aptamer candidates. Since many commercial companies provide cloning
and sequencing service and we only need to provide PCR products of the selected
pool, the detailed protocol of cloning and sequencing is not described here.

The sequencing result of each clone contains a sense strand or an antisense
strand of a potential aptamer. By searching with both primers, the sense and
antisense strands of all clones are sought out, and the antisense strands are con-
verted to their complementary strands (sense strands). After removing the primer
sequences at both ends, the core sequences (random sequence region) of the
potential aptamers are analyzed by sequence alignment using programs, such as
Clustal X, clustal omega, and CLUSTAL W. Usually, the sequence alignment
groups the potential aptamer sequences in several families (Fig. 2.4). In each
family, the sequences are identical or different in only few nucleotide positions. In
some cases, special sequence patterns or highly conserved regions are identified
among different aptamer groups.

Fig. 2.3 Flow cytometry assay of selected pools binding to target-cell line PC-3 (a) and negative
control cell line SMMC-7721(b), Blank is the background fluorescence of untreated cells. Lib is
FITC-labeled DNA library as negative control. Reprinted from Ref. [16]
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New sequencing technology (454 pyrosequencing) together with bioinformatics
(MAFFT 6.0, Perl, Jalview 2.4 and ATV 4.0.5 programs) have also been used to
analyze the sequences in enriched pools of different rounds of selection in a large
scale [29, 30]. The usage of new sequencing technologies with the help of bioin-
formatics can provide early and detailed information for progress of SELEX by
displaying the intensity of selected sequences in the earlier rounds, as well as
provide more information for the choice of candidate aptamers.

2.5.2 Aptamer Candidate Screening and Aptamer Validation

The final aptamer pool may be more complex than we thought, not all the
sequences are aptamers. We even have met the situation that most of the obtained
sequences did not bind to target cells. After known the sequences of the selected
pool, it is necessary to seek out the real aptamers in these sequences. There is no
need to synthesize all the obtained sequences because the sequences in a family are

Fig. 2.4 Sample data of sequence alignment. Sequences are grouped in three families. The
numbers at the end of sequences indicate the repeat times of this sequence among all the tested
clones
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almost identical aptamer. Usually, a representative sequence from each family is
chosen for validation. Before chemical synthesis, the flanked primer sequences
should be added back to the core region, because the primer sequences may directly
participate in the target binding or take part in the formation or maintenance of the
binding structure. The full-length sequences are synthesized and labeled with
fluorescence dye or other reporters. The binding assay of the synthesized sequences
is performed by flow cytometry or confocal imaging. Usually, some of the syn-
thesized sequences show high binding ability and specificity to target cells; some of
them show binding ability to both target and control cell types; and some of them
do not show binding affinity to both cell types. The sequences with high affinity and
specificity are identified as aptamers for further characterization.

2.5.3 Characterization of Aptamers

Full-length aptamers generated by SELEX contain 60–120 nucleotides, which
include two flanked primer sequences on each end for PCR amplification. Gener-
ally, not all the nucleotides are necessary for direct binding to target or for
formation and maintenance of binding structure [31, 32]. Longer sequence would
result in lower yield and higher cost in chemical synthesis of aptamers. The
unnecessary nucleotides would also lead to higher chances of forming various
secondary structures, thus destabilizing the target-binding conformation of apta-
mers. Thus, in practical usage, many selected aptamers are truncated down to a
minimal functional sequence after the SELEX process. In general, the truncated
sequences possess the same or better binding affinity than the original full-length
aptamer. However, the problem here is how to truncate the full-length aptamer
sequences or how to determine which nucleotides is unnecessary. RNase foot-
printing or partial hydrolysis has been used to determine the boundary and binding
site of RNA aptamers [33–35]. Partially, fragmenting a full-length aptamer and then
selecting the high affinity fragments have been used to determine the minimal
sequence of DNA aptamers [36]. In these methods, radioactive labeling has been
used to detect the aptamer fragments, and then the predicted potential minimal
sequences had to be synthesized to confirm binding capacity.

In our cases, we utilize a relatively easy method to predict the secondary
structure of aptamers, as well as the critical sequences for target binding [31, 32].
Secondary structure prediction of the aptamer sequences can provide information
about relevant structures for binding [31, 32]. Such prediction is usually carried out
by the program mfold [37] (http://www.idtdna.com/unafold/Home/Index), which
calculates the possible secondary structures of single-stranded nucleic acids by
energy minimizing method. The secondary structure prediction of a sequence often
provides many potential structures; a few nucleotides or even single nucleotide
change in a sequences can always leads to provide many different predicted
structures. The sequences in same family should bind to same target with same
secondary structures but different affinity. Therefore, comparing the predicted
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structures of sequences in the same family, and even different families, can help to
determine the secondary structure for aptamer binding and the binding motif of
aptamers [31, 32]. Then, the aptamer sequences can be truncated based on their
predicted binding secondary structure and binding motifs. The truncated sequences
are synthesized and their binding ability is measured and compared with the ori-
ginal full-length aptamers. The sequence truncation of aptamer may be carried out
many times to find out the minimized sequence. Based on the secondary structure
and binding motifs, the minimized aptamer sequences can be further optimized to
obtain better binding affinity by removing, adding, and/or displacing one or several
nucleotides [31, 32, 38–41].

When an optimized aptamer is obtained, its properties need to be further char-
acterized. The properties include dissociation constant (Kd), specificity to many
other cell lines, binding sites, tertiary binding structure, molecular target on cells,
and interactions with cells (such as cellular internalization [42]), as well as bio-
logical activities against cells. The Kd values of an aptamer are usually measured by
flow cytometry [9]. It is important to test the Kd values of aptamers at different
temperatures (such as 4, 25, and 37 °C), which would help the subsequent appli-
cations of aptamers. The details of cell-specific aptamer characterization and apt-
amer target identification are discussed in Chaps. 4 and 12.

2.6 Challenges and Perspectives

As discussed above, through cell-SELEX, aptamers that are able to recognize
molecular differences on cell membranes can be generated without prior knowledge
of their target molecules. These aptamers can be exploited for cell detection, cap-
ture, imaging, drug delivery, and biomarker discovery [43–46]. Since its devel-
opment, cell-SELEX has become an emerging and promising platform for
generating large numbers of aptamers against a wide range of cell lines, especially
various types of cancer cells. However, although considerable progress has been
made, cell-SELEX is still facing many challenges.

First, there is a big gap between theory and practice of cell-SELEX. The whole
SELEX process is very complex and like a “black box”; and no one knows exactly
at which step the problem occurred when no significant enrichment is observed
after many rounds of selection. The sequence discrimination in PCR amplification
of the random pools of DNA may greatly hinder the enrichment of aptamer
sequences. Additionally, some phenomena are unable to be explained currently; for
example, sometimes the high abundant sequences found in the final selected pool
do not bind to both target and control cell types. Actually, the success rate of cell-
SELEX is not high enough.

Second, the complexity and diversity of the cell surface ligands lead to the
difficulties in successful cell-SELEX attempts. Although in theory the selection of
aptamers is possible for any target on cell surface, there are preferences for some
types of target molecules to successfully select aptamers with high affinity and
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specificity. Target molecules with positive charges, hydrogen bond donors/accep-
tors, and/or aromatic groups facilitate aptamer selection. The high-abundance target
molecules facilitate the aptamer selection. However, if these molecules on cell
surface are not the desired targets (e.g., they are common molecules on many types
of cells), they would disturb the enrichment of desired aptamers. Target molecules
with negative charges or highly hydrophobic target molecules do not favor the
aptamer selection. The low-abundance target molecules do not favor the aptamer
selection. The abundance of some membrane molecules may change with the cell
growth status and cell passages, which would interfere in the aptamer selection.
Therefore, the good cell culture maintenance is important for cell-SELEX.

Third, in contrast to the traditional SELEX against purified targets, a target
identification step is necessary for cell-SELEX after obtained desired aptamers.
However, until now, only a limited number of aptamer targets have been identified
[11, 47–49], which greatly hindered the further application of aptamers selected
against cells. The separation and purification of aptamer targets, especially the
membrane protein targets are still a serious limitation for the target identification.

Fourth, the long selection period, complex and tedious process, high experience
requirement, and high cost of SELEX still restrict the widely utilization of cell-
SELEX.

As a result, some modified cell-SELEX strategies have been reported to exhibit
improved selection efficiency. FACS-SELEX integrating flow cytometry and cell
sorting into cell-SELEX allows simultaneously removing selection-hampering dead
cells and selecting aptamers that are able to differentiate cell subpopulations [50,
51]. An on-chip Cell-SELEX process for automatic selection of aptamers has
shorten the selection process to five rounds [52]. In the future for a long period of
time, continued efforts on cell-SELEX need focus on the following aspects:
(1) Reveal the principle of aptamer enrichment in cell-SELEX; reveal the binding
mechanisms of aptamers and the targets on cell surface. (2) Develop new methods
to enhance the selection efficiency, shorten the selection period and lower the cost,
such as higher automated selection platform. (3) Develop efficient and universal
strategies for the target identification of aptamer. (4) Develop data library of ap-
tamers that generated by cell-SELEX, which include the information of target and
control cell lines, initial library, selection condition, aptamer sequences, binding
affinity, and specificity. This library will provide comprehensive information for
further understanding of cell-SELEX and cellular biology.

Although the cell-SELEX methods need to be further improved, current
researches have demonstrated that cell-SELEX can do a lot of interesting things,
which is encouraging more researchers to develop additional aptamers for different
targets. Despite compared with the complex molecular changes on cancer cell
surface, the aptamers obtained by cell-SELEX are too less, we believe that further
development of cell-SELEX and accumulation of aptamers will lead to an improved
understanding of the biochemical and molecular basis of cancer, in turn, spur
exciting new technologies for detection, diagnosis, and treatment of cancer. The
cell-SELEX strategy can also be applied to the investigation of other diseases, thus
expanding our knowledge of disease biology and improving the medical care and
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life expectancy of individual patients. We are sure that along with the development
of cell-SELEX, it will play a more important role in many fields such as clinical
detection, personalized therapy, and cellular biological research.
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Chapter 3
Unnatural Nucleic Acids for Aptamer
Selection

Liqin Zhang

Abstract Aptamer and SELEX technology have been proposed over 20 years.
Despite the huge success in developing aptamers against all kinds of targets, the
effort to cover the natural shortages of nucleic acids, including lack of binding
functional diversity and low information densities, has never been stopped. Strat-
egies proposed to improve the aptamer properties include post-selective modifica-
tions and introducing unnatural nucleic acids in SELEX process. As a perfect
binding ligand can hardly be designed and modified on purpose due to the poor
understanding of the intricate biological system, the best way to generate improved
aptamers would be through modified SELEX experiment, in which unnatural
nucleotides are incorporated into library and perform the in vitro evolution. Those
unnatural nucleotides include the modifications on almost every components of
nucleic acids, (deoxy) ribose, phosphate linkage, and nucleobases. To increase the
chemical diversity and the information density of nucleic acids, researchers
developed methods to append functional groups as well as to create replicable
expanded genetic systems. Some of these unnatural nucleic acids have now been
utilized in SELEX, and a panel of improved aptamers has been delivered. In this
book chapter, we mainly discuss the emerged unnatural bases which have been used
in SELEX or at least have the potential to be used in SELEX, and how these
unnatural nucleic acid help generate improved aptamers.
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3.1 General

It has been a quarter century since scientists proposed that binding ligands could be
generated toward any targets of interest in the forms of nucleic acids [1–3]. The
method proposed, termed systematic evolution of ligands by exponential enrich-
ment (SELEX) [1] has been inspiring innumerable efforts committing to deliver
aptamers against all kinds of target. Theoretically, with a simple recipe, the DNA or
RNA aptamers could be delivered quickly, reliably, and inexpensively, toward any
target researchers have in hand. It mimics the natural Darwinism (survival the
fittest) that the best fitted nucleic acids will survive and be enriched during the
evolution process in the exposure of the environment of targets.

Naturally, the emergence of this method aroused the comparison between
nucleic acid aptamers and antibodies, one of the nature’s solutions for the gener-
ation of biomolecule binders and by far the most useful binding tools in biomed-
icine. Generally speaking, nucleic acid aptamers share some advantages of
antibodies, including high specificity and binding affinity, generated by evolution
process, enzymatic pathways available for amplification and degradation, as well as
highly biocompatibility. Beyond that, nucleic acid aptamers possess some unique
merits. For instance, it could be reproduced simply by chemical synthesis method,
equipped with desired chemical modification, with little batch-to-batch variance.
They are more likely a product that combining the power of ‘chemistry’ and power
of ‘biology’ [4]. Indeed, considering the disadvantages of antibodies, including
tedious generation process and intrinsic property of instability and immunogenicity,
the nucleic acid aptamers and SELEX method were believed to be very competitive.

Despite the high enthusiasm at very beginning, the hope of aptamer rivaling
antibodies [5] has never been fully realized. Aptamers have been generated toward
a variety of targets ranging from small molecules [6], biomacromolecules [7, 8], to
various cancer cells [9–12]. However, very few of these aptamers are now entering
the clinical trial phases to be considered as drug leads, nor to be used as detection
methods for in vivo application [13]. This fact has always been cited by the sceptics
to question the practicability of aptamers.

Honestly, those queries are understandable. The capacity in combinatorial
assembly has determined how far natural nucleic acids can go as a therapeutic or
diagnostic component. Nucleic acids, after all, are built from merely four different
nucleotide building blocks, which render it have therefore, compared to antibodies,
much weaker power in terms of binding diversity [14–16]. To be specific, those
ligand-receptor co-structure studies revealed that nucleic acid aptamers mainly
employ hydrogen bonds, π–π stacking, and electrostatic interactions in the binding
process, however, carries little of other key functional groups commonly found in
protein, including hydrophobic groups (Leu and Ile), positively charged groups
(Lys and Arg), negatively charged groups (Asp and Glu), polarizable binding
groups (indole in Trp and thioether in Met), catalytic groups (His), and metal
coordinating groups (Cys and His). From this point of view, nucleic acids were
indeed far inferior to proteins as matrices for functional performance. Besides, the
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pharmacokinetic profile of aptamers is not satisfactory either. Particularly, it is
embodied in short plasma half-life due to the nature of small molecule and enzyme
vulnerability due to the self-maintaining mechanism of our bodies. Undoubtedly, all
above chemical characteristics determined that application of nucleic acid aptamers
would be largely limited.

Nevertheless, it would not be wise to throw away the apple because of the core.
On the contrary, our scientists are smart enough to overcome those drawbacks by
exploiting the chemical knowledge we have. The efforts of dealing with imper-
fection of aptamers started shortly after the discovery of aptamer, when people
realizing the necessity and urgency to do so.

The first strategy is straightforward and feasible, which is usually referred to as
‘post-selective’ modification. This strategy focuses mainly on improving properties
of the existing nucleic acid aptamer. For example, modifications on the ribose–
phosphate backbone by introducing phosphorothioates [17] or locked nucleic acids
(LNA) [18, 19], both of which are not accepted as substrates by the majority of
nucleases, will help maintain stability when applied in vivo. Some other functional
groups, those could help aptamers to carry ‘cargoes’ [20], to cross-linking with its
target [21], or to gain improved pharmacokinetic properties [22], have been
introduced into post-selective modification method in order to make ‘perfect’
aptamers. Nowadays, most of these modified phosphoramidites carrying amine,
thiol, or carboxyl groups are commercially available, along with a variety of
appendents which could be directly labeled on nucleic acid molecules.

The most famous example of successfully utilizing post-selective modification
strategies to improve aptamer properties is Pegaptanib (Macugen®, Fig. 3.1) [23]. It is
the first and so far the only aptamer therapeutic approved by FDA for the treatment of
wet form of age-related macular degeneration (AMD). It was delivered through
SELEX against vascular endothelial growth factor (VEGF)-165 in the year of 1994
[24] and it was found that this aptamer can block the actions of its target VEGF.
However, it took another 4 years to modify this aptamer tomake it resistant to enzyme
degradation and renal clearance [25]. Resulting from these modifications, the in vivo

Fig. 3.1 Chemical structure and predicted secondary structure of Pegaptanib. a Chemical
structure of Pegaptanib. b Predicted secondary structure of Pegaptanib. High degree of
modification including 2′-fluoro-pyrimidines (in blue) and 2′-methoxy-purines (in red) replaced
nucleotides, capped 3′ end, additional two 20 kDa PEG groups via 5′-end coupling
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stability of nucleic acid aptamer has been largely improved, despite a certain degree
of reduction in binding affinity for VEGF. The success of Pegaptanib sheds light on
the whole aptamer research area and highlighted again the urgency and necessity of
chemical modification on natural nucleic acids in aptamer research.

However, those post-selective strategies could not cope with the essential
drawback that the building blocks of nucleic acids cannot provide enough chemical
diversity, therefore cannot guarantee to generate aptamers with desired affinity
when confronting any target. The factors attributed by experimental work as well as
theory to low performance of SELEX include the low level of functional groups in
nucleic acid molecules and the low information density due to merely four building
blocks [26]. Those issues have to be dealt with in the evolution process but not
after. Accordingly, another strategy to modify the nucleic acid library in the SELEX
experiment has been proposed to cover the shortages, which could be further
divided into two methods.

On one hand, various functional groups were introduced onto four standard
nucleotides in an attempt to obtain those functional nucleic acid molecules [27–31].
On the other hand, people attempted to increase the number of independently repli-
cating nucleotides in the nucleic acid library, with the purpose of increasing infor-
mation density carried by nucleic acid and the resultant folding possibility [32–34].

All these efforts of introducing new functionality or novel nucleotides into
SELEX process followed similar principles, that is, the biotechnologies developed
for SELEX. Three key technologies are involved which include the following:
(1) chemical synthesis of phosphoramidites for solid-phase synthesis of nucleic acid
and triphosphates for enzymatic amplification, (2) engineering and identifying
polymerases to efficiently amplify nucleic acids library using standard four nucle-
otides plus unnatural nucleotide triphosphates, and (3) sequencing techniques to
identify the survivor sequences containing unnatural nucleotides. It is well known
that these technologies were originally developed only to natural nucleic acids. To
apply those unnatural nucleic acids in SELEX procedure, these technologies need
to be adjusted or even compromised to accept unnatural nucleic acids, with satis-
factory efficiency and feasibility. From this angle, whether ideally designed
unnatural nucleotides can be utilized in SELEX or not largely depends on whether
corresponding key technologies could be well developed or not.

Synthesis of phosphoramidites and triphosphates is the first yet fundamental
step. It is different from post-selective strategy where only modified phosphorami-
dites (most of them are commercially available) are needed. To implement those
modified nucleic acid building blocks into SELEX process, not only unnatural
nucleic acid phosphoramidites, but also the triphosphates, as a key component of
recipe for enzymatic amplification, need to be prepared by organic synthetic method.

Maybe sounds a piece of cake for those masters in synthetic chemistry; however,
the enzymes for amplification that has been evolved for billion years to accept only
natural NTP are never easy to be satisfied. For those who is willing to add func-
tional groups onto natural DNA, the inevasible enzymatic polymerization reactions
for amplification involved in SELEX imposes the restriction that the modified NTP
has to be perfectly compatible with the usually over 200 rounds of amplification
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during SELEX process. By mentioning compatible here, it means these functional
groups added should not interfere with the recognition and binding sites of poly-
merase and should also match with the complementary nucleotides.

To prevent the classical base-pairing interface from disturbing, the modification
are usually restricted on those sites which will not be involved in the base paring and
polymerase binding process [4, 35] (Fig. 3.2). On nucleobases, the non-Watson-
Crick sites, more specifically C5 of pyrimidines are usually the positions where
modification proceeded on, which is in the major groove in duplex and will not
interfere with approaching by polymerase [35, 36]. Besides, some modifications on
ribose–phosphate backbone are also feasible, as long as it will not distort the whole
DNA/RNA structure to a large degree. For example, ribose 2′-replacement with

Fig. 3.2 Chemical structure of modified nucleotides reported for SELEX
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fluoro, amino, or methoxy group are commonly used generate enzyme resistent
nucleic acid library, similarly in the example of Pegaptanib. Another famous example
is displacing natural D-ribose with artificial L-ribose to generate the enantiomer of
natural DNA (termed Spiegelmer) and thus prevent its degradation by nucleases.
These examples will be detailed discussed in the later sections of this chapter.

For those who are dedicating to expand the armory of nucleotides, this concern
is even bigger. Artificial designed nucleobases need to be both stable in duplex
nucleic acid and replicable by natural existent polymerases. After the idea proposed
by Benner in the late 1980s [37, 38], many efforts have been devoted into this area
in light of the great potential of encoding additional information by expanded
genetic alphabets in both in vitro and in vivo applications, and considerable
achievements have been made since then. By adding additional base pair, the
drawbacks of nucleic acids mentioned above, that is, lack of functionality and low
information density, could be potentially solved at the same time. By far, two main
types of approaches to develop such type of unnatural bases have been reported.
The first, developed by Benner and coworkers [39], exploited unnatural hydrogen
bond patterns between two complementary nucleobases, while maintaining the
Watson–Crick geometry. Another one, proposed by Kool and colleagues [40, 41],
that interbase hydrogen bonding is not imperative for nucleotide replication has
broaden the way of thinking that focused more on van der Waals and hydrophobic
interactions. The followers include Hirao [32, 33] and Romesberg [42, 43] and their
coworkers have contributed tremendously in this field. The detailed story will also
be discussed in later sections.

Since this is a book focusing on cell-SELEX-related technologies, in this
chapter, we will mainly pay attention to introduce those unnatural nucleic acids
involved strategies which have been used or at least have the potential to be used
for SELEX. We will start with strategies that conducting modifications on ribose–
phosphate backbone and their application in SELEX will be discussed, including
the 2′-modified nucleotides [44], oxygen replacement on phosphate and Spiegel-
mers developed by Klussmann group [45]. Next, the strategies of adding functional
groups to natural nucleobases, including hydrophobic groups, positive charged
groups, and amino acid side chain mimicking groups, will be introduced. Following
that we will discuss currently emerged replicable artificial nucleobase pairs and one
application in SELEX done by Hirao and coworkers [33]. At the end, we will
introduce so far the only full SELEX utilizing artificially expanded genetic infor-
mation system (AEGIS) done by Benner, Tan, and their colleagues.

3.2 Evolution of Aptamers with Artificial Nucleic Acids

One key component of the recipe for success of SELEX technique is that this
process highly mimics the natural evolution process. Those binders enriched in the
selection process are exactly those survivors who can adjust oneself and adapt to the
target environment. Similar to the reason why human being must maintain species
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diversity on earth, addition of chemical diversities into nucleic acid library will
make this process even more lifelike.

Thanks to the solid fundamental established by organic chemists. Nowadays,
human being is processing a huge toolbox with which we design and synthesize
almost any chemical structure in need. Of course the ligands are not among these
accessible chemical structures, not because of the lack of chemistry knowledge, but
simply because the interaction of ligands with their receptors are too complicated
for human being to interpret. However, the matured organic chemistry knowledge
provides us with all kinds of strategies to modify natural biological molecules. With
all this chemical modifications, we can now fulfill our goal of obtaining binders on
demand, or even to the bigger picture we could ever imagined.

3.2.1 Modification on Nucleic Acid Backbone to Deliver
Improved Aptamers

When people realized that aptamers made of natural nucleic acids have all sorts of
drawbacks that severely hindered its wide application, the first solution emerged in
mind would be appending functional groups on nucleic acid molecules. These ideas
directly root in traditional chemical thought pattern that the function of chemicals
could be improved by further chemical modification. If one has a glimpse history of
drug discovery, you will find these patterns were applied to almost every type of
chemical drugs people ever developed.

It indeed works. To cope with a specific problem emerged, there is always a
genius method developed accordingly. That is exactly where the charm of chem-
istry lies on.

3.2.1.1 Modification on 2′ Site of Ribose

The earliest efforts to apply modified nuclei acids into SELEX were focusing on 2′
site on ribose. The purpose was to increase the nuclease resistance property of
aptamers. The functional groups added onto 2′ site of ribose include amino [46],
fluoro [47], and methoxyl group [44, 48] (Fig. 3.2). Those techniques were origi-
nally proved in post-selective modification, such as in the example of Pegaptanib.
However, in order to acquire aptamers more rapidly and conveniently, meanwhile
to avoid the potential affinity decreasing resulting from post-selective modification,
researchers started to apply those modifications in the selection process. Y639F
mutant T7 RNA polymerase was usually used for these modified RNA transcription
[47]. 2′-amino pyrimidines, both cytidine (C) and uridine (U), have been used in
RNA libraries for SELEX. A variety of targets have now been selected toward
using these 2′-modified nucleic acid. These examples include basic fibroblast
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growth factor (bFGF) [49], L-selectin [50], human keratinocyte growth factor
(hKGF) [51], human neutrophil elastase (HNE) [46], human thyroid stimulating
hormone (hTSH) [52], immunoglobulin E (IgE) [53], and interferon-γ (IFN-γ) [54].
Usually the stability could be enhanced that lifetime could be prolonged by 1,000–
80,000 times [49, 51].

2′-fluoro replacement method generated a couple of aptamers which has been
entered clinical trial. Besides Pegaptanib, there are also anti-Factor IXa aptamer
RB006 that binds to members of the coagulation cascade and act as anticoagulants
[55] and anti-C5 aptamer which inhibits the complement cascade [56]. Again, 2′-
fluoro U and 2′-fluoro C were exploited in library to select aptamers against KGF
[51], IFN-γ [54], human thrombin [57], and cluster of differentiation 4 (CD4) [58].
However, someone may concern about its side effect as it was suggested that the
administration and degradation of 2′-F-pyrimidine could lead to incorporation into
cellular DNA [59, 60].

2′-methoxyl group might be a good alternative. The advantage of this method is
that the synthesis is less expensive, and more importantly, the methoxyl group is
naturally occurred in as a common moiety in posttranscriptional modification.
Methylation of the 2′-hydroxyl groups is a selective protection system used by
nature and thus introduced here to reduce the safety concerns. SELEXs using
library containing this modification were conducted recently on VEGF-165 [44]
and Interleukin 23 (IL-23) [48]. The affinities were high, with a Kd value within
nanomolar range.

3.2.1.2 Replacing Oxygen on Phosphate

Another site which could be replaced to functionalize the nucleic acid library is on
5′-α-P-site on phosphate. The functional groups used to replace phosphate linkage
this site include boranophosphate [61] and phosphorothioate [62] (Fig. 3.2). For
boranophosphate, wild-type T7 RNA polymerase is good enough for the tran-
scription. The initial purpose was to deliver aptamers for boron neutron capture
therapy (BNCT), where boron-10 was used as a non-radioactive isotope that has a
high propensity to capture slow neutrons to emit high-energy charge particles and
result in the cell death. And aptamer would be a perfect probe to deliver this boron-
10 to the cancer target. This concept was preliminarily demonstrated by performing
a SELEX against ATP [61], with 5′-α-P-borano G or U in the library.

Phosphorothioate internucleotide linkage was utilized to generate nuclease
resistance preferred to DNAse. Although the chiral property of phosphorothioate
linkage is usually neglected and both diastereomers are used in the phosphoramidite
chemistry synthesis, stereoregular phosphorothioate are usually prepared using α-
thio-dNTPs in Taq polymerase amplification or T7 RNA polymerase transcription
[35]. Examples include cytokine TGF-β1-targeted RNA aptamers [62] and Vene-
zuelan equine encephalitis virus capsid protein [63].
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3.2.1.3 Artificial Ribose

An alternative method is to use artificial ribose, to prevent aptamer from nuclease
degradation. One way is to replace 4′-oxygen by sulfur on ribose (Fig. 3.2). 4′-thio
UTP and CTP were used in library for SELEX to generate aptamers for thrombin
[64]. It was claimed that by adding the 4′-thio, besides enhancement of the nuclease
resistance by about 50 times, the base pair strength was found to be increased too.

Another heroic work was the generation of Spiegelmers done by Furste and his
coworkers [45, 65, 66] (Fig. 3.2). The basic design of the work was based on the fact
that all natural enzymes, nomatter a polymerase or a nuclease, are all in L-amino acids
and born to fit D-nucleosides. In this case, theoretically, an L-oligonucleotide should
escape from enzymatic recognition and subsequent degradation. However, because
of the same reason those L-oligonucleotides will not be accepted by polymerase so
that it cannot be copied in the in vitro selection process. A compromised method was
carried out by these smart scientists (Fig. 3.3). Instead of select against natural target,
they used the mirror-image target and the natural oligonucleotides in the SELEX
process. As long as the natural oligonucleotides targeting, mirror-image target was
successfully obtained at the end of SELEX, an L-oligonucleotide would certainly
binds to the natural target. And an unnatural enantiomer of aptamer, named
Spiegelmer (from German word ‘Spiegel,’ means mirror), will thus be generated.
Based on this technology, a number of spiegelmers have been selected [65–68].

3.2.2 Appending Functionality on Aptamers

On above, we discussed about modifications on (deoxy) ribose-sugar backbone and
their applications in SELEX. However, the motivations were more on to enhance the
in vivo stability, while contribute little on increasing diversity. The essential shortage

Fig. 3.3 Schematic of
spiegelmer technology:
mirror-image in vitro
selection. Adapted from
Eulberg and Klussmann [45]
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of nucleic acid as a binding probe lies on its lack of diversified functional groups and
thus relatively weak binding capability after combinatorial assembly of them. While
the biding sites of aptamers are usually believed to be the unpaired nucleobases
(compared with side chains of peptides). Introducing functional groups direct on
nucleobases are, therefore, crucial to enlarge the diversity of library. However, as
mentioned before, adding functional groups onto nucleic acid has to follow the
principle, that is, this addition cannot interferewith the approach and functionalization
of polymerase. This limitation largely reduces the possibility of introducing more
functional groups. So far, themost permissive sites formodifications are 5-position on
U/T, and a variety of functional groups have been successfully appended (Fig. 3.4).

3.2.2.1 Hydrophobic Groups

The earliest attempt using this strategy was done by Latham and his colleagues [69]
(Fig. 3.4a). In their design, a 5-pentynyl-modified dU was used to displace dT in the
randomized region of DNA library and this library was used to successfully gen-
erate aptamers against thrombin. Vent DNA polymerase was used in their

Fig. 3.4 C5-modified deoxyuridines. a Hydrophobic group-modified uracil. b Cationic group-
modified uracil. c Protein-like side chain uracil
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experiment. The survivors at the end of the selection were cloned and sequenced
using Sequenase to obtain the specific sequences of candidate aptamers. Because
functional group added on C5 cite of pyrimidine, which does not interfere the
function of polymerase, the PCR and sequencing were not influenced too much by
the modification. Despite that this example was the first attempt to prove the fea-
sibility of introducing a new group onto C5 site of pyrimidine, the affinity of their
selected aptamers is not superior of their previous selected aptamers using natural
DNA library [70].

3.2.2.2 Positively Charged Groups

Sooner after the success of introducing hydrophobic, another type of functional
groups which is lack in natural nucleic acid, cationic group, was also being
introduced into SELEX process [71]. In this work, Benner and his coworkers added
an aminopropynyl group onto 5 sites of deoxyuridine (dJ, Fig. 3.4b), and as an
example, the modified nucleotide were incorporated into library and performed a
SELEX against ATP molecules. Vent DNA polymerase was used for PCR in this
experiment. It was revealed that the selection yielded aptamer having sequences
differing from the one generated from standard selection using natural nucleotides.
However, convergence including both binding to two ATP molecules and very
similar affinity were discovered. This work confirmed the capability to introduce
functionality onto natural nucleic acid and use it for in vitro selection.

Another practice was carried out by Szostak and McLaughlin groups several
years later [72]. In this work, a 5-(3-aminopropyl)uridine analogue was incorpo-
rated into a degenerate RNA library by enzymatic polymerization (UNH2,
Fig. 3.4b). Again, this in vitro selection generated an aptamer binding to ATP
molecules. And it was observed that the modified RNA can interact with the
triphosphate group of ATP, which was not found in the case of natural RNA
aptamer. This could further prove the strength of positive charged group.

This line of research continues to develop, and new positive charged nucleobase
analogous kept emerging. Sawai and his colleagues successfully incorporated a
1,6-diaminohecyl-N-5-carbamoyl methyl deoxyuridine (dTHM, Fig. 3.4b) into
DNA library to perform SELEX to generated aptamers against viral infection
related cell surface component sialyllactose [73] as well as (R)-thalidomide [74].
Recently, Perrin group has expanded introduction of cationic groups onto other
standard nucleobases, and those modified nucleotides are being applied in in vitro
selection of DNAzyme [27, 75] (dUaaTP, dUgaTP, Fig. 3.4b).

3.2.2.3 Mimic of Amino Acid Side Chains

The idea of adding functional groups was initially motivated by presented diversity of
amino acids. Recently, this strategy has been propelled one step further by endowing
nucleic acids with protein-like properties via functional groups mimicking amino
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acid side chains [29]. Eaton and coworkers introduced an amide linkage at the 5
position so that six different side chains could be armed on deoxyuridine, including
5-isobutylaminocarbonyl-dU (iBudU), 5-benzylaminocarbonyl-dU (BndU),
5-histaminocarbonyl-dU (HisdU), 5-naphthylmethylaminocarbonyl-dU (NapdU),
5-tryptaminocarbonyl-dU (TrpdU), and 5-pyridylmethylaminocarbonyl-dU (PrdU)
(Fig. 3.4c). Besides mimicking amino acids, other advantages of introducing amide
linkage are to restrict rotation of the linkage bond and to provide with extra hydrogen
bond acceptors and donors. After screening, all these modified deoxyuridines con-
tained DNA were found to be fully replicated by D.Vent and KOD XL polymerase,
which set the foundation for their usage in in vitro selection. Several of these modified
deoxyuridines were incorporated into DNA library to perform in vitro selection
against tumor necrosis factor receptor superfamily member 9 (TNFRSF9), which
used to be considered as a challenging target. BndU and TrpdU incorporated selection
generated aptamers having affinity much higher than natural DNA library where
deoxythymidine replacing modified deoxyuridines [29].

This approach is now being commercially utilized in SomaLogic, Inc. to gen-
erate slow off-rate modified aptamers (SOMAmers), which could significantly
increase the number of addressable targets of human proteins as well as the binding
affinity [30]. Since the incorporation of four modified nucleotides, BndU, NapdU,
TrpdU, and iBudU, into SELEX experiments, out of over 1,000 different proteins,
the overall success rate rose from below 30 % to around 84 %, with aptamers
having satisfactory affinities (Kd < 30 nM) and specificity. Exploiting those SO-
MAmers, an aptamer-based multiplexed proteomic technology for biomarker dis-
covery, as well as for diagnostic and clinical applications, has been established in
their company [28, 31].

3.2.3 Expanded Genetic Alphabets in Aptamer Selection

The effort of adding functional groups has been proved to be successful and pro-
ductive. All those functional groups added into in vitro selection process indeed
help generate aptamers with improved properties and fulfilled the goal in each
initial design. However, there is another desire of human for nucleic acid which
cannot be covered simply by introducing functional groups, that is, to increase the
information density. It would be easier to understand if we transfer this description
to chemical terminology. The desired larger chemical diversity could be achieved
by introducing functional groups. However, the structural diversity, especially
reflected in folding patterns, will not be increased by grafting stuff on one of the
four basic building blocks. It is also highly possible that these nucleotides armed
with functional groups will be folded into duplex structure and thus losing function,
as stem region is usually believed not involved in the binding site. While adding
additional nucleotides, also called expanded genetic alphabets, beyond A/G/C/T(U)
will give much higher folding diversity and immediately minimize nonfunctioning
folds that compete with the folds that have the desired function. Besides, those
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expanded genetic systems were usually designed to possess modifiable sites, which
allow them to potentially carry functional groups if needed. Therefore, the two
strategies could be perfectly combined helped by chemical synthesis method.

However, to create those expanded genetic alphabets is not as easy as to picture
it. A successful design of additional nucleotide has to incorporate considerations
from broad areas. At first, the additional nucleotide must be stable. Considering the
nature of conjugated structures and multiple protonizable and oxidizable sites in
aromatic rings, to design a nucleotide stable under different circumstances is defi-
nitely not an easy thing to do. Actually most of the expanded genetic systems
developed so far have gone through repeating process of modify–test–modify to
optimize the most stable structures [76]. Secondly, the designed nucleotides have to
be able to be compatible with the enzyme system. Unlike simply adding functional
group to replicable uredines, the new designed nucleotides have to be capable of
being replicated by polymerase or being transcribed by transcriptase in the evolu-
tion process, which of course require not a single, but a pair of complementary
nucleotides to be added at the same time. No doubt it took even more effort of
scientists, again, to repeat the process of modify–test–modify to cater those
enzymes which have been evolved for billions of years to accept only natural
nucleotides [77, 78].

It is indeed the essence of synthetic biology, a discipline in which people use
tool of synthetic chemistry to modify biological molecules to manipulate the bio-
logical systems, more importantly, in which process to understand deeper about
biological systems [39].

3.2.3.1 Developed Artificial Genetic Systems

As mentioned above, it is extremely hard to build an artificial genetic system. It has
been almost a quarter century since this idea been proposed; however, only several
groups in the world have successfully developed artificial genetic systems [34, 77,
78]. Among them, only two examples of in vitro evolution have ever been reported
[33, 79].

In 1989, Benner’s lab designed a pair of isomers of guanine and cytidine, named
isoG and isoC (Fig. 3.5a), with nonstandard hydrogen-bonding patterns but similar
geometry with Watson–Crick pairs [80]. And very soon, another pair (Χ and K,
Fig. 3.5b) was reported too [37]. Although some shortcomings were found on these
pairs, for example, lack of electron pairs in minor groove which were believed to be
the polymerase recognition site and keto–enol tautomerization which could induce
mismatching isoG with T(U), these pioneering studies inspired the subsequent
studies to a great extent. And after 25 years of effort to keep improving, Benner’s
group have now developed a whole system containing up to 12 different nucleotide
‘letters’ pair via six distinguishable hydrogen-bonding patterns [39, 76]. We will
further introduce more details about this system in next section.
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Fig. 3.5 Developed expanded genetic alphabets systems. Images named followed the laboratory
who invented it

48 L. Zhang



In 1998, Kool’s group proposed their classic non-hydrogen-bonded base pairs.
Instead of hydrogen-bonding, they exploited shape analogues of the natural bases,
Z(Q) and F (Fig. 3.5c, f), to be incorporated into the replicable nucleic acids [81,
82]. It was the first time researchers realized that the hydrogen bonding between
nucleobases is not an absolutely requirement for replication. The role of shape
complementarity and hydrophobicity in nucleic acid stability and replication has
been illustrated in these works. The absence of hydrogen bonding will inevitably
reduce the stability between DNA duplex; however, the pairing between artificial
bases is still more stable than mispairing with natural bases; thus, thermal selectivity
could be achieved. Similarly, this work inspired a lot of subsequent researches.
After all, the strategy of rearrangement of hydrogen bonds between nucleobases
could easily reach its limit, that is, maximum 12 bases could be conceived fol-
lowing this rule, and not all of them could be replicated efficiently by enzymes [39].

Hirao, Yokoyama, and their coworkers started from the nonstandard hydrogen-
bonding strategy at first, developing x and y (Fig. 3.5d) as a complementary and
replicable pair [83]. A serial of modifications and accommodations were conducted
in order to increase the duplex stability and incorporation efficiency, generating
base pair of s and z (Fig. 3.5e), however end up without satisfactory results [84, 85].
Then, they shifted attention to the strategy of exploiting hydrophobicity and
stacking interaction, by designing new base (Pa, Fig. 3.5f) to be paired with Q base
developed by Kool’s group [86]. And coincidently, they found Pa could be paired
with s also, which pair has higher efficiency compared to the precedent s-z pair [87,
88]. After another several years of unremitting efforts, the structures were optimized
to generate the pair of Ds and Px (Fig. 3.5g), which was reported that they could be
incorporated by Deep Vent DNA polymerase (exo+) with selectivity of over 99.9 %
[89].

Romesburg and colleagues also developed their expanded genetic systems. In
1999, they reported the hydrophobic self-paired PICS base (Fig. 3.5h), which was
believed to be as stable as G:C pair in duplex DNA [90, 91]. Similarly, due to their
hydrophobic stacking ability, this self-paired base could be replicated by KF exo−

polymerase with reasonable efficiency. Another four self-paired bases (3MN [91,
92], SNICS [93], 7AI [94], and 3FB [95], Fig. 3.5i–l) were also developed with
incorporation efficiency to a certain extent.

Then, they shifted the way of thinking, and a combinatorial chemistry method
was utilized to screen nucleobase pairs for efficient replication [96]. Consequently,
following the rule of hydrophobicity, more than 60 base analogues were synthe-
sized and screened for KF exo− extension. A pair of nucleobases, SICS and
MMO2 (Fig. 3.5m), who exhibited the best efficiency and selectivity, was suc-
cessfully obtained. On basis of structure of MMO2, the 5SICS-NaM and 5SICS-
DMD (Fig. 3.5n, o) pairs were finally developed [97, 98]. In a newly published
work, they applied the 5SICS-NaM pair into the E.coli, proving that the replication
could be efficiently achieved in biological system [42].
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3.2.3.2 First Example of In Vitro Selection Using Expanded Genetic
Alphabets

It was not until 2013 did researches first report utilizing expanded genetic systems
for in vitro selection [33]. Hirao and his colleagues have incorporated his dDs
deoxynucleoside into the DNA library and performed the SELEX experiment to
generated aptamers targeting VEGF-165 and IFN-γ with better affinity than what
people developed using natural RNA.

Due to the lack of deep sequencing technology for their artificial nucleobase,
there were some modifications on most of these SELEX protocol (Fig. 3.6). At first,
for each randomized region, only 1-3 Ds could be introduced, and it has to be on
some predetermined position, and a short tag sequence will be appended. Secondly,
the Ds has to be allocated several nucleotides away instead of consecutively or
closely in consideration of polymerization efficiency. Thirdly, in the PCR ampli-
fication, besides natural dNTPs and dDsTP, triphosphate of Px pairing with Ds also
needs to be added into the reaction to amplify the Ds contained template. And
finally, after enrichment of those Ds contained DNA, a replacement PCR needed to

Fig. 3.6 Schematic of in vitro selection using Ds as the fifth nucleotide. Adapted from Kimoto
et al. [33]
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be run to switch all Ds into either A or T, and after deep sequencing the Ds
contained sequences will be inferred based on the tag information.

In spite of its success as the first ever use expanded genetic alphabets to do
in vitro selection, this method still have lots of room to be improved. As mentioned
before, to successfully exploit an unnatural DNA into SELEX experiment, a deli-
cate deep sequencing method should have been established beforehand. To put the
artificial base on predetermined position will undoubtedly reduce the randomization
effect of the library and thus make the mimicking evolution process less powerful.
Besides, only adding one nucleobase into the library cannot help much about the
increase of the information density, it is more like an extension of those adding
functional group strategies.

However, this example still shows us a lot of potential and sheds light on the
future of applying expanded genetic alphabets. After all, the survivors after over
100 round of PCR can still maintain the expanded genetic alphabets. And the high
affinity brought by introducing the well-designed fifth ‘letter’ largely demonstrated
what expanded genetic systems can do and how to do it. This work proved the
power of synthetic biology and also contributed hugely on the development of
SELEX technique.

3.3 AEGIS System and Application in Cell-SELEX

Hirao and his colleagues’ work is exciting and it is definitely a milestone in the
development of expanded genetic systems. However, they can hardly be called as a
complete SELEX. The deep sequencing technology needs to be well developed; the
Ds and/or Px have to be proved to be sustained in closer distance in the evolution
process; and only if both complementary bases are added into library could it truly
improve SELEX, in terms of increasing information density and chemical diversity.

To date, there is only one pair of expanded nucleotides toward which a deep
sequencing method has been reported, along with the solid synthesis technology
and PCR amplification technology. This pair is two members of AEGIS developed
by Benner and his coworkers [39, 76]. And our collaborative team has been uti-
lizing this system in our cell-SELEX practice and generated a panel of DNA
aptamers binding to several kinds of cancer cells. In this section, we will specifi-
cally introduce AEGIS system and its application in cell-SELEX. One of our recent
work will be presented as an example.

3.3.1 Artificial Expanded Genetic Information Systems

The development of AEGIS was inspired by recognizing that two natural nucleo-
base pairs (G:C and A:T or U) have not fully exploited all possible hydrogen-
bonding patterns (Fig. 3.7). To rearrange hydrogen bond donors and acceptors
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between nucleotide bases with the help of synthetic chemistry can increase the
number of independently replicable nucleosides, from 4 to at most 12 [76]. The
hydrogen-bonding pattern assigned to each nucleobase pair is unique and distin-
guishable that allow the 12 bases to form a system to support the basic DNA
properties, that is, to be complemented, to be copied, and, more importantly, to be
evolved. At the same time by introducing those much of unnatural nucleotides, the
information density will be increased dramatically [39]. We mentioned in last
section that the isoG and isoC pair, as well as Χ and K pair developed by Benner
group are the prototypes of the current members of AEGIS system. And no
doubtfully this system will be kept improving to meet the potential different
requirements. As it developed, now the second generation of AEGIS system has
overcome these potential tautomerization problems and can carry additional func-
tional groups on those unnatural nucleotides (R group shown in Fig. 3.7). This is to
combine the strengths of strategy of adding functionality and the strategy of
introducing new nucleotides. AEGIS are now being applied as orthogonal binding
elements for human disease diagnosis, including FDA-approved assays for HIV,
hepatitis B, and hepatitis C viruses [99].

Among the AEGIS system members, a pair of nucleotides, (2-amino-8-(1′-β-D-
2-deoxyribofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-4(8H)one, trivially known as P,
and 6-amino-5-nitro-3-(1′-β-D-2′-deoxyribofuranosyl)-2(1H)-pyridone, trivially
known as Z) [100, 101] (Fig. 3.7), were found to be highly suitable for being
incorporated into cell-SELEX experiment.

Fig. 3.7 AEGIS system (py stands for pyrimidine, pu stands for purine, A stands for hydrogen
bond acceptors, and D stands for hydrogen bond donors)
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3.3.2 AEGIS Cell-SELEX

The confidence of incorporating Z and P into cell-SELEX experiment attributes to
the successful development of a series of molecular biology technologies:
(1) synthesis of DNA libraries containing Z and P nucleotides together with four
natural nucleotides [100], (2) highly efficient PCR amplification of DNA sequences
containing Z and P [102], and (3) deep sequencing of DNA molecule survivors
after the evolution process [103]. As mentioned in previous sections, these three
key technologies determine whether a designed expanded genetic system can be
used for in vitro evolution or not. Based on those fundamental technologies, we
have tried multiple AEGIS cell-SELEX on different target cells. In this book, we
will cite one of these examples to illustrate the SELEX process [79].

3.3.2.1 Design and Synthesis of AEGIS DNA Primers and Library

The purpose of cell-AEGIS-SELEX is to screen six-letter DNA sequences capable
of recognizing and binding to the target cells in the natural state. To achieve this
goal, two 16-mer primers were designed with the following principles: unlikely to
form intramolecular hairpin structure, similar melting temperature (Tm) between
two primers, and unlikely to form neither self-dimer nor hetero-dimer. No artificial
bases were included in the primer part. The forward primer was labeled with
Fluorescein isothiocyanate (FITC) at the 5′ end, and the reverse primer was labeled
with biotin at the 5′ end.

A GACTZP DNA library having a 20-nucleotide random region flanked by two
primer binding segments (each 16 nt) was prepared by solid-phase phosphoramidite
DNA synthesis. Each of the 20 randomized sites was synthesized to have all six
(GACTZP) phosphoramidites in equal amounts (Table 3.1). The presence of Z and
P in the random region was confirmed by digestion of the GACTZP library, with
the nucleotide fragments being quantitated by HPLC.

We could do some simple calculations to show the diversity increased by adding
new nucleotides. If only four natural nucleotides were involved in 20-nt-long
randomized region, the number of all possible sequence would be 420

(1.099 × 1012). If two more nucleotides added, this number will increases to 620

Table 3.1 GACTZP DNA library, 6-nucleotide PCR primers, and barcoded primers for deep
sequencing

Name Sequence

Initial GACTZP DNA library 5′-TCCCGAGTGACGCAGC-(N)20-GGACACGGTGGCTGAC-3′
N = A, G, C, T, Z, and P nucleotides mixture

Forward primer 5′-FITC-TCCCGAGTGACGCAGC-3′

Reverse primer 3′-CCTGTGCCACCGACTG- biotin-5′
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(3.656 × 1015), which is 3,000 times more possibilities. When we use longer
randomized region, this ratio could be even larger.

3.3.2.2 AEGIS Cell-SELEX Generates GACTZP Aptamers

The procedure for AEGIS cell-SELEX is shown schematically in Fig. 3.8. As a
proof of concept, we did not add the counter-selection in this experiment. The
aptamers were expected to be generated faster but with less specificity. A breast
cancer cell line MDA-MB-231 (from ATCC) was used as the target cell for the
positive selection.

In the in vitro selection experiment, an aliquot of the six-letter ssDNA library
(20 nmol) was first denatured by heating at 85 °C (different from standard SELEX
using 95 °C, to prevent unnatural nucleotides from damage). It was then ‘snap
cooled’ to force the DNA sequences to form their kinetically most accessible
secondary structures, incubated with target cells and those binding sequences will
be extracted and amplified. These steps followed the protocol of standard cell-
SELEX [104].

The enriched GACTZP were amplified by six-nucleotide PCR using Taq
polymerase [102, 103] (Table 3.2). Note that we used much larger amount of
Taq polymerase and much longer elongation time compared to what were used

Fig. 3.8 Schematic of AEGIS cell-SELEX process. Reprinted from Ref. [79] by permission of
PNAS
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in standard PCR protocol. The polymerase will amplify those standard DNA
nucleotides much faster than unnatural ones, larger concentration of polymerase,
and longer elongation time will allow polymerase to sufficiently amplify
unnatural DNA.

The rest of the selection process is similar to what we used in the standard
protocol. A total of 12 rounds of selection were performed. The stringency of the
selection was increased in later rounds by decreasing the number cells and the
incubation times. Starting from the 9th round, the progress of the selection was
monitored by monitoring the ability of the FITC labeled library to fluorescently
label individual cells (Fig. 3.9).

It is interesting to find out that the fluorescence intensity keep increasing from
rounds 9 to 11 rounds, however back shift in round 12. We assume the reason is

Table 3.2 Typical six-nucleotide PCR amplification of GACTZP DNA library

Reagents Volume (µL) Final concentration

ddH2O 30.5

Forward and reverse primers mixture (each 10 µM) 2.5 0.5 µM

Six-Nucleotide Mix of 10x 5.0 0.1 mM of each

dA,T,G/TPs (1 mM of each) 0.2 mM

dCTP (2 mM) 0.1 mM

dZTP (1 mM) 0.6 mM

dPTP (6 mM)

10x TaKaRa PCR buffer (pH = 8.3) 5.0 1x

GACTZP DNA library (survivors) 5.0 (10 % of reaction volume)

Takara Taq HS DNA polymerase (5 U/µL) 2 0.10 (U/µL)

Total volume (uL) 50.0

Note 1x ThermoPol Reaction Buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mMMgSO4,
0.1 % Tritonx-100, pH 8.0 at 25 °C); PCR cycling conditions: one cycle of 94 °C for 1 min; 8 cycles–25
cycles of (94 °C for 20 s, 55 °C for 30 s, 72 °C for 5 min); 72 °C for 10 min; 4 °C for extended times
Reprinted with the permission from Ref. [79]. Copyright 2014 National Academy of Sciences, USA

Fig. 3.9 Monitoring the
progress of GACTZP AEGIS
cell–SELEX using flow
cytometer. Reprinted from
Ref. [79] by permission of
PNAS
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dZ-and dP-contained DNA were kept losing in the PCR process, although they
were supposed to be enriched in the selection process. The selection was then
stopped at round 12, and the library from round 11 was prepared for deep
sequencing.

3.3.2.3 Deep Sequencing of GACTZP Survivors Using NextGen
Sequencing Technology

One of the most advantages that AEGIS has over other artificial genetic system is
the well-developed deep sequencing technology. The emerging next-generation
sequencing technology provided the chance to identify every single sequence in the
enriched pool, avoiding miss any potential aptamer candidate and also avoiding the
complicated cloning operation. It is indeed a huge improvement to develop cor-
responding deep sequencing technology for Z and P pair, which distinguishes it
from others to be used in the in vitro selection process.

We will introduce here briefly about this method. It wisely exploits the strategy
that the Z and P could be directionally controlled to be converted into corre-
sponding natural bases [103]. After conversion, the common deep sequencing
methods could be used for the sequencing. Then, the ancestral sequences will be
inferred based on the conversion information used. To assure the accuracy of the
sequencing, two of the conversion protocols were established and they are usually
conducted in parallel (Fig. 3.9). Specifically, in the first protocol, sites holding
Z and P nucleotides in the GACTZP survivors were converted predominantly into
sites holding C and G nucleotides, respectively; less than 15 % were other nucle-
otides. Under the second conversion protocol, sites holding Z were converted to
sites holding a mixture of C and T, with their ratio lying between 60:40 and 40:60,
depending on the sequence surrounding that site. Sites holding P is converted to a
mixture of G and A with roughly the same range of ratios, again depending on the
sequence context surrounding that site.

In this specific SELEX, survivors enriched after 12 rounds of AEGIS-SELEX
were divided into two equal portions. These were separately converted by barcoded
copying into standard DNA using two conversion protocols. Following conversion,
two barcoded samples were combined and submitted for Ion Torrent ‘next gener-
ation’ sequencing. A software was coded to cluster sequenced DNA and infer the
ancestral sequences contained Z and/or P based on the information of conversion
strategy. The clustered sequences obtained under the first conversion conditions
(Z–C and P–G) serve as reference for the clustered sequences obtained under the
second conversion conditions. Sites where C and T were found in approximately
equal amounts after conversion under the second conditions were assigned as Z in
their ‘parent.’ Sites where G and A were found in approximately equal amounts
after conversion under the second conditions were assigned as P in their ‘parent.’
The inferred ancestral sequences were aligned to identify candidate aptamers.

Honestly, this is not a straightforward method as it took complicated steps to do
these conversions and even need the help of computer software to run the inference.
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However, using this deep sequencing method does help to truly apply expanded
genetic systems in the selection process. Compared to Hirao’s work mentioned in
previous section, now the artificial bases do not have to be put in predetermined
positions. This allowed the maximum chemical diversity to be achieved, as well as
the pairing of nucleotides to form more complex secondary structures.

3.3.2.4 Characterization of Selected Aptamer

In this specific work, according to the alignment result, the most enriched sequence
has around 30 % of populations in the whole pool (ZAP-2012: 5′-TCC CGA GTG
ACG CAG CCC CCG GZG GGA TTP ATC GGT GGA CAC GGT GGC TGA
C-3′). And this very sequence has very strong binding signal on flow cytometry as
well as satisfactory affinity according to the low disassociation constant. As expected,
it does not have very good specificity as only positive selection was conducted.

In this aptamer we selected, only one Z and one P are contained. Given the six
nucleotides were synthesized equally in amount in the randomized region, it might
arouse the skepticism that Z and P play less important role in the binding process.
However, if think about over 200 rounds of PCR performed in the selection pro-
cess, using the polymerase which has been evolved for billions of years to accept
natural nucleobases, this results should be quite gratifying. Those DNA containing
only GCAT will be enriched much faster than DNA containing full six letters. And
Z and P tend to keep being lost in the amplification process, resulting in the rare
Z and P present in the winning aptamers.

To show that the AEGIS nucleotides were essential for binding in aptamers, we
tried to synthesize those analogs where Z and P are replaced by natural nucleotides.
It turned out that in all cases, the binding abilities were largely diminished
(Fig. 3.10). We still do not fully understand the role that Z and P are playing in the
aptamer binding process; however, at least we have the clue that they are indis-
pensable (Fig. 3.11).

Fig. 3.10 Schematics to show the strategy of sequencing six-letter DNA sequence
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3.3.2.5 Other SELEXs Using AEGIS Nucleotides

This work is the first example of AEGIS cell-SELEX. It is actually first experiment
ever to perform a complete in vitro selection using artificial bases exactly following
the principle of SELEX. Even though the aptamer we obtained from this work
might not have broad application due to its lack of specificity, it proved the concept.
We have used this strategy to successfully overcome some very challenging targets.
For example, we generated aptamers binding to liver cancer cells, lung cancer cells,
and several proteins (data not published). Unlike in this work, only one aptamer
carrying only one Z and one P is recovered; in other cases, we have obtained those
aptamers containing 1–4 Z and/or P, with some of them very close or even adjacent
to each other. This method is now becoming a routine method in aptamer gener-
ation and could be applied for a wider range of targets.

3.4 Perspective

Modified library and corresponding SELEX have been utilized effectively to gen-
erate aptamers with high affinity and specificity for almost two decades. The natural
shortages of natural DNA have been largely covered by chemical method. And
aptamers with endowed stability, functionality, and diversity are kept being gen-
erated using those modified libraries. With all these successful examples of mod-
ification achieved by our brilliant scientists, it seems researchers have sufficient
reasons to be proud of what we have done. However, our understanding of aptamers
and their interactions with their targets are far away from maturation.

Conversely, the studies of unnatural DNA and its application are still on the
stage of infant. One can imagine the final goal of researchers is to find a way to
generate the aptamers ‘on demand.’ That means, whenever people need an aptamers
binding to whatever target, there is always a method to generate such aptamers in a
quick and efficient, maybe also economic way. Those targets could include tumor

Fig. 3.11 Binding of analogs of aptamer ZAP-2012 with Z and P replaced by standard
nucleotides. Reprinted from Ref. [79] by permission of PNAS
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sample of individual patient, a mutant Ebola virus, or a new emerged water pol-
lutant. Of course, those aptamers on demand cannot be designed, at least not before
human fully understanding every single detail of biological systems. The in vitro
selection might be still the only method to generate those aptamers in a long period
in future.

The direction and requirements for the development of SELEX are clear.
Whether those requirements can be fully fulfilled by effort of chemists is still worth
exploring. On one hand, we keep trying to improve our unnatural DNA to
accommodate the practical requirement. On the other hand, which is perhaps more
important, in the process of improving and testing our modification, the under-
standing of biology is accumulating. This is the true genius of synthetic biology,
which is a subject that requires understanding of biology to synthetically improve or
even mimic it and at the same time using synthetic method to understand more
about biology [39, 105].

Particularly in the synthetic of unnatural DNA, what we need is larger diversity,
more efficient enzyme incorporation, and detail understanding of mechanism of
how these unnatural DNAs interact with targets. Obviously, these future goals have
to be achieved by involvement of not only organic chemist, but also collaboration
of molecular biologists, physical chemists, microbiologist, and a lot of specialist
from all other areas. Only if all of these happen, could the aptamers truly rival
antibodies and serve better for human community.
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Chapter 4
Cell-Specific Aptamer Characterization

Tao Chen, Cuichen Wu and Weihong Tan

Abstract The functional diversity of cell-specific aptamers has enabled their use
for a broad spectrum of biomedical applications. A thorough characterization of
aptamers would provide better and deeper understanding and facilitate the devel-
opment of customized aptamer-based diagnostics and therapeutics with enhanced
performance. In this chapter, key properties of cell-specific aptamers and their
characterization are discussed.

Keywords Aptamer � Characterization � Binding affinity � Binding site density �
Binding site distance � Binding strength

4.1 Introduction

Humans recognize objects and experience events by seeing, hearing, tasting, touch-
ing, and smelling (five senses). All these senses are inseparably interconnected and
complementary to each other, providing comprehensive information to distinguish
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one thing from another. For example, to the eye, water and vinegar are both clear
solutions, but the senses of taste or smell can certainly tell them apart.

Similarly, researchers understand aptamers by characterizing their critical
properties (for conciseness, aptamers in this chapter refer to cell-specific aptamers
unless stated otherwise). Even though a large quantity of aptamers has been selected
against various cell lines, especially cancer cells, characterization of these aptamers
is often restricted to binding affinity measurements, which fail to present a complete
picture. In this chapter, we will describe aptamer binding affinity and its mea-
surements. In addition, we will also discuss other key properties that help to define
aptamers, including binding density, binding site distance, and binding strength, as
well as the determination of these important parameters.

4.2 Aptamer Binding Affinity Measurements

4.2.1 Dissociation Constant (Kd)

The binding affinity of aptamers to their corresponding targets is typically evaluated
by the dissociation constant (Kd), an equilibrium constant that assesses the tendency
of an aptamer–target complex to dissociate into separate components (aptamer and
target molecule on the cell surface). The dissociation constant is the inverse of the
association constant (Ka), a mathematical constant that describes the binding affinity
between aptamer and target molecules at equilibrium.

For a simple binding equilibrium between aptamer and target with a 1:1 stoi-
chiometry, Eq. (1):

Aptamer þ Target � Complex ð1Þ

The equilibrium can be described using the Kd in Eq. (2), where [Aptamer],
[Target], and [Complex] are the concentrations of aptamer, target molecule, and
aptamer–target complex, respectively.

Kd ¼ Aptamer½ � Target½ �
½Complex� ð2Þ

The dissociation constant has molarity unit, and the value of Kd can be understood
as the aptamer concentration at which the concentration of target with aptamer bound
equals the concentration of target without aptamer bound. Similar to interactions
between antibody and antigen, a lower Kd value indicates tighter binding between the
aptamer and its related target. For example, thrombin has two specific binding
aptamers (15-mer and 29-mer), and the binding affinity of 29-mer aptamer
(Kd = 0.5 nM) is much stronger than that of the 15-mer (Kd = *100 nM) [1].
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4.2.2 Methods for Kd Measurement

4.2.2.1 Methods Involving Physical Separation

The determination of Kd is usually performed with a fixed concentration of either the
aptamer or target molecule and an elevated amount of the other component to achieve
a binding equilibrium. Although it is difficult to specify a general way to determine
every target/aptamer binding constant, the most common methods involve separa-
tion-based techniques, such as high-performance liquid chromatography (HPLC),
capillary electrophoresis (CE), equilibrium dialysis, ultrafiltration, and gel electro-
phoresis. Due to the different interactions of free aptamer, target molecule, and apt-
amer–target complex with the stationary phase in liquid chromatography, zone
separations can be used to calculate the equilibrium distribution of free aptamer,
target, and aptamer–target complex [2]. Multiple chromatographic separation options
are available to isolate the free aptamer from the aptamer–target complex, including
size exclusion chromatography (SEC) and internal surface reversed-phase chroma-
tography (ISRP) [3, 4]. However, the separation time (10–30 min/sample) and rel-
atively high Kd (10

−6 M) needed for accurate measurements limit the applicability of
the method. Similar to HPLC, CE isolates the mixture of the bound and unbound
aptamers by size and charge in an electric field. The merits of CE include both small
sample volumes (*10 µL), and the improved separation speed and efficiency by
using Joule heating [5]. Both dialysis and ultrafiltration separate the free aptamer
from the aptamer–target complex based on size differentiation. Dialysis is applicable
only for large targets (e.g., cells) because unbound aptamers, which are small in
comparison, need to diffuse into the other compartment cell via a semipermeable
membrane. The concentrations of free aptamer at different target concentrations are
then calculated in the other dialysis compartment after equilibrium, resulting in the
determination of Kd. Dialysis is a simple technique for Kd measurement, but it also
suffers from experimental complications, such as long incubation time (*48 h), large
volume environment, and nonspecific adsorption [6].

By using pressure, vacuum, or centrifugal force, the method of ultrafiltration can
retain the aptamer–target complex in the membrane, allowing the equilibrium
distribution to be measured for various concentrations of target [7]. The nitrocel-
lulose membrane and “dot blot” apparatus are the most widely used components for
ultrafiltration due to the capability to control both the pore sizes (as small as
*2 kDa) and the degree of hydrophobic adsorption, as well as the minimal couple
quantities required [8]. Other merits of nitrocellulose-based ultrafiltration are fast
speed (*5 min/sample), high sensitivity (radioactive labeling allows pM Kd

detection limits), and low cost. However, one major concern of this method is the
incomplete retention of the aptamer–target complex by the nitrocellulose mem-
brane, resulting in an overestimated Kd. Nonspecific adsorption of aptamer to the
membrane is another problem leading to unreliable issues [9–11].

Due to the intermediate electrophoretic mobility of the aptamer–target complex
compared to the polyanionic aptamer or the less charged target cell surface, gel
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electrophoresis is a simple and straightforward separation method for determination
of Kd with high sensitivity (0.1 pM Kd limit of detection) and low cost [12].
However, the long separation time (*3 h/sample) needs to be considered for
association and dissociation rates of aptamer–target complex as well as gel casting
and visualization [13].

4.2.2.2 Spectroscopic Methods

Other techniques widely used for Kd determination are spectroscopy-based mea-
surements, including measurement of fluorescence intensity, fluorescence polari-
zation, UV–Vis absorption, and circular dichroism (CD). Fluorescence methods
measure the degree of emission increase or quenching of the aptamer upon target
binding, which allows the determination of Kd in different buffer conditions without
concern for the association or dissociation rates between aptamer and target [14].
Moreover, the experimental time of fluorescence methods is much shorter than the
time for separation-based approaches, and the labeling of aptamers with fluoro-
phores is a well-established technique [15, 16]. However, the fluorescence intensity
and quantum yield of labeled dyes can be influenced by the microenvironment of
the aptamer and target before and after binding, especially the fluorescence energy
transfer during the binding process. One solution for this issue is the use of
molecular aptamer beacons, in which the conformational change induces a fluo-
rescent intensity difference. Unfortunately, not all aptamers can be designed to form
the molecular beacons [17]. In fluorescence anisotropy, linearly polarized excitation
light is used, and the vertical and horizontal components of the emitted light, Iv and
Ih, are measured and used to calculate the polarization (P) [Eq. (3)], or the
anisotropy (ε) [Eq. (4)].

P ¼ Iv � Ih
Iv þ Ih

ð3Þ

e ¼ Iv � Ih
Iv þ 2Ih

ð4Þ

These quantities are highly dependent on the size of the fluorophore due to
notational difference. If the aptamers are labeled, P and ε change exponentially
upon binding to the cell. It is critical to choose a fluorophore whose lifetime
matches its rotation rate [18].

UV–Vis spectroscopy also provides a simple, low cost, and label-free method to
measure aptamer binding affinity. The maximum absorption of aptamer is the DNA
occurs at λmax * 260 nm. Thus, any change of the absorbance or λmax induced by
aptamer–target binding can be used to assess the Kd. However, UV–Vis absorption
is not suitable for low Kd measurements (*µM Kd limit) [19]. CD is a powerful
tool providing structural information of nucleic acids because of the differential
absorption of left and right circularly polarized light by aptamers and targets; thus,
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CD spectra may indicate a conformation change after the binding between aptamer
and target, which can be used to determine their Kd value [20]. Although the signal
change is not significant upon binding, due to the requirement of a high sample
concentration (10−5 M), this technique still has merits in providing information of
stoichiometry and conformational change [21].

4.2.2.3 Mass-Based and Other Methods

Mass-sensitive surface-based methods are also useful in certain types of aptamer Kd

determinations. For example, the surface plasmon resonance (SPR) measures the
differences of surface refractive index and the related resonance signal upon binding
of the target to an aptamer immobilized on a metal film [22]. SPR is a label-free
detection method to obtain both thermodynamic and kinetic information in a short
time (*20 min), but requires a longer immobilization procedure (up to 3 h) [23,
24]. Another label-free method utilizes quartz crystal microbalance (QCM), in
which the change in resonance frequency of a piezoelectric crystal is related to the
mass accumulated from aptamer–target binding on the surface [25].

Isothermal titration calorimetry (ITC) is an alternative and accurate tool for the
determination of not only Kd, but also the stoichiometry and thermodynamic
parameters (ΔHº and ΔSº) of aptamer–target complex formation. ITC is a label-free
and precise method to measure aptamer binding affinity [26]. Other methods, such
as high-throughput affinity quantitative polymerase chain reaction (PCR) binding
assay, in-line probing, and footprinting assays, are all recently emerging approaches
to assess the equilibrium Kd of aptamer binding [27–29].

4.2.2.4 Kd Determination of Cell-Specific Aptamers

In cell selection or target molecules modified in carrier, flow cytometry provides a
rapid and efficient platform to measure binding affinities. In particular, the mean
fluorescence intensity of target cells bound to labeled aptamers is used to calculate
the specific binding by subtracting the mean fluorescence intensity of nonspecific
binding from unselected library DNAs [30, 31]. The equilibrium Kd of the aptamer–
cell interaction is obtained by fitting the dependence of fluorescence intensity of
specific binding on the concentration of the aptamers to Eq. (5) [32]

Y ¼ Bmax
X

Kd þ X
ð5Þ

where Y, Bmax, and X are the fluorescence intensity, maximum fluorescence
intensity, and aptamer concentration, respectively.

Fluorescence correlation spectroscopy (FCS) is a bioanalytical tool for investi-
gation of aptamer binding affinity at molecular level. Since the molecular interac-
tion between cell membrane receptor and its aptamer can be directly observed with
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FCS, the aptamer concentration that saturates the receptor binding sites can be used
to calculate Kd of the aptamer for specific type of cancer cell. For example, when
various concentrations of fluorescein isothiocyanate (FITC)-labeled sgc8 aptamers
are incubated with HeLa cells, the different diffusion times of bound versus free
aptamers can be used to assess the percentage of bound aptamer, followed by
yielding the absolute number of total aptamers inside the confocal volume. A
picomolar range dissociation constant (Kd = 790 ± 150 pM) of sgc8 aptamer has
been measured for HeLa cells, which is in good agreement with the result deter-
mined by flow cytometry (Kd = 810 pM) [33].

4.2.3 Kd of Cell-Specific Aptamers Versus Antibodies

The Kds of aptamers and antibodies to the surface biomarker of tumors usually vary,
but are comparable and in the range of nM–pM. The Kd comparison between apta-
mers and antibodies for several common tumor biomarkers is shown in Table 4.1. The
binding affinity parameters can be controlled on demand during selection of apta-
mers, but it is difficult to modify affinity parameters for antibodies [34].

4.3 Aptamer Binding Density Measurements

4.3.1 Significance of Aptamer Binding Density

Cellular membranes create an environment where many complicated enzymatic
reactions and biochemical signaling procedures occur, such as the transportation of
molecules into and out of cells and the conversion of metabolic energies into
osmotic and electrical work. None of these physiological activities can be initiated
or proceeded without the help of cellular membrane receptors. In other words, the
specific ligand–receptor interactions embedded in lipid bilayer structure of the
cellular membrane are the most significant source for the discovery, design, and
screening of new therapeutic targets and drugs [35]. The specific binding of
extracellular ligands to cellular receptors could provide researchers with ample
information on cellular activities and their responses to the environment. Aptamers,
which target cellular membrane surface biomarkers, are considered to be better
molecular probes for surface biomarkers discovery compared to antibody-based
recognition. This is due to the higher binding affinity (low Kd), specificity, and
increased tumor penetration associated with the small size of aptamers, as well as
the potentially reduced immunogenicity [32, 33, 36]. The density investigation of
cellular receptors provided by the binding events of aptamers to specific receptors
can help us to gain insight into membrane receptor characteristics, expression
levels, and spatial distribution on the molecular level, as well as receptor clustering
and molecular changes in living biological specimens.
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Table 4.1 Comparison of binding affinity between aptamers and antibodies for cancer cell
biomarkers

Biomarker Expressed tumors Antibody Kd (nM) Aptamer Kd (nM)

Epithelial cell
adhesion
molecule
(EpCAM)

Bladder, breast, colon,
esophagus, lung,
hepatocellular, ovarian,
pancreas, prostate, etc.

0.2 [53] 22.8 [54]

Human
epidermal
growth factor 2
(HER2)

Breast, gastric, lung, bladder,
colorectal, esophageal,
ovarian cancers, etc.

0.56 [55] 18.9 [56]

IL-6 receptor
(CD126)

Colon, ovarian and
pancreatic cancers, multiple
myeloma, hepatocellular
carcinoma, etc.

5.5 [57] 20 [58]

Integrin a3bc Breast, pancreatic, leukemia,
prostate, colorectal cancers,
sarcoma, etc.

3.1 [59] 2 [60]

Mucin 1
(MUC1)

Ovarian, breast, lung,
pancreatic cancer, prostate
adenocarcinoma, multiple
myeloma, etc.

1.7 [61] 0.135 [62]

Platelet derived
growth factor
receptor
(PDGF-R)

Gastrointestinal stromal
tumors, leukemia, multiple
myeloma,
dermatofibrosarcoma,
melanoma, glioblastoma, etc.

0.9 [63] 0.1 [64]

Prostate-specific
membrane
antigen (PSMA)

Prostate, kidney, bladder
cancer, etc.

18 [65] 2.1 [66]

Protein tyrosine
kinase 7 (PTK7)

T-cell acute lymphoblastic
leukemia, lung, gastric
cancers, colon carcinoma,
etc.

50 [67] 0.8 [32]

RET receptor
tyrosine kinase
(RTK)

Thyroid, breast, lung cancer,
etc.

8.2 [68] 35 [69]

Vascular
endothelial
growth factor
receptor
(VEGF-R)

Ovarian, breast, cervical,
lung cancers, thyroid, renal
cell carcinoma, etc.

0.49 [70] 0.14 [71]
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4.3.2 Approaches for Aptamer Binding Density
Determination

Currently, only a few approaches have been used to estimate cell membrane
receptor density, including liquid scintillation counting (LSC) and fluorescence
subtraction. As a standard laboratory method in life science, LSC detects the
radiation from radioactive nuclides, but it requires labeling with radioactive tags
[37]. Fluorescence subtraction is a common and simple fluorescence method for
density determination, but requires multiple steps to remove unbound ligands. The
receptor density is estimated by measuring the fluorescence intensity in the
supernatant, in which the free ligand concentration is estimated from a standard
linear calibration curve [38]. However, due to the shorter half-life of the receptor–
ligand complex compared to the time needed to separate bound and unbound
ligands, this method sometimes causes an underestimate of the receptor density.
The other concern is the low expression level of some receptors and interferences
from other highly expressed receptors, resulting in an undetectable specific binding
[33]. Thus, the development of a highly sensitive and effective approach for direct
measurement of membrane receptor density on the cellular surface without radio-
active labeling or tedious separation procedures is highly desired.

4.3.2.1 Fluorescence Correlation Spectroscopy (FCS) in Aptamer
Binding Density Determination

FCS is an ideal bioanalytical and biophysical tool for investigating molecular
interactions and internal dynamics at nanomolar levels in living cells [39, 40]. It is
capable of analyzing even minute fluorescence intensity fluctuations caused by
random motions, which are detected as the molecules or cells enter and leave the
instrument’s femtoliter-sized, optically defined observation volume excited by a
focused laser beam (<1 fL, *250 nm in diameter). When associated with fluo-
rescent aptamers, FCS can be used to detect membrane receptors and estimate their
density in the physiological environment. Different from conventional techniques
(e.g., flow cytometry) for binding measurement, FCS can obtain binding affinity
and receptor density information from a small number of cells (less than 50) rather
than a large population. Moreover, FCS can eliminate the washing step that is
necessary in other methods, because the diffusion time of the receptor–ligand
complex is differentiated from that of unbound ligand fractions.

FCS measurements are performed by focusing an excitation laser beam onto the
sample, following by monitoring the fluorescence fluctuations derived within the
focal region of the laser beam. The FCS instrumental setup and scheme of aptamer–
cellular receptor binding events inside FCS focus are shown in Fig. 4.1 [33]. The
local concentration of fluorophores changes because of their diffusion into and out
of the focal volume, resulting in a spontaneous change of fluorescence intensity
fluctuations. The normalized intensity autocorrelation function, G(τ), can be
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described in terms of the fluorescence intensity fluctuations at time t, δI(t), and at
time (t + τ), δI(t + τ), and the mean fluorescence intensity, 〈I〉 in Eq. (6).

GðsÞ ¼ 1þ hd IðtÞ d I t þ sð Þi
hIi2 ð6Þ

The amplitude of G(τ) refers to the absolute number of molecules, N, occupying
the observation volume. The mean diffusion time, sD, which indicates the average
time for a molecule to diffuse through the observation volume, is considered as a
key parameter in the FCS measurement, because free aptamers or bound aptamers
on surface receptors will have different diffusion behavior. When the focal volume
covers the cell surface, Eq. (6) can be converted to Eq. (7) that represents a linear
combination of the autocorrelation functions of free and bound aptamers.

G sð Þ ¼ 1
N
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In Eq. (7), N is the total absolute number offluorescent molecules inside the focus,
sfreeD and sboundD are the diffusion times for the free and bound labeled aptamers, and
(1 − r) and r are the fractions of free and bound aptamers diffusing with sfreeD and
sboundD , respectively. The dimensions of the observation-volume element are defined

Fig. 4.1 Fluorescence correlation spectroscopy (FCS) instrumental setup and scheme of aptamer–
receptor binding on the cell membrane inside the FCS focus. The enlarged diagram shows the
geometry of the confocal volume with half-axes in length (ωz) and width (ωxy). Reprinted with the
permission from Ref. [33]. Copyright 2009 John Wiley & Sons Ltd.

4 Cell-Specific Aptamer Characterization 75



by the half-axes in length (xz) and width (xxy). Once the fluorophore-labeled apta-
mers in the confocal volume bind to membrane receptors, an increased diffusion time
is observed in contrast to unbound free aptamers, because the specific receptor
binding confines bound aptamers in the tiny focal volume.When FITC-modified sgc8
aptamers (targeting human protein tyrosine kinase-7 membrane receptor, PTK7) are
used in HeLa cells, the diffusion time (sD) is 0.827 ms for bound aptamers, while sD
free is only 0.235 ms for free aptamers, indicating that FCS can differentiate bound
and free aptamers according to specific type of cancer cell (Fig. 4.2a).

The aptamer binding density can be calculated for each individual cell involved
in an aptamer–receptor binding event. The absolute number of molecules, N, can be
derived by fitting the autocorrelation function to a sum of bound aptamers on the
membrane and free aptamers above the cell surface. The surface area on the
membrane covered by the focus, in which all of the bound aptamers are located, is a
circle with radius equal to xxy. Therefore, the aptamer binding density in the
confocal volume can be estimated according to the total number of bound aptamers
divided by the area covered as shown in Eq. 8.

Density ¼ Nr

pðxxyÞ2
ð8Þ

HeLa cells were used as the model to determine sgc8 aptamer binding density on
the membrane surface using Eq. 6. The 0.4 fL ellipsoid confocal volume from a
1.2 mW laser beam with half-axes of xxy ¼ 0:22 lm and xz ¼ 1:56 lm was pro-
jected onto each cell membrane. The circular area covered by the focus volume was
estimated to be p� ðxxyÞ2 ¼ p� ð0:22 lmÞ2 ¼ 0:15 lm2. As determined from a
previous binding affinity study, a 3.0 nM concentration of FITC-sgc8 can saturate
all of the PTK7 binding sites on HeLa cells. Autocorrelation curves were obtained
from the membranes of 50 individual cells, and an average of N � r ¼ 84 bound
sgc8 aptamers was obtained with a variation of ±14, indicating that around 84

Fig. 4.2 a Autocorrelation functions of aptamer sgc8 (10 nM) free in solution (black) and aptamer
sgc8 (10 nM) incubated with HeLa cells and bound to PTK7 membrane receptor on the cell
surface (gray). b Distribution of PTK7 receptor density on HeLa cells, obtained from individual
cell detection by using Eq. 5 (50 cells evaluated). Reprinted with the permission from Ref. [33].
Copyright 2009 John Wiley & Sons Ltd.
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bound aptamers occupied the 0.15 µm2 covered area in the confocal volume. The
mean aptamer binding density on HeLa cells can be calculated by substituting these
parameters into Eq. 8, to give 550 receptors/µm2 with a variation of 90 receptors/
µm2 (Fig. 4.2b). Similarly, a higher aptamer binding density is obtained
(1,300 ± 190 receptors/µm2) on CCRF-CEM leukemia cells [33]. FCS measure-
ment provides a simple, direct, and accurate estimation of aptamer binding density
on the cellular membrane surface, which opens a door for the investigation of drug
delivery and efficiency assessment in cancer therapeutics.

4.4 Aptamer Binding Site Distance Measurements

4.4.1 Receptors with Multiple Binding Sites

As emphasized above, receptors play a significant role in controlling signal trans-
ductions and modulating cellular functions. This is realized by regulatory networks
created through transient or stable interactions between receptors and their ligands.
The architecture of these networks exhibits a highly heterogeneous scale-free
topology; i.e., most receptors have only one binding site for one ligand, whereas a
few receptors have multiple binding sites for one or more ligands. For example, the
sweet taste receptor, a heterodimer of two G protein (T1R2 and T1R3) coupled
receptors, has at least three binding sites for different sweeteners: (1) receptor
activity toward aspartame depends on residues in the amino terminal domain of
T1R2; (2) receptor activity toward cyclamate depends on residues within the
transmembrane domain of T1R3; and (3) receptor activity toward brazzein depends
on the cysteine rich domain of T1R3 [41].

In the case of aptamers, receptors can be categorized into three types: (1) those
with one aptamer binding site, which is the same as the antibody binding site;
(2) those with one aptamer binding site, which is different from the antibody
binding site; and (3) those with two (rarely more than two) aptamer binding sites.
For the latter two types of receptors, it is important to determine the binding site
distance between aptamer and antibody or between two aptamers. This binding site
distance serves as another critical parameter to characterize aptamers. In addition, it
also helps to better understand the interaction between aptamers and their receptors,
shedding light on the design and development of high-performance (i.e., improved
sensitivity and/or enhanced specificity) aptamer-based tools for cellular analysis.

4.4.2 The Determination of Binding Site Distance

Förster resonance energy transfer (FRET) is one of the most established methods
for detection of both intra- and inter-molecular distances in the nanometer range for
biological systems. The mechanism of FRET involves a donor fluorophore in an
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excited electronic state, which may transfer its excitation energy to a nearby
acceptor fluorophore (with an absorption spectrum that overlaps the emission
spectrum of the donor) in a non-radiative fashion through long-range dipole–dipole
interactions [42]. The FRET efficiency is inversely proportional to the sixth power
of the distance between the donor and the acceptor, making FRET extremely
sensitive to small changes in distance [42].

Many molecular rulers based on FRET have been developed to allow the
measurement of dynamic distance changes in biological systems, in vitro as well as
in vivo. Using single-molecule FRET, Blanchard et al. [43] directly monitored the
time-dependent distances between donor (Cy3) and acceptor (Cy5) fluorophores
attached to the elbow region of tRNA molecules on the ribosome, revealing the
nature of the tRNA–ribosome interaction and providing an essential link between
static structural studies of the ribosome and the mechanism of translation. Zhuang
et al. explored the folding of Tetrahymena ribozyme, an intensely studied catalytic
RNA of *400 nucleotides, which folds into its native structure through multiple
intermediate states and pathways. Using FRET at the single-molecule level, they
investigated P1 docking of ribozyme folding. According to their results, the dis-
tance between P1 and the ribozyme core decreased from*7 to 1–2 nm from the P1
undocked state to the P1 docked state, indicated by FRET values, which are dif-
ferent for these two distinct states [44].

In addition to FRET, localized surface plasmon resonance (LSPR) is another
frequently used technique for measuring distances within biological systems. LSPR
is an optical phenomena generated by a light wave trapped within conductive
nanoparticles smaller than the wavelength of light. The phenomenon is a result of
the interactions between the incident light and surface electrons in a conduction
band [45]. This interaction produces coherent localized plasmon oscillations with a
resonant frequency that strongly depends on the composition, size, geometry,
dielectric environment, and particle–particle separation distance of nanoparticles
[46]. Liu et al. [47] constructed an LSPR-based molecular ruler in which double-
stranded DNA was attached to a gold nanoparticle, to measure nuclease activity and
DNA footprinting. The change in plasmon resonance wavelength of individual gold
nanoparticle-DNA conjugates depends on the length of the DNA and can be
measured with subnanometer axial resolution. An average wavelength shift of
approximately 1.24 nm is observed per DNA base pair.

4.4.3 Surface Energy Transfer (SET) Nanoruler
for Measuring Binding Site Distances

Even though FRET and LSPR are commonly utilized for measuring the distance
between two biological components, there are inherent limitations associated with
each of these methods. The nature of the dipole–dipole mechanism effectively
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constrains the length scales in FRET to distances on the order of <10 nm, and FRET
generally poses restrictions for dipole–dipole interaction orientations [48]. LSPR
performs very well in solution experiments. However, the high Raman scattering
background from cells prevents LSPR applications to cellular systems (e.g., cell
membranes). Bene et al. introduced a light scattering system to solve this problem.
Nevertheless, this system requires close proximity (<10 nm) between the dye and
the particle surface. Another issue is the need for small nanoparticles (<2 nm) due to
insufficient overlap for fluorescence energy transfer and high probability of fluo-
rescence quenching.

To overcome these limitations and construct an alternative system with large
detection range and cellular system compatibility, we have developed a surface
energy transfer (SET) nanoruler to measure the distance between two binding sites
on membrane receptor PTK 7 [49]. SET is a dipole-SET process where energy
transfer flows from a donor molecule to a nanoparticle surface at a much slower
decay rate than FRET, with a 1/d [5] distance dependence. Although SET is similar
to FRET, in that the interaction is dipole–dipole in nature, it is geometrically
different from FRET, because an acceptor nanoparticle has a surface and an iso-
tropic distribution of dipole vectors to accept energy from the donor, leading to a
dipole–surface resonance mechanism. This arrangement effectively breaks the
inherent detection barriers of FRET, increasing the probability of energy transfer of
SET and ultimately enhancing the efficiency of SET over FRET. The validity of
SET-based measurement tools for mapping distances in real biological systems has
been demonstrated, showing its clear advantage over LSPR for live cell analysis.

In the effort to construct the SET nanoruler to measure the distance between two
binding sites, PTK 7 highly expressed on CCRF-CEM cells was used as a proof of
principle. PTK 7 receptor has two binding sites, one for sgc8 aptamer and another
for anti-PTK 7 antibody. Sgc8 aptamer was selected for CCRF-CEM cells, and its
molecular target on the cell membrane is the PTK 7 receptor. Gold nanoparticles
were chosen as the energy acceptor and conjugated with sgc8 aptamer. Organic
fluorophore Alexa Fluor 488 (Alexa488) was selected as the energy donor and
modified onto anti-PTK 7 antibody. As a consequence of the co-localization of the
two binding sites on PTK 7 receptor, binding of sgc8 aptamer and anti-PTK 7
antibody brought the fluorophore and gold nanoparticle into close proximity,
effectively resulting in fluorescence energy transfer between them. As shown in
Fig. 4.3, the distance, R, from the fluorophore on the antibody binding site to the
center of the NP on the aptamer binding site, is equivalent to the distance between
the two binding sites on the PTK7 receptor. In order to simplify the model, R was
divided into two parts: the distance, r, from the fluorophore to the surface of the NP,
and the distance from the surface of the particle to its center, which is the radius of
the particle, d/2, with R = r + (d/2). Therefore, as the size of the gold NP (d) is
varied, the distance from the fluorophore to the particle surface (r) changes
accordingly. Although some variations in position around the center point of the
aptamer binding site can potentially occur, one million cells were counted each time
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to cancel out these variances. In addition, a series of gold NPs of different sizes
(5, 10, 13, 15, 18, 20, 25, 31, and 42 nm) were adopted to fit in the binding pockets
to avoid steric effects. Therefore, by controlling the sizes of the gold NPs, the
distance from the fluorophore molecule to the surface of gold NP could be
manipulated, and the relationship between the size of the gold NPs and the change
in the energy transfer efficiency could be evaluated.

The results of this study showed that the distance between the aptamer and
antibody binding sites of PTK 7 receptor on CCRF-CEM cells in the natural
physiological environment is 13.4 ± 1.4 nm (error within 10 %), which is beyond
the detection capability of FRET. The SET nanoruler is more advantageous com-
pared to LSPR in its suitability for cellular measurements. Moreover, only particles
with diameter <2 nm can be used in LSPR, whereas the SET nanoruler has a much
larger range for the choice of particle size. With all these built-in advantages, the
SET nanoruler has the potential to become an alternative to FRET and LSPR for
distance measurement, both short and long, in cellular systems. In addition, this
distance can be between any two ligands/binding sites, including an aptamer and an
antibody, as well as two aptamers, either the same or different.

Fig. 4.3 SET nanoruler for measuring the distance between two binding sites in PTK 7 receptor
on a live cell membrane. Reprinted with the permission from Ref. [49]. Copyright 2010 American
Chemical Society
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4.5 Aptamer Binding Strength Measurements

4.5.1 AFM for Measuring Aptamer Binding Strength

Besides the binding constant, another more direct way to characterize the binding
affinity between an aptamer and its target on a cell membrane is by measuring the
force needed to separate the two after they bind. The larger the force needed, the
higher the binding strength. In addition, the force needed is a straightforward
parameter that can be used to compare the binding strengths between different
aptamers as well as between aptamers and antibodies.

One of the best tools for measuring molecular forces is the atomic force
microscope (AFM). This highly sensitive instrument has been designed to measure
the small attractive and repulsive forces that a sharp tip experiences when it is
brought near to or in contact with a surface, [50] which can include biomolecules,
live cells, and bulk materials. In its simplest configuration, AFM measures the force
on the sharp probe tip mounted at the end of a soft cantilever by monitoring the
cantilever’s deflection [51]. In addition, force sensing with high spatial resolution
(atom scale) is well established for AFM, leading to its increased applications for
bioanalysis and nanotechnology.

To demonstrate the concept and prove its feasibility, we used single-molecule
AFM to measure the binding force between sgc8 aptamer and PTK 7 receptor [52].
As shown in Fig. 4.4a, amino-functionalized sgc8 aptamer was conjugated onto a
N-hydroxysuccinimide ester (NHS)-bearing silicon nitride (Si3N4) tip. Instead of
CCRF-CEM cells, HeLa cells (adherent cells) which also have high expression of
PTK 7 receptors were used. The tip was suspended on a soft spring (also known as
a soft cantilever) sensitive to small changes in forces that occur at the tip. With the

Fig. 4.4 a AFM for measuring the binding strength between sgc8 aptamer and PTK 7 receptor.
b Histograms of binding forces between tips (functionalized with sgc8 aptamer) and Hela cells
(highly expressed with PTK 7 receptor). Reprinted with the permission from Ref. [52]. Copyright
2012 Springer
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deflection of the cantilever (denoted as x) measured by AFM and the spring con-
stant (denoted as k) collected during tip calibration, the force between sgc8 aptamer
and PTK 7 receptor was easily calculated using Hooke’s law, F = kx.

To obtain statistical and representative data, about 1,500 force curves were
recorded to construct force histograms, which were then fitted using Gaussian peak
functions (Fig. 4.4b). A single standard deviation (σ) calculated from the Gaussian
Curve was used to report the error. The single-molecule rupture force between sgc8
and PTK 7 receptor was found to be 46 ± 26 pN.

One more thing worth mentioning is that AFM not only provides rupture force/
binding strength information, but also offers kinetic constants analysis—which
reflects the stability of aptamer–receptor binding. An increase in the loading rate of
AFM tip leads to a higher force between receptor and aptamer, which is directly
linked to the kinetic dissociation constant (Koff). Enhancing the contact time
between the tip and the sample allows an increase in the interaction probability,
which can be related to the kinetic association constant (Kon).

4.5.2 Aptamers Versus Antibodies

Aptamers use 4 different nucleotides to create sequence diversity, and thus sec-
ondary/tertiary structure diversity, to recognize cell membrane receptors. These
variable structures form distinct binding pockets that interact with receptors through
non-covalent interactions, including hydrogen bonding, electrostatic interactions,
and van der Waals forces. Antibodies are analogous to aptamers in that they also
target specific receptors by non-covalent interactions using paratopes located on the
extreme tips of antibodies. By contrast, the building blocks of antibody paratopes
are 20 different amino acids, which generate more structural diversity.

Due to their similarity to target cell membrane receptors, yet very different
structural properties, a natural question to ask is the following: “Will aptamers bind
as robustly as antibodies?” To tackle this question, the binding strengths of the sgc8
aptamer–PTK 7 receptor pair and the anti-PTK 7 antibody–PTK 7 receptor pair
were measured using AFM. The setup for measuring the rupture force between anti-
PTK 7 antibody and PTK 7 receptor was the same as that used for sgc8 aptamer and
PTK 7 receptor, except anti-PTK 7 was conjugated onto the tip. Based on these
measurements, the single-molecule rupture force between anti-PTK 7 antibody and
PTK 7 receptor is 68 ± 26 pN, slightly larger than that between sgc8 aptamer and
PTK 7 receptor (46 ± 26 pN). Therefore, for the case of sgc8 aptamer and anti-PTK
7 antibody, the binding strengths are comparable for their common target—PTK 7
receptor. However, to draw a generalized conclusion, a large aptamer and antibody
pool is needed.
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4.6 Conclusion and Outlook

To accurately and precisely define cell-specific aptamers, a comprehensive char-
acterization is required. An overall perspective will guide the selection of aptamers
with improved properties and facilitate the development of aptamer-based molec-
ular tools (especially for cell analysis) with enhanced performance. Typically, this
full view of aptamers is achieved by systematically examining their critical prop-
erties, including binding affinity, binding site density, binding site distance, and
binding strength. Apart from these four key parameters discussed in this chapter,
other features, such as crystal structure, ion dependence, and buffer sensitivity, also
contribute to the understanding of aptamers.

There are many different methods available for the determination of each
property of aptamers. Therefore, it is important to choose a method that is suitable
for the specific aptamer and its corresponding target. For instance, FRET is limited
to short binding site distances (<10 nm), whereas SET is capable of measuring
longer binding distances (>10 nm). In addition, the development of standard
practices for aptamer characterization is highly desired and would have the potential
to extend the application of aptamers beyond the small subset (e.g., sgc8) used in
proof-of-concept.
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Chapter 5
Molecular Engineering to Enhance
Aptamer Functionality

Da Han, Cuichen Wu and Weihong Tan

Abstract Rapid development of bioanalysis and biomedicine requires enhanced
and multiple functionality of aptamers. The field of molecular engineering has
advanced to a stage where more and more molecular functions can be rationally
designed in a predictable manner. By combining these two fields together, aptamer-
based molecular engineering is able to tune the functionalities of aptamers toward
more complicated and effective biological and biomedical applications. In this
chapter, we focus on introducing the substantial progress in the development of
using smart ways to broaden the multifunctional and logical applications of
aptamers.

Keywords Molecular engineering �Aptamer �Multifunctionality � Self-assembly �
Logic system � Intelligent diagnosis � Cancer therapeutics

5.1 Introduction

The application of aptamers has greatly expanded since their inception approxi-
mately two decades ago. To meet the requirements of increasingly complicated
biological and biomedical applications, aptamers with more functionality are nee-
ded. For example, one consideration when transitioning aptamers to clinical
applications is the need to decrease their susceptibility to degradation when exposed
to in vivo conditions. In addition, high signal-to-background ratios are essential for
in vivo imaging, due to the great loss of signal when transmitting through tissues.
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Furthermore, in recent years, encoding aptamers with intelligent functions has
attracted more and more attention because of the possible applications for future
personalized diagnosis and therapy. Of these considerations, improvement of the
physical behavior of aptamers under different conditions, possible chemical mod-
ifications, and better understanding of biological functions is the critical factors.
Consequently, these studies have given use to a new subject area called “aptamer-
based molecular engineering” to tune the functionalities of aptamers to realize more
complicated applications. This chapter focuses on the engineering of aptamers with
more functions.

5.2 Molecular Engineering of Multifunctional Aptamer
Nanoassemblies for Biological and Biomedical
Applications

Multifunctional systems have made significant contributions in disease diagnosis
and drug delivery because of their increased biostability, specific targeting, high
payload efficiency, and excellent internalization capabilities. Incorporation of
aptamers adds target specificity with the advantages of automated synthesis, an
established selection process, and high stability and reproducibility [1, 2]. Because
of their biostability, enzymatic resistance, and excellent plasmonic properties,
aptamer–nanoparticle hybrids, in particular aptamer-modified gold nanoparticles,
have been widely used for investigations of cellular processes and in vivo assays.

Mirkin and his colleagues developed “nanoflares,” [3], fluorophore-labeled
aptamers conjugated to the AuNP surface. The flares fluoresce when they bind to
specific intracellular targets. The dense shell of aptamers protected by the gold
nanoparticle core shows better enzymatic resistance and increased stability com-
pared to free aptamers. For example, 1–2 mM concentrations of intracellular ATP
can be detected via an aptamer–AuNP hybrid [4]. The same strategy can be used for
monitoring and regulation of mRNA gene expression in living cells by conjugation
of molecular beacons (MBs) and antisense oligonucleotides onto the surfaces of
gold nanoparticles [5, 6].

Carbon-based nanomaterials, such as graphene, with their excellent optical and
electrical properties, have been used as in situ biosensors and delivery platforms.
Because of π–π stacking between single-stranded aptamers and water-soluble
graphene oxide, fluorescent aptamers are adsorbed and protected by graphene oxide
(GO) in the absence of target molecules, resulting in a signal “OFF” state. Upon
specific binding with targets, the aptamer undergoes a conformational change and
leaves the GO surface, resulting in restoration of the signal from “OFF” to “ON.”
Lin et al. employed GO as the delivery carrier to transport protected aptamers into
live cells for real-time monitoring of the variation of intracellular ATP concentra-
tion with detection limits as low as 10 µM [7]. These systems have greatly
broadened the applications of aptamers in biology and biomedicine.
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Although various nanomaterial-based aptamer systems have been created for
cellular and in vivo assays, the cytotoxicity of nanomaterials cannot be neglected,
especially at high concentrations for intracellular use. Thus, alternative platforms
are still needed. DNA nanotechnology allows the self-assembly of one-dimensional
nucleic acid molecules into two- and even three-dimensional multifunctional
nanostructures through molecular recognition, such as hydrogen binding and π–π
stacking [8–14]. Integration of aptamers with current DNA technology has led to
novel aptamer nanoassemblies to enhance aptamer biological and biomedical
performance.

5.2.1 Aptamer Nanoassembly to Enhance System Stability

As stated above, the stability of aptamers is critical in practical applications,
especially in the complicated biomedical environments. For instance, when deliv-
ered systemically to a physiological environment, aptamer degradation or dissoci-
ation can be facilitated by ubiquitous nucleases, dilution to very low concentrations
by large volumes of circulating blood, and strong shear force. Similar to aptamer–
nanomaterial hybrids, aptamer-based nanostructures also show excellent biosta-
bility, particularly in the resistance of different enzymes, due to several features of
aptamer particles: (1) long building blocks, which avoid the otherwise many nick
sites sensitive to nuclease cleavage; (2) high density of DNA packed in each
aptamer particle, reducing nuclease accessibility; and (3) extensive inter- and
intrastrand weaving of long DNA building blocks, preventing denaturation or
dissociation. Guided by this rule, we have developed a way to build aptamer
particles for enhanced stability in cellular environments.

The design uses a bottom-up modular strategy to construct the aptamer-based
nanoassembly (AptNA) (Fig. 5.1) [15, 16]. In this AptNA, the basic building unit
consists of one X-shaped connector and several Y-shaped functional domains. The
X-shaped core is assembled with four predesigned single-stranded DNAs (ssDNAs)
and three different toehold sequences. For each Y-shaped functional domain, one
type of featured oligonucleotide sequence is incorporated, including different tar-
geting aptamers and therapeutic antisense oligonucleotides, as well as an acrydite
group on the 5′-end. The building units are further photo-cross-linked to form size
controllable nanoassemblies. Because of the precise design of the toehold
sequences in each building unit, a precise ratio between different functional
moieties (aptamers or antisense oligonucleotides), as well as programmable
self-assembled functional domains, can be achieved throughout the entire nanoas-
sembly. The stability of this aptamer-based nanoassembly was tested by treatment
with DNase I (2 U/mL) for different times. The diameter of AptNAs did not show a
significant change compared to the AptNAs without DNase I treatment even after
24 h, indicating that the aptamer nanoassemblies were stable against extremely high
enzymatic environments.
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5.2.2 Biaptamer System to Enhance the Affinity
and Selectivity

In biology, multivalent interactions can provide higher binding affinity and selec-
tivity in target recognition compared to monovalent interactions, mostly due to the
“cooperative” property, as seen, for example, in the binding of galactose-terminated
oligosaccharides to C-type mammalian hepatic lectins [17, 18]. In another example,
recombinant antibody technology is used to construct bivalent and trivalent single-
chain fragment variables (scFv) by linking the antigen-binding VH and VL domains
with a flexible polypeptide linker [19]. Learning from these and other examples,
aptamers have also been engineered toward multivalency to enhance their affinity
and selectivity. In contrast to antibodies, aptamers have some intrinsic advantages,
such as low molecular weights, predictable secondary structures, high stability, and
reproducibility [1]. In addition, the advantages of aptamer molecular assembly are
facile conjugation of aptamers and reversible regulation of aptamer functions via
their complementary sequences [20].

Fig. 5.1 Schematic of self-assembled and multifunctional nanoassembly structure. Multifunctional
DNA sequences, including aptamers, acrydite-modified ssDNA, and antisense oligonucleotides, are
assembled into Y-shaped functional domains. The basic building unit is formed by one X-shaped
connector and multiple Y-shaped functional domains through predesigned hybridization. Finally,
hundreds of these building units are photo-cross-linked into a multifunctional and programmable
nanoassembly (Reprinted with the permission from Ref. [15], copyright 2013 American Chemical
Society)
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Kim et al. [21] designed an aptamer assembly to enhance enzymatic inhibition
by linking two different functional aptamers. Thrombin, a protease that hydrolyzes
fibrinogen and activates platelets and blood coagulation factors, was chosen as the
model to demonstrate the functionality of the two-aptamer assembly [22]. Two
well-known thrombin aptamers have been reported, one is a 15-mer (15Apt) that
binds to exosite 1, resulting in the thrombin inhibitory function, and the other is a
27-mer (27Apt) that binds to exosite 2 but without any inhibition to thrombin
function [23]. The dissociation constant (Kd) of 27Apt (*0.5 nM) is much lower
than that of 15Apt (*100 nM), indicating the higher binding affinity of 27Apt
compared to 15Apt [24]. The 15Apt monovalent inhibitor is easily dissociated by
competition with thrombin substrate, and the released 15Apt diffuses out of the
binding site, causing low inhibition. However, when linked to 27Apt to form a
bivalent ligand, the 15Apt is confined and can rapidly return to the binding site even
after dissociation (Fig. 5.2). Molecular assembly of these two thrombin aptamers
with a specific linker length provides stronger binding affinity, enhanced inhibitory
function, intrinsic high selectivity, and low cytotoxicity [25].

To design this bivalent aptamer inhibitor for thrombin, the linker length was first
optimized. In contrast to monovalent 15Apt inhibitor, the bivalent aptamer ligands
with 8 hexaethyleneglycol spacers showed the longest clotting time, indicating the
best inhibitory effect to thrombin. Because of the bivalent interaction realized by
molecular assembly, 8-spacer-linked biaptamers (Bi-8S) achieve a ninefold increase
of clotting inhibition over 15Apt only (Fig. 5.3a). Real-time light scattering to
monitor the coagulation process further confirmed the inhibitory function of Bi-8S,
which decreased the net rate of the coagulation reaction. Based on the binding
kinetic studies (Fig. 5.3b), monovalent 15Apt and bivalent aptamers show relative
k0off values (dissociation rate) of 1.5 and 0.029 %/s, respectively, while the relative
k0on values (association rate) of 15Apt and Bi-8S are similar, 0.00424 and

Fig. 5.2 Schematics of monovalent and bivalent aptamer inhibitors
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0.00498 %/s. Thus, the overall association constant (K 0
a ¼ k0on

k0off
) of Bi-8S is *51.7

times higher than that of 15Apt to thrombin [21]. Therefore, this high-performance
bivalent ligand can be applied as a potential anticoagulant.

5.2.3 Aptamer Micelle Flares to Enhance Cell Internalization

Investigation of the expression and dynamics of intracellular biological molecules is
significant for understanding physiological processes, diagnosing disease stages,

Fig. 5.3 a Optimization of bivalent aptamers with different linker lengths based on the normalized
clotting times of thrombin. In bivalent aptamer Bi-xS, x means the number of hexaethyleneglycol
spacers. b Real-time monitoring of light scattering generated by the coagulation process in the
presence of monovalent 15Apt or different bivalent aptamers (Cyan Bi-4S; Black 15Apt; Blue
Bi-10S; Green Bi-6S; Red Bi-8S)
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and identifying therapeutic targets. The prerequisite of successful molecular
imaging in live cells is the development of a delivery of platform with ultrasensitive
molecular probes for specific targets of interest and high efficiency. Since the
appearance of MBs, nucleic acid molecular probes have provided an opportunity
for intracellular imaging of targets ranging from proteins to RNAs and even small
molecules [1, 26]. For example, Tyagi and Kramer [27] designed fluorescent-
labeled MBs to visualize the distribution and dynamics of specific mRNAs in live
cells and even in vivo. Tan et al. utilized a series of unnatural nucleic acid bases,
including locked nucleic acids (LNA), L-DNA, and 2′-O-methylribonucleotides,
and hybrid molecular probes, for intracellular mRNA monitoring over a long period
(over 24 h) and in real-time [28–30]. However, nucleic acid molecular probes suffer
from the issues of insufficient probe introduction and uneven distribution of probes
inside live cells [31]. Although this delivery issue has been partially resolved by
newly developed nanomaterials, such as gold nanoparticles (AuNPs) and GO [3, 7],
the challenges of uneven distribution and cytotoxicity of nanomaterials still remain;
for example, GO-based nanosheets have been reported to be preferentially inter-
nalized into the lysosomes and endosomes of live cells [32].

Due to their excellent biocompatibility and controllability, and their efficient
cellular internalization, nucleic acid-based micelle structures have gained increasing
attention in the fields of intracellular detection and drug delivery [33, 34]. As shown
in Fig. 5.4a, DNA micelles consist of amphiphilic DNA–diacyllipid conjugates
synthesized with hydrophilic ssDNA heads and hydrophobic lipid tails. By incor-
porating functional nucleic acids (NA), such as aptamers or MBs, the DNA micelles
can be termed as aptamer or MB micelle flares [35, 36]. Since the amphiphilic
DNA–diacyllipid conjugates can self-assemble into a uniform spherical nano-
structure, and the fluorescent signal attached on the micelles is switched from
“OFF” to “ON” upon targeting binding, this micelle nanostructure can be applied
for biosensing and bioimaging. Because of the similar lipid composition of DNA
micelles and phospholipid bilayers in live cell membranes, DNA micelles can
interact with cell membranes and enter live cells without an auxiliary agent.

The DNA micelle flares designed by the Tan group are self-assembled from
conjugates containing an aptamer switch probe (ASP) with TAMRA (tetramethyl-
rhodamine) and DABYCL (4-(4-dimethylaminophenylazo)-benzoic acid) dye/
quencher pair [37], a PEG linker to a short DNA sequence complementary to part of
the ASP, and a diacyllipid tail. The switchable ATP aptamer micelle flares (SAMFs)
are designed for self-delivery and monitoring of intracellular ATP (adenosine tri-
phosphate) concentration. As shown in Fig. 5.4a, the SAMFs maintain the quenched
fluorescent signal (OFF state) in the absence of ATP targets. However, the fluo-
rescent signal of SAMFs is restored upon ATP binding inside live cells.

The internalization mechanism of DNA micelles was clarified with the SAMFs
and HeLa cancer cells. Different incubation times were used with confocal fluo-
rescence measurements (Fig. 5.4b). SAMFs were initially distributed on the cell
membrane and produced a fluorescence signal at 0.5 h. Then, the fluorescent signal
accumulated in the cytoplasm from 1 to 2 h. Finally, SAMFs were mostly dis-
tributed in the cytoplasm outside the the nucleus at 4 h. During this time, the control
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DNA micelle flares (CSMFs) showed a weak increase of fluorescence signal from
0.5 to 4 h, probably resulting from nonspecific opening of the hairpins by protein
binding [36]. In the further colocalization assay, except for a fraction of SAMFs
colocalized with lysosomes, most amphiphilic SAMFs were distributed in the
cellular plasma. The possible internalization mechanism of SAMFs into live cells
was proposed based on the time-dependent fluorescence measurements and

Fig. 5.4 a Schematic of aptamer micelle flares. In the absence of target, the aptamer probe
maintains the loop–stem structure and fluorescence is quenched due to the close proximity
between fluorophore and quencher. The conformation of the switchable aptamer is altered upon
target binding, resulting in restoration of the fluorescence signal. b Time-dependent fluorescence
imaging of SAMFs and CSMFs in HeLa cells. Confocal laser scanning microscopy images of
HeLa cells incubated with SAMFs or CSMFs for 0.5 h (a, b), 1 h (c, d), 2 h (e, f), and 4 h (g, h).
Scale bars 20 µm. c Confocal microscopy fluorescence imaging of HeLa cells treated (a, b) with
100 µM etoposide, (c, d) with 3 µg/mL oligomycin, and (e, f) without treatment, followed by
incubation with 1-µM SAMFs (left) or CSMFs (right). Scale bar 50 µm. (Reprinted with the
permission from Ref. [36], copyright 2013 American Chemical Society)
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colocalization assay. SAMFs are initially in close proximity to the cell membrane,
and then, they disintegrate and fuse with the cell membrane. Partially disintegrated
SAMFs permeate the cell through the process of endocytosis, while most fused
SAMFs flip and diffuse from the cell membrane to the cytoplasm. This occurs
during a process of membrane recycling due to the thermodynamically unfavorable
structure with the hydrophobic tail pointing into the aqueous solution [33, 36].

Although the diameter of DNA micelles can be tuned by changing the length of
DNA sequences, the size of SAMFs is around 30 nm, as confirmed by DLS and
TEM, because of the hairpin-shaped ASP. In contrast to other analogues, the apt-
amer probe in the SAMFs still maintains its high specificity and selectivity for ATP
molecules with a detection range of 0.1–3.0 mM. The cellular permeability of DNA
micelle flares was verified by incubating SAMFs, CSMFs, and ASPs (without
diacyllipid) with HeLa cells. SAMFs showed an intense fluorescent signal in
contrast to both CSMFs and ASPs, indicating not only the internalization of SAMFs
into HeLa cells, but also the sensitive detection of target ATPs inside cells.
Moreover, SAMFs displayed a 2.3-fold fluorescence enhancement relative to the
cells treated with CSMFs in the flow cytometric experiments. Finally, the ability of
SAMFs to respond to intracellular ATP concentration variation was demonstrated
(Fig. 5.4c). Two small molecules, etoposide and oligomycin, were used to stimulate
or suppress the intracellular ATP concentration, followed by treatment with same
amount of SAMFs and CSMFs. The confocal imaging of etoposide-treated HeLa
cells showed increased fluorescence in contrast to untreated HeLa cells, while
oligomycin-treated HeLa cells displayed the decreased fluorescence intensity. Their
corresponding fluorescence intensities were reported relative to the ATP concen-
tration in the untreated HeLa cells (set to 100). The intracellular ATP concentration
in HeLa cells treated with etoposide increased from 100 to 135, while that treated
with oligomycin decreased from 100 to 84, in good agreement with confocal
results.

5.3 Molecular Engineering of a Switchable Aptamer
System for Sensing and Cancer Therapy

Although aptamers generated from SELEX have good selectivity for their specific
targets, challenges with molecularly engineered target responsive aptamers for
bioassay applications still remain, for example, unpredictable structural alterations
in complex biological fluids [38]. Other strategies, such as use of an intermolecular
complementary competitor, can be used to verify the binding between aptamer and
target. However, this approach requires optimization of competitor length to avoid
conformational changes that would probably affect the aptamer’s recognition of the
target [39, 40].

To develop highly selective aptamer probes for biosensing and bioimaging, the
Tan group designed an ASP-based intramolecular displacement [37]. An ASP
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consists of an aptamer, a short DNA sequence complementary to part of the
aptamer, and a PEG (polyethylene glycol) linker connecting the two. In addition, a
fluorophore and a quencher are attached at the two ends of the ASP, respectively.
Due to the flexible PEG linker, the short complementary DNA sequence can
hybridize to part of the aptamer sequence in the absence of target, resulting in
quenching of the fluorophore. However, the conformation of the ASP is altered
upon target binding, causing the quencher to move away from the fluorophore,
thereby restoring the fluorescence signal (Fig. 5.5a). The ASP is able to switch the
fluorescence signal from OFF to ON before and after addition of target. Thus, this
strategy offers a robust probe construction by integrating aptamer, competitor, and
signaling moieties together, in contrast to simple target responsive aptamers, and
can be applied to any aptamer design [37]. For example, the ATP–ASP (1.0 µM)
showed a 30-fold fluorescence enhancement after introducing 3.5 mM ATP com-
pared to its analogues, GTP, UTP, and CTP, indicating the excellent selectivity of
ASP to its corresponding target (Fig. 5.5b). As shown in Fig. 5.5c, the kinetic assay
further demonstrated the higher recognition affinity, better selectivity, and faster
hybridization/dehybridization rate in contrast to commonly used aptamer probes
[29, 37, 41]. The generality of ASP strategy has also be demonstrated in the design
of a human α-thrombin aptamer switch probe (Tmb-ASP). A fluorescence
enhancement of up to 17.6 was obtained by introducing 300 nM thrombin into
Tmb-ASP. Moreover, the selectivity of Tmb-ASP was also verified with different
protein interferences, such as IgG, IgM, and BSA [37].

A major reason for using aptamers in cancer therapy is the high selectivity of
aptamers to cancer cells. The selectivity is usually controlled at two levels. The first

Fig. 5.5 a Schematic of aptamer switch probe (ASP). b Selectivity of ATP–ASP toward to ATP
and its analogues. c Kinetic response of ATP–ASP to low concentrations of ATP (Reprinted with
the permission from Ref. [37], copyright 2008 American Chemical Society)
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level controls the spatial localization of aptamers. This approach has been actively
pursued by specifically linking drugs with aptamers and has effectively improved
drug selectivity and efficiency. But the tendency to cause damage to surrounding
normal tissues was still present. To achieve greater selectivity, a molecular acti-
vation layer was added to further control the specificity of the drugs linked with
aptamers. At this level, the probe initially stays in the nontoxic state and can only be
activated when it interacts with its corresponding trigger at the tumor site. Toward
this goal, the switchable aptamer system has some intrinsic advantages because the
release of drugs can be controlled by activation of external biomarkers.

Several research groups have developed activatable aptamer-based methods
which can be triggered by cancer biomarkers [42], membrane proteins, extracellular
proteases [43], or cellular environments (e.g., pH) [44] or by other external stimuli,
including artificial molecular switches [45]. For example, combination of a pho-
tosensitizer and ASP results in a switchable aptamer system which offers a reliable
and versatile approach to the molecular mediation of singlet oxygen generation
[46]. Specifically, a photosensitizer and a quencher are covalently attached at the
two termini of the coupled ASP. The conformation of the ASP can then be altered
upon target binding. In the absence of a target molecule, the short DNA hybridizes
with a small section of the aptamer, placing the photosensitizer and quencher in
close proximity. This action turns off the fluorescence of the photosensitizer, as well
as the singlet oxygen generation. Conversely, when ASP meets its target, the
recognition and binding between aptamer and target molecule destabilize the
intramolecular DNA hybridization and drive the quencher away from the photo-
sensitizer, resulting in restoration of fluorescence and the generation of cytotoxic
singlet oxygen capable of oxidizing the cell membrane components and inducing
cell death. This approach holds the potential to improve the selectivity and effi-
ciency of photodynamic therapy.

Similarly, a switchable aptamer system was engineered by combining two
functional DNA groups, such that one group is an aptamer capable of recognizing
the target cell, while a complementary group acts as a drug delivery carrier (shown
in Fig. 5.6) [47]. Because of the binding of aptamer (sgc8) to the cancer cell
membrane, the guanine-rich ssDNA segments are induced to form a G-quadruplex
structure that can be used as drug delivery carrier for a photosensitizer (TMPyP4).
This novel G-quadruplex–aptamer–drug platform takes advantage of the target
recognition function of the DNA aptamer and the drug-loading ability of the
G-quadruplex. In this way, increased toxicity to the target cells was achieved during
photodynamic therapy, while the cytotoxicity of the photosensitizer to the nontarget
cells was minimized.
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5.4 Molecular Engineer of Logical Aptamer Systems
for Intelligent Diagnosis and Therapy

5.4.1 Coding Aptamers with Logical Functions

Today’s world is completely driven by silicon-based computers because of their
unprecedented computing power, seamless coupling ability, and incredible adapt-
ability. Meanwhile, within the computational field, computational power is
increasingly exponentially, but this requires continuous miniaturization of critical
components. As a result of the physical limitations of conventional silicon chips,
the development of more powerful microprocessors is heading toward a barrier
[48]. To address the challenge ahead, researchers have been pursuing the idea of
constructing computers in which computations are performed by individual mole-
cules, allowing for a continuous exponential increase in performance and decrease
in size for microprocessors.

NA are extremely effective for miniaturization of information storage because
only approximately 50 atoms are used for one bit of information [49, 50]. In
addition, easy chemical synthesis, combinatorial structures, and Watson-Crick
complementarity principle provide sufficient theoretical and experimental bases for
the rational design of logical devices. Therefore, researchers have challenged
themselves to use DNA or RNA to build logical devices for molecular computation.
As early as 1994, Adleman [51] used DNA to solve a computational problem. He
encoded the Hamiltonian path problem into different ssDNA sequences and applied

Fig. 5.6 Scheme of G-quad-aptamer system. This design utilizes the G-quadruplex as the drug
carrier and the aptamer as the targeting molecule to deliver TMPyP4, which is known to bind and
stabilize different types of quadruplexes. The green strand represents the aptamer (Reprinted with
the permission from Ref. [47], copyright 2011 John Wiley and Sons)
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biotechnologies (such as ligation, PCR, sequencing) to decode the answers to the
correct Hamiltonian path.

After confronting various barriers, it has become increasingly clear that the
ability to interact with naturally occurring biomolecules, together with such unique
properties as programmability, nanometric size, and autonomous operation, can be
used for practical applications of NA-based logical devices. This has allowed
biological properties to be interfaced to other materials, thereby opening up a novel
and exciting direction in biological and biomedical applications.

As special single-stranded oligonucleotides, aptamers can extend the recognition
capabilities of NA from Watson-Crick base-pairing to interact with various targets,
such as small molecules, proteins, and even viruses or cells. In addition, the affinity
and specificity of an aptamer can be tuned through the selection process or by post-
selection sequence optimization in order to meet the specific performance
requirements of a given application. Finally, some aptamers are not only able to
recognize the target proteins but can also regulate protein functions [52]. Such
aptamers are regarded as potential drugs with protein regulation functions or as
drug carriers for many diseases and are already in the pipeline for clinical use,
including PDGF and VEGF aptamers for controlling age-related macular degen-
eration [53], demonstrating their reliability for biomedical applications. Since an
aptamer is essentially a single-stranded oligonucleotide, it is conveniently coded in
logic circuit design, just as previous NA-based circuits. Therefore, aptamers can be
directly used as building blocks to fabricate seamless logic-based aptamer circuits
with enhanced capabilities and an extended scope of applications in future intelli-
gent diagnosis and therapy.

5.4.2 Logical Aptamer System for Intelligent Therapy

Kolpashchikov and Stojanovic [54] were the first to include aptamers in DNA
logical circuits. They constructed deoxyribozyme-based logic gates that could
perform Boolean calculations on the input molecules to control the functional
binding state of aptamers. Similar examples include the use of the binding between
targets and aptamers to control the power release of biofuel cells according to
the built-in Boolean NAND logic [55]. These two examples mainly demonstrated
the feasibility of incorporating aptamer–small molecule interactions into logical
molecular circuits.

To address the question of using aptamer-based circuits for future intelligent
therapy, the Tan group has developed a logical circuit based on DNA-protein
interactions with accurate threshold control, enabling autonomous, self-sustained,
and programmable manipulation of protein activity in vitro (Fig. 5.7) [56].
In general, a programmable and autonomous circuit with threshold control is
constructed of three DNA modules: an input convertor that converts the protein
input to DNA input for downstream cascade reactions; a threshold controller that
sets the threshold concentration for the system to maintain regular protein activity;
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and an inhibitor generator that inhibits excessively high protein activity once it
surpasses the threshold. This circuit can intelligently sense the activity (i.e., the
concentration) of protein and initiate the inhibitory function via a threshold control
loop when excessively high protein activity occurs. By setting the threshold value
according to each practical situation, the circuit may be usable as a smart drug
delivery system in the design of personalized medicine.

To demonstrate such intelligent regulatory function with thrombin as a model,
two antithrombin aptamers are employed to build an aptamer circuit to smartly
control coagulation: a 29-mer (TA-29) that binds to the heparin exosite without
inhibitory function, and a 15-mer (TA-15) that binds to the fibrinogen exosite with
strong inhibitory function. In the detailed design (Fig. 5.7b), the circuit includes a
series of aptamer and DNA displacement reactions, in which a ssDNA can be
displaced from the initial duplex by an even stronger binder, either a protein
molecule or a better matched DNA strand.5,30,31. The circuit starts with the
introduction of thrombin. In the input convertor, thrombin reacts with duplex

Fig. 5.7 Working Scheme of molecular circuit. a Diagram illustrating circuitry. The circuit
consists of three modules, Input Convertor, Threshold Controller, and Inhibitor Generator,
which can be programmed with threshold control for smart manipulation of protein activity.
b Working scheme for molecular circuit, driven by a series of DNA displacement reactions.
Colored lines indicate DNA strands with different domains. TA-29 and TA-15 are two thrombin
aptamers with different functions, including recognition and inhibition, respectively. All x domains
are complementary to x*; b* and t* are short toehold domains with 5-nt; a*′b* is a long toehold
domain with 10-nt; c* and d* are recognition domains with 15-nt. A-I, T, O, and G are initially
presented as duplex components, along with ssDNA fuel (Reprinted with the permission from Ref.
[56], copyright 2012 American Chemical Society)
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Aptamer-Input (A-I), which contains TA-29 partially hybridized with a piece of
ssDNA. This ssDNA, termed as DNA input, is released from A-I by competitive
binding of thrombin to TA-29, converting the protein input to DNA input for the
following cascade reactions.

The DNA input then enters the threshold controller module and rapidly reacts
with duplex threshold (T) via an exposed toehold a*′b* to generate inert ssDNA
Waste (W1) without further reaction. Through this bypass route, thrombin only
binds with TA-29 and thus can still perform its normal catalytic function in blood
coagulation. However, after T is depleted, the excess DNA input continues to the
inhibitor generator module, in which DNA input reacts with duplex output (O) via
exposed toehold b*, thereby triggering the amplification reaction of O with fuel (F),
i.e., signals that help to catalytically produce the output. The released product,
which is denoted as S (ctd’) with effective toehold t, then cascades to duplex
generator (G), followed by the release of the Inhibitor TA-15 to inhibit thrombin
coagulation.

The Tan group also designed an aptamer-based DNA logical circuit constructed
on cell membranes capable of selective recognition of cancer cells, controllable
activation of a photosensitizer, and amplification of the photodynamic therapeutic
(PDT) effect [57]. Here, the aptamers are able to selectively recognize target cancer
cells and bind to the specific proteins on the cell membranes. An overhanging
catalyst sequence on the aptamer then triggers a toehold-mediated catalytic strand
displacement to activate the photosensitizer for amplified PDT. The specific
binding-induced activation allows the DNA circuit to distinguish diseased cells
from healthy cells, reducing damage to nearby healthy cells, while resulting in a
high local concentration of singlet oxygen around diseased cells (Fig. 5.8).

To further demonstrate the feasibility of engineering logical aptamer systems for
intelligent therapy, You et al. [58] also designed an aptamer-based logical robot
capable of autonomously analyzing multiple cell molecular signature inputs and
realizing targeted therapeutic effects. Structurally, this logic robot consists of an
oligonucleotide backbone as the scaffold, several structure-switchable aptamers as
“capture toes,” and a logic-gated DNA duplex as the “effector toe” (Fig. 5.9). The
“capture toes” have two functions: first targeting each cell surface marker and then
generating the respective barcode oligonucleotide for activation of the “effector
toe.” Finally, the “effector toe” analyzes these barcode oligonucleotides and
autonomously makes decisions in generating a therapeutic effect.

The functions of the “capture toes” were achieved on the basis of structure-
switchable aptamers [59]. In the absence of target, the aptamer binds to a piece of
complementary DNA (cDNA) to form a duplex structure. However, when a target
is introduced, the structures are induced to switch from aptamer/cDNA duplex to
aptamer/target complex and release the cDNA as an output. Three aptamers, Sgc8c,
Sgc4f, and TC01, were chosen to, respectively, target three overexpressed markers
(PTK7 for Sgc8c; Sgc4f and TC01 targets not yet identified) on the surface of
cancer cells, such as human acute lymphoblastic leukemia cells (CCRF-CEM).
Several 11–19 nt-long candidate strands were tested for each aptamer, and three 15
nt-long cDNA strands were chosen: cS15 for Sgc8c aptamer, cF15 for Sgc4f
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aptamer, and cT15 for TC01 aptamer. These cDNA strands strongly bound with
their respective aptamer in the absence of target. Furthermore, they did not prohibit
the binding of the aptamers to their corresponding cellular targets and could be
freed after cellular binding.

Fig. 5.8 Working Scheme of DNA aptamer circuit on cell membrane. a Scheme of the circuit
without catalyst. b Scheme of the circuit on cell membrane. The circuit involves two individual
steps. In the catalytic step, target cell labeled with Apt-C catalyzes DNA hairpins A1 and A2 to
form duplex A12. In the therapeutic step, A12 can open duplex R12 and displace quencher-labeled
single strand R2 to form A12-R1. Subsequently, Ce6-labeled R1 generates singlet oxygen (1O2) to
kill cancer cells by irradiation at 404 nm. c Scheme of detailed reaction of DNA hairpins A1 and
A2 catalyzed by C sequence. Different domains are labeled with different colors. All x domains are
complementary to x* (Reprinted with the permission from Ref. [57], copyright 2013 American
Chemical Society)
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5.4.3 Logical Aptamer System for Intelligent Diagnosis

Pioneer work started with the application of intelligent sensing of cancer cells via
biomarkers on cell membranes. Douglas et al. [60] developed a DNA aptamer-
based nanorobot with the ability to detect antigen information on cell membranes
and autonomously release the payloads according to the different combinations of
cell surface inputs (Fig. 5.10a). Specifically, this nanorobot was assembled by the
DNA origami method [61] in the shape of a hexagonal barrel with dimensions of
35 nm × 35 nm × 45 nm. The nanobarrel was noncovalently fastened in the front by
“staples” modified with DNA aptamer-based “locks” that could be specifically
opened via DNA–protein binding to cell surface proteins. Then, the payloads,
which were either labeling antibodies or gold nanoparticles, were selectively
released to realize intelligent sensing and delivery. A similar idea was implemented
by Stojanovic and coworkers, who built DNA-based logical devices on cell
membranes for intelligent sensing (Fig. 5.10b) [62]. First, the DNA probes were
conjugated with antibodies independently targeting specific antigens on cell

Fig. 5.9 Symbols and construction schemes are shown for a two-input trivalent “Y”-shaped
Nano-Claw and b three-input tetravalent “X”-shaped Nano-Claw (Reprinted with the permission
from Ref. [58], copyright 2014 American Chemical Society)
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membranes. The cell-bound probes would then undergo a cascade of reactions for
fundamental logical operations including AND, OR, and NOT, through toehold-
mediated displacement reaction [63]. This DNA-based logical device provides a
reliable method for analysis of complex cell membrane information and the accu-
rate identification of stem cells.

5.5 Conclusions

The field of molecular engineering clearly has advanced to a stage where more and
more aptamer functions can be rationally designed in a predictable manner in vitro.
With respect to device construction, aptamer systems can be integrated at the
nucleic acid level and coupled with other entities such as proteins or nanomaterials.
Operationally, the behavior of these aptamer systems can be either static or
dynamic, in which the output may be produced, degraded, or modified reversibly or
irreversibly in response to design principles. Furthermore, it should not be forgotten
that the efforts of using programs to aid in system design greatly improve experi-
mental implementation efficiencies, such as the aptamer logical circuit design.
Combining these points, both the quality and quantity of an aptamer’s new func-
tionality have experienced a dramatic increase in the last 10 years. However, this

Fig. 5.10 Aptamer-based logical circuits for intelligent diagnosis. a Illustration and truth table
showing how this aptamer-based nanorobot works (reprinted by permission from Ref. [60],
copyright 2012, AAAS). b Scheme of DNA-based logical circuit operating on a target B cell with
a C45+CD20+ phenotype and on a nontarget cell with a CD45+CD20− phenotype (e.g., a T cell)
(Ref. [62], reprinted by permission from Macmillan Publishers Ltd., Nature Nanotechnol.,
copyright 2013)
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does not mean that these devices have reached a mature state. Some limitations still
need to be overcome prior to translation of an aptamer’s new functions into
real-world biological and biomedical applications. For example, the performance of
some aptamer systems with new functions may be less effective in a complex
environment, especially in living systems, thus depressing the effectiveness of
aptamers in vivo. To overcome these challenges, on a fundamental level, more
studies need to be performed to understand the properties of aptamers, including
their biological functions inside cells. Another direction includes discovering more
new materials or molecules and then combining these new materials or molecules
with aptamers to enhance their functionality. It is difficult to predict how far these
aptamer systems with new functions can go, as new technologies will continue to
emerge. However, it is certain that highly sophisticated architectures and attractive
functionalities will continue to be designed, and they will find widespread appli-
cations in biology, biotechnology, and biomedicine.

References

1. Liu J, Cao Z, Lu Y (2009) Functional nucleic acid sensors. Chem Rev 109(5):1948–1998
2. Xing H et al (2012) DNA aptamer functionalized nanomaterials for intracellular analysis,

cancer cell imaging and drug delivery. Curr Opin Chem Biol 16(3–4):429–435
3. Seferos DS et al (2007) Nano-flares: probes for transfection and mRNA detection in living

cells. J Am Chem Soc 129(50):15477–15479
4. Zheng D et al (2009) Aptamer nano-flares for molecular detection in living cells. Nano Lett 9

(9):3258–3261
5. Rosi NL et al (2006) Oligonucleotide-modified gold nanoparticles for intracellular gene

regulation. Science 312(5776):1027–1030
6. Jayagopal A et al (2010) Hairpin DNA-functionalized gold colloids for the imaging of mRNA

in live cells. J Am Chem Soc 132(28):9789–9796
7. Wang Y et al (2010) Aptamer/graphene oxide nanocomplex for in situ molecular probing in

living cells. J Am Chem Soc 132(27):9274–9276
8. Li Y et al (2004) Controlled assembly of dendrimer-like DNA. Nat Mater 3(1):38–42
9. Goodman RP et al (2005) Rapid chiral assembly of rigid DNA building blocks for molecular

nanofabrication. Science 310(5754):1661–1665
10. Aldaye FA, Palmer AL, Sleiman HF (2008) Assembling materials with DNA as the guide.

Science 321(5897):1795–1799
11. Yin P et al (2008) Programming DNA tube circumferences. Science 321(5890):824–826
12. Afonin KA et al (2010) In vitro assembly of cubic RNA-based scaffolds designed in silico. Nat

Nano 5(9):676–682
13. Gu H et al (2010) A proximity-based programmable DNA nanoscale assembly line. Nature

465(7295):202–205
14. Severcan I et al (2010) A polyhedron made of tRNAs. Nat Chem 2(9):772–779
15. Wu C et al (2013) Building a multifunctional aptamer-based DNA nanoassembly for targeted

cancer therapy. J Am Chem Soc 135(49):18644–18650
16. Zhu GZ et al (2013) Noncanonical self-assembly of multifunctional DNA nanoflowers for

biomedical applications. J Am Chem Soc 135(44):16438–16445
17. Lee YC, Lee RT (1995) Carbohydrate-protein interactions: basis of glycobiology. Acc Chem

Res 28(8):321–327

5 Molecular Engineering to Enhance Aptamer Functionality 107



18. Mammen M, Choi S-K, Whitesides GM (1998) Polyvalent interactions in biological systems:
implications for design and use of multivalent ligands and inhibitors. Angew Chem Int Ed 37
(20):2754–2794

19. Kortt AA et al (2001) Dimeric and trimeric antibodies: high avidity scFvs for cancer targeting.
Biomol Eng 18(3):95–108

20. Rusconi CP et al (2002) RNA aptamers as reversible antagonists of coagulation factor IXa.
Nature 419(6902):90–94

21. Kim Y, Cao Z, Tan W (2008) Molecular assembly for high-performance bivalent nucleic acid
inhibitor. Proc Natl Acad Sci 105(15):5664–5669

22. Hirsh J (2003) Current anticoagulant therapy—unmet clinical needs. Thromb Res 109:S1–S8
23. Tasset DM, Kubik MF, Steiner W (1997) Oligonucleotide inhibitors of human thrombin that

bind distinct epitopes. J Mol Biol 272(5):688–698
24. Deng B et al (2014) Aptamer binding assays for proteins: the thrombin example—a review.

Anal Chim Acta 837:1–15
25. Nimjee SM et al (2005) The potential of aptamers as anticoagulants. Trends Cardiovasc Med

15(1):41–45
26. Wang K et al (2009) Molecular engineering of DNA: molecular beacons. Angew Chem Int Ed

48(5):856–870
27. Tyagi S, Kramer FR (1996) Molecular beacons: probes that fluoresce upon hybridization. Nat

Biotech 14(3):303–308
28. Wang L et al (2005) Locked nucleic acid molecular beacons. J Am Chem Soc 127

(45):15664–15665
29. Yang CJ et al (2006) Hybrid molecular probe for nucleic acid analysis in biological samples.

J Am Chem Soc 128(31):9986–9987
30. Wu Y et al (2008) Nucleic acid beacons for long-term real-time intracellular monitoring. Anal

Chem 80(8):3025–3028
31. Tyagi S (2009) Imaging intracellular RNA distribution and dynamics in living cells. Nat Meth

6(5):331–338
32. Sharifi S et al (2012) Toxicity of nanomaterials. Chem Soc Rev 41(6):2323–2343
33. Liu H et al (2010) DNA-based micelles: synthesis, micellar properties and size-dependent cell

permeability. Chem Eur J 16(12):3791–3797
34. Wu Y et al (2010) DNA aptamer–micelle as an efficient detection/delivery vehicle toward

cancer cells. Proc Natl Acad Sci 107(1):5–10
35. Chen T et al (2013) DNA micelle flares for intracellular mRNA imaging and gene therapy.

Angew Chem Int Ed 52(7):2012–2016
36. Wu C et al (2013) Engineering of switchable aptamer micelle flares for molecular imaging in

living cells. ACS Nano 7(7):5724–5731
37. Tang Z et al (2008) Aptamer switch probe based on intramolecular displacement. J Am Chem

Soc 130(34):11268–11269
38. Lin CH, Patei DJ (1997) Structural basis of DNA folding and recognition in an AMP-DNA

aptamer complex: distinct architectures but common recognition motifs for DNA and RNA
aptamers complexed to AMP. Chem Biol 4(11):817–832

39. Nutiu R, Li Y (2003) Structure-switching signaling aptamers. J Am Chem Soc 125
(16):4771–4778

40. Li N, Ho C-M (2008) Aptamer-based optical probes with separated molecular recognition and
signal transduction modules. J Am Chem Soc 130(8):2380–2381

41. Bonnet G, Krichevsky O, Libchaber A (1998) Kinetics of conformational fluctuations in DNA
hairpin-loops. Proc Natl Acad Sci 95(15):8602–8606

42. Wang J et al (2012) Assembly of aptamer switch probes and photosensitizer on gold nanorods
for targeted photothermal and photodynamic cancer therapy. ACS Nano 6(6):5070–5077

43. Zheng G et al (2007) Photodynamic molecular beacon as an activatable photosensitizer based
on protease-controlled singlet oxygen quenching and activation. Proc Natl Acad Sci USA 104
(21):8989–8994

108 D. Han et al.



44. McDonnell SO et al (2005) Supramolecular photonic therapeutic agents. J Am Chem Soc 127
(47):16360–16361

45. Zhu Z et al (2008) Regulation of singlet oxygen generation using single-walled carbon
nanotubes. J Am Chem Soc 130(33):10856–10857

46. Tang ZW et al (2010) Aptamer-target binding triggered molecular mediation of singlet oxygen
generation. Chem Asian J 5(4):783–786

47. Wang KL et al (2011) Self-assembly of a bifunctional DNA carrier for drug delivery. Ange
Chem Int Ed 50(27):6098–6101

48. Ball P (2000) Chemistry meets computing. Nature 406(6792):118–120
49. Goldman N et al (2013) Towards practical, high-capacity, low-maintenance information

storage in synthesized DNA. Nature 494(7435):77–80
50. Church GM, Gao Y, Kosuri S (2012) Next-generation digital information storage in DNA.

Science 337(6102):1628
51. Adleman LM (1994) Molecular computation of solutions to combinatorial problems. Science

266(5187):1021–1024
52. Vuyisich M, Beal PA (2002) Controlling protein activity with ligand-regulated RNA aptamers.

Chem Biol 9(8):907–913
53. Lee JF, Stovall GM, Ellington AD (2006) Aptamer therapeutics advance. Curr Opin Chem

Biol 10(3):282–289
54. Kolpashchikov DM, Stojanovic MN (2005) Boolean control of aptamer binding states. J Am

Chem Soc 127(32):11348–11351
55. Zhou M et al (2010) Aptamer-controlled biofuel cells in logic systems and used as self-

powered and intelligent logic aptasensors. J Am Chem Soc 132(7):2172–2174
56. Han D et al (2012) A logical molecular circuit for programmable and autonomous regulation

of protein activity using DNA aptamer-protein interactions. J Am Chem Soc 134
(51):20797–20804

57. Han D et al (2013) Engineering a cell-surface aptamer circuit for targeted and amplified
photodynamic cancer therapy. ACS Nano 7(3):2312–2319

58. You MX et al (2014) DNA “nano-claw”: logic-based autonomous cancer targeting and
therapy. J Am Chem Soc 136(4):1256–1259

59. Nutiu R, Li YF (2003) Structure-switching signaling aptamers. J Am Chem Soc 125
(16):4771–4778

60. Douglas SM, Bachelet I, Church GM (2012) A logic-gated nanorobot for targeted transport of
molecular payloads. Science 335(6070):831–834

61. Rothemund PWK (2006) Folding DNA to create nanoscale shapes and patterns. Nature 440
(7082):297–302

62. Rudchenko M et al (2013) Autonomous molecular cascades for evaluation of cell surfaces. Nat
Nanotechnol 8(8):580–586

63. Zhang DY, Winfree E (2009) Control of DNA strand displacement kinetics using toehold
exchange. J Am Chem Soc 131(47):17303–17314

5 Molecular Engineering to Enhance Aptamer Functionality 109



Chapter 6
Aptamers-Guided DNA Nanomedicine
for Cancer Theranostics

Guizhi Zhu, Liping Qiu, Hongmin Meng, Lei Mei and Weihong Tan

Abstract The past two decades have witnessed the booming of DNA aptamers,
and particularly the development of aptamers for the specific recognition of ver-
satile disease-related molecular biomarkers and living cells, as well as the appli-
cation of aptamers for molecular and cellular engineering, bioanalysis, and disease
therapy. Owing to the predictable Watson-Crick base-pairing, DNA can be easily
designed and engineered to construct sophisticated molecular devices and nano-
structures, which, at the same time, can be integrated with many biofunctionalities,
including DNA aptamers for specific target recognition, bioimaging agents for
biosensing, as well as drug-loading moieties for targeted drug delivery. The ability
of many aptamers to mediate internalization into mammalian cells additionally
empowered aptamer-incorporated DNA devices to be utilized for intracellular
delivery of biosensors and drug carriers, and eventually sensing intracellular bio-
molecular behaviors in real-time or modulating intracellular biological activities for
therapeutic purposes. In this chapter, we discuss the development of aptamer-
integrated DNA nanodevices for versatile applications in bioanalysis and disease
therapy, with an emphasis on cancer theranostics.
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6.1 Introduction

DNA has been extensively studied to develop nanodevices, owing to the remark-
able features of DNA, such as biodegradability and sequence programmability.
Various DNA nanodevices have been developed, including DNA origami [1],
tetrahedra [2], nanotrains, nanoflowers, and so forth. Molecular DNA can also serve
as recognition probes against a wide range of targets. These probes are generally
termed as aptamers. The combination of aptamers and DNA nanodevices can thus
merge the specific recognition capability of aptamers with the ability of DNA
nanodevices for sensitive bioanalysis and disease-related biomarker detection, as
well as targeted delivery of therapeutics.

Nucleic acid aptamers, single-stranded (SS) oligonucleotides with unique
intramolecular conformations and specific recognition abilities to targets, are iso-
lated from large libraries containing 1013–1016 random nucleic acid sequences
through SELEX [3, 4]. Since the pioneering isolations of aptamers against organic
dyes [3] and T4 DNA polymerase [4] in 1990, a wide variety of aptamers have been
identified. The targets of aptamers range from small molecules [3, 5, 6], to bio-
macromolecules such as proteins [4, 7–13], virus-infected cells [14], stem cells
[15], and mammalian cancer cells [16–23], as well as implanted tumors [24]. A
wide variety of targets of high interest in clinical diagnosis and therapy were used
as targets for aptamer identification, which resulted in an array of aptamers that
have the potential for rapid and sensitive diagnosis, agonist therapeutics, targeted
delivery of therapeutics, and as templates for disease biomarker discovery and high-
throughput drug screening. In addition, the elucidation of molecular structures of
some aptamer-target complexes [25–28] will not only help our understanding of
aptamer-target interaction, but also facilitate drug design and screening, and the
discovery of new drugable sites on disease biomarkers.

Particularly, cell-SELEX has been developed to use living cancer cells as targets
during aptamer screening, with the long-term goal of screening molecular probes
for cancer theranostics (diagnosis and therapy), which has been discussed in pre-
vious chapters. Cell-SELEX provides a unique set of capabilities: Identification of
aptamers that recognize molecules needing cofactors or post-translational modifi-
cation to form functional conformations on the cell membrane; aptamer identifi-
cation without prior knowledge of the molecular differences between targets and
non-targets; simultaneous generation of a collection of aptamers, which may have
different molecular targets; further application of the resultant aptamers for disease
biomarker identification, which could, in turn, help elucidate protein expression
patterns on diseased cell surfaces, decipher the pathogenesis, and open new avenues
to therapy. Using cell-SELEX, aptamers were identified against cells of a panel of
cancers, including acute lymphocytic leukemia (ALL) T cell leukemia [16], liver
cancer [18], acute myeloid leukemia (AML) [19], lung cancer [20, 23], ovarian
cancer [22], B cell lymphoma [29], colorectal cancer [30], and breast cancer [31].
These aptamers were then able to serve as excellent probes for early detection of
cancer cells or cancer-related biomarkers, as well as targeted delivery of
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therapeutics into cancer cells. In addition, the ability to evolve aptamers to target
diseased cells through cell-SELEX without prior knowledge of exact molecular
targets provides a novel way to identify disease-associated biomarkers and is poised
to increase our understanding of molecular oncology and guide targeted therapy.

Compared with other molecular recognition moieties, such as antibodies, apta-
mers hold many unique properties or advantages for biomedical applications.
Briefly, aptamers can be developed against a wide range of targets, including those
toxic to organisms and therefore inaccessible for antibody development. The latter
capability makes it feasible to generate aptamers to toxic therapeutics and to utilize
the complexes of resultant aptamers and therapeutics for targeted transport of toxic
drugs. Moreover, aptamer identification through in vitro SELEX is usually more
efficient and cost-effective than antibody development. The advancement of auto-
mated nucleic acid synthesis enables easy, cost-effective chemical synthesis and
modification of functional moieties, as well as scale-up on a commercial level. The
binding affinities of aptamers to their targets (Kd’s are typically in the high pi-
comolar to low nanomolar range) are comparable to, or sometimes stronger than,
those of other molecular recognition elements, such as antibodies. O’Donoghue
et al. [32] Other advantages include high stability and long shelf-life, rapid tissue
penetration due to relatively small molecular weights, low immunogenicity [33],
and ease of antidote development [34, 35]. This collection of advantages makes
aptamers more than attractive for clinical or biomedical applications, such as dis-
ease diagnosis and therapy.

Nucleic acid aptamers are easy to be molecularly/nano-engineered and chemi-
cally modified, which, combined with the predictable Watson-Crick base-pairing of
nucleic acids, has made aptamers (examples list in Table 6.1) easily incorporated
into nucleic acid nanodevices. Nucleic acids have been used as building block
materials to construct various nucleic acid nanostructures for applications in bio-
medicine and biotechnology.

Nucleic acids hold unique features and have been extensively exploited for
applications in the field of molecular medicine and nanomedicine. Owing to
Watson-Crick base-pairing, the resultant programmability of nucleic acids allows
nucleic acid nanostructures to be self-assembled through versatile approaches,
including nucleic acid-hybridization-dependent assembly and non-hybridization-
dependent nucleic acid nanocomplexation. More attractively, the incorporation of
molecular functionalities into nucleic acid nanodevices allows them to specifically
recognize molecular targets, which is particularly significant for the development of
bionanotechnology. In particular, the functionalities can range from nucleic acid
functionalities, such as aptamers, molecular beacons, DNA antisense, and siRNA,
through predicable molecular design and simple self-assembly, to relatively general
or non-nucleic acid functionalities, such as fluorophores, radiotracers, and chemical
therapeutics, through physical interaction, chemical conjugation, or biochemical
conjugation via enzymatic reaction. For instance, aptamers have been incorporated
into nucleic acid nanosensors for sensitive monitoring of biomolecules, and apt-
amer-modified nanostructures have also been developed as drug nanocarriers to
selectively deliver therapeutics into target diseased cells.
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In this chapter, we will discuss the biomedical applications of aptamers gener-
ated by cell-SELEX for specific recognition of diseased cells. Specifically, from the
molecular engineering and nanoengineering perspectives, we will cover the engi-
neering of aptamer-incorporated molecular biosensors, nanosensors, and drug
nanocarriers; and from the biomedical application perspective, we will cover the
applications of the corresponding DNA devices in bioanalysis, bioimaging, and
targeted drug delivery. We will also cover a novel approach to the self-assembly of
DNA nanostructures, through the self assembly of a high concentration of DNA
generated during rolling circle replication, in contrast to conventional assembly of
DNA nanomaterials through DNA hybridization.

6.2 Building DNA Biosensors on Target Living Cell
Surfaces

The cell membrane serves as the interface between the intracellular and extracel-
lular environments. On one hand, intracellular biological activities can be regulated
via signal transduction resulting from the interaction of membrane-bound receptors

Table 6.1 Examples of nucleic acid aptamers having potential to be incorporated into DNA
nanodevices for disease theranostics (diagnosis and therapy)

Aptamers Molecular targets Associated
pathogenesis

Refs

Macugen Vascular endothelial
growth factor

Age-related macular
degeneration

Gragoudas et al. [36]

AS1411 Nucleolin Cancer development Bates et al. [37]

sgc8 Protein tyrosine
Kinase 7

Cancer development Shangguan et al. [38]

A20 Prostate-specific
membrane antigen

Cancer development Lupold et al. [39]

TTA1 Tenascin C Cancer development Daniels et al. [8]

S1.3/S2.2 Mucin 1 Cancer development Ferreira et al. [40]

IGEL1.2 Immunoglobulin E Allergy Wiegand et al. [41]

Apt-αvβ3 αvβ3 integrin Cancer development Mi et al. [42]

TBA (thrombin
binding aptamer)

α-thrombin Thrombosis Bock et al. [10]

B28 HIV gp120 Viral infection Khati et al. [13]

(NA) NF-κB Cancer development Lebruska and Maher
[43]

E2F-E1 E2F transcription
factor

Cancer development Martell et al. [44],
Ishizaki et al. [45]

A30 HER3 Cancer development Chen et al. [12]

NA not available
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and signaling molecules, including hormones, neurotransmitters, or therapeutics
from complex extracellular environments; on the other hand, extracellular biolog-
ical behavior can also be influenced by intracellular molecular role players by
means of such secretion of intracellular biomolecules, regulation of cellular bio-
physics through intracellular organization of cytoskeletons, etc. [46]. In situ,
analysis and regulation of these key biomolecular role players is necessary for both
a complete, comprehensive understanding of biological pathways with high spa-
tiotemporal resolution and specific biological and therapeutic applications.

To sense biomolecular behavior in situ on the cell membrane, one approach is to
build biosensors in situ in the local microenvironment on cell surfaces. Previous
tactics to accomplish these goals include cell-surface engineering through genetic
approaches and chemical modification. Cell-surface modification with proteins has
been achieved through genetic engineering, whereby cells are transformed with
plasmids or transfected with viruses that express proteins of interest and secrete
them onto cell surfaces. While this approach can be hampered by complex
manipulation, prolonged protein expression and secretion, or difficult construction
of nanostructures using these proteins [47], an alternative approach, chemical
modification of cell surfaces with such moieties as proteins, DNA, or nanomaterials
has provided a new direction for cell-surface engineering. For example, using
Staudinger ligation, mammalian cell surfaces were modified with DNA and
imparted specific recognition capability to cells, enabling programmed assembly of
three-dimensional microtissues [48].

Beyond these strategies, DNA, as a novel biomaterial in addition to the carrier of
genetic information, combined with nucleic acid functionalities, such as aptamers,
offers a simple method to engineer nanodevices in situ on target cell surfaces.
Because of Watson-Crick base-pairing and programmability, DNAs have been
explored as novel biomaterials for the construction of DNA nanostructures [49].
Herein, we will discuss a few examples of the construction of molecular biosensors
and nanosensors on target living cells for in situ bioanalysis.

6.2.1 Using Chimeric DNA-Lipid to Build Cell Membrane-
Anchored DNA Aptamer Biosensors

The cellular microenvironment includes the local surroundings with which cells
interact by processing various physical and chemical signals. The microenvironment
is of significance in regulating many cell functions, such as metabolism, signaling,
and apoptosis. It even affects the differentiation fate of stem cells [50, 51].
The ability for real-time monitoring of the cellular microenvironment can provide
valuable information for studying many important biological processes [50, 52].
On the other hand, because of the rapid fluctuation of molecules and ions in the cell
membrane-surrounding environment, as well as the quick diffusion of the released
molecules and ions into the bulk medium, it is always challenging to capture and to
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measure the analytes using conventional detection techniques, for example, enzyme-
linked immunosorbent assay (ELISA), fluorescence, inductively coupled plasma-
atomic emission spectrometry, and mass spectrometry.

To overcome this challenge, biosensing elements have been engineered onto the
cell membrane and have shown their capability for investigating cell functions with
high spatial and temporal resolution [53–56]. Thus far, cell-surface sensors have
been designed for signaling proteins, enzymes, or metabolites by using fluorescent
proteins, polymers, nanoparticles, or aptamers as the sensing units. Among which,
DNA probes have been attractive biosensing elements, due to their intrinsic
advantages of high stability, easy synthesis, flexible design, reproducibility, and
convenient modification with various functional groups. Moreover, based on an
in vitro selection technique termed as SELEX, various functional DNA probes,
primarily aptamers [57, 58] and DNAzymes [59], have been selected from random
DNA libraries on the basis of either their specific affinity to target cargos or their
ability to induce catalytic reactions in the presence of target molecules. As aptamers
and DNAzymes appear, the application of DNA probes in biosensing areas has
expanded quickly from gene test to the analysis of small molecules, metal ions,
peptides, proteins, and even whole viruses, bacteria, and cells.

By using functional DNAs as the sensing blocks, the Karp group at Harvard
University engineered a modified aptamer which can specifically bind to platelet-
derived growth factor (PDGF) onto the membranes of mesenchymal stem cells
through covalent chemistry (Fig. 6.1). For signal transduction, the aptamer was
labeled with a fluorescence emitter and a fluorescence quencher. In the absence of
target, the fluorophore did not emitting, due to the quenching of fluorescence.

Fig. 6.1 Schematic representation of two cell-surface DNA biosensors. a Fluorescent aptamers
were immobilized on the cell membrane via covalent chemistry and used for monitoring a protein
target in the cellular microenvironment. Reprinted by permission from Macmillan Publishers Ltd:
Ref. [54], copyright 2011. b Fluorescent DNAzymes anchored on the cell membrane by
hydrophobic interactions and used for monitoring target metal ion in real time. Reproduced from
Ref. [60] by permission of the royal society of chemistry
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However, upon binding with PDGF, the conformational change of the aptamer
resulted in the partition of the dye and quencher, thus restoring the fluorescence and
producing a detectable signal. In this way, the cell-surface aptamer sensor was able
to detect both the exogenously added and the neighboring cell-secreted PDGF with
high spatiotemporal resolution.

In order to engineer biosensing elements onto the cell membrane without
affecting the cell physiology, our research group has developed a simple, efficient,
noninvasive, and universal strategy for construction of cell-surface sensors by using
diacyllipid-DNA conjugates as the building and sensing elements (Fig. 6.1) [60].
The diacyllipid-DNA conjugate, which was first synthesized in our lab, was pre-
pared by directly incorporating a diacyllipid phosphoramidite tail on the 5′-end of
the DNA sequence in an automated DNA synthesizer [61]. We have demonstrated
that the diacyllipid-DNA conjugate can efficiently self-assemble onto the cell
membrane based on the hydrophobic interaction between the lipophilic tail and the
cellular phospholipid layer [61, 62]. The membrane-anchored DNA biosensors
could be simply fabricated by directly incubating the cells with the diacyllipid-
DNA probes and then washing away the free probes. To verify the performance of
this cell membrane-anchored sensor, we engineered specific DNAzymes on the cell
membrane for metal ion assay in the extracellular microspace. The cell-surface
DNAzymes showed excellent performance for reporting and quantifying both
exogenous and cell-extruded target metal ions in real time. Furthermore, with the
variety and power of DNA probes, this membrane-anchored sensor could also be
used for detection of various targets by inserting different DNA probes, providing
potentially useful tools for versatile applications in cell biology, biomedical
research, drug discovery, and tissue engineering.

6.2.2 Using Aptamers to Build Fluorescent DNA
Nanobiosensors on Target Living Cell Surfaces

Aptamer-tethered DNA nanodevices (aptNDs) were built in situ on cell surfaces by
either anchoring of preformed fluorescent aptNDs or the in situ self-assembly of
fluorescent aptNDs. Fluorescence has been attractive for noninvasive biosensing in
living cells, and the ability to modify DNA with fluorophores enables versatile
application of fluorescence in DNA-based biosensors.

To construct aptNDs, the Tan group first designed two partially complementary
hairpin monomers, namely M1 and M2, in which the stored energy in each loop
was protected by the corresponding stem, preventing their hybridization and
polymerization in the absence of an initiator trigger probe. Aptamers sgc8 and
TDO5 were chosen to construct our model aptNDs. Sgc8 binds to target protein
PTK7, which is overexpressed on target CEM cells, but not on nontarget Ramos
cells. TDO5 binds to the µ heavy chain of immunoglobulin M overexpressed on
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Ramos cells, but not on CEM cells. A DNA initiator probe was modified on the 5′-
ends of the aptamers, resulting in the self-assembly of nanodevices in a cascading
manner from M1 and M2 via HCR. The resultant aptNDs carried multiple mono-
mers and were implemented for chemical labeling (covalent) of multiple copies of
fluorophores or physical association (noncovalent) with multiple dsDNA-interca-
lating fluorophores on these nanosensors.

Corresponding to the different types of fluorescence signal transduction widely
used in bioanalysis, three different types of aptNDs were constructed and selectively
anchored on target cell surfaces: (1) a chemically modified fluorescent aptND, in
which fluorophores were chemically modified on the ends of DNA monomers; (2) a
label-free fluorescent aptND, in which fluorogenic molecules were physically asso-
ciated with dsDNA boxcars; and (3) a FRET aptND, in which two fluorophores were
chemically modified on monomers and physically associated with boxcars, respec-
tively, to enable energy transfer between the two (Fig. 6.2a) [63].

Chemically modified fluorescent aptNDs were built by modifying DNA
monomers with fluorophores (FITC as a model). Flow cytometry analysis of cells
incubated with the resultant aptNDs indicated that these aptNDs were anchored
selectively on their corresponding target cell surfaces. In addition, since a single
nanodevice was loaded with multiple fluorophore copies, cells having anchored
aptNDs displayed enhanced fluorescence intensities compared with the corre-
sponding cells labeled with aptamers. Likewise, label-free fluorescent aptNDs were
built on target cell surfaces using aptNDs loaded with fluorogenic dsDNA-inter-
calating dyes (EvaGreen (EG) as a model), taking advantage of the structural
feature of aptNDs that consist of long dsDNA sections. Again, these aptNDs were
evaluated by flow cytometry and demonstrated to be selectively anchored on cell
surfaces. We also studied construction of FRET nanodevices on living cell surfaces.
The programmability of aptNDs and ease of chemical modification on DNA
allowed the tandem positioning of multiple FRET components by both covalent and
noncovalent means. In this nanodevice, EG (energy donor) was intercalated into
dsDNA of aptNDs, and Cy3 (energy acceptor) was chemically modified on the 3′-
ends of monomers, M1 and M2. The intercalated EG was designed to absorb short-
wavelength light and then transfer the energy to densely positioned and evenly
distributed Cy3 on the proximate aptNDs. Fluorescence spectrometry and flow
cytometry both demonstrated the efficient energy transfer on aptNDs and the
immobilization of these DNA structures on cell surfaces.

In addition to building preformed nanodevices on cell surfaces, in situ nan-
odevice assembly would be highly desirable, especially in situations where it is
difficult to transport preformed devices to, or anchor them on, target cells. Con-
struction of such devices may also be hindered by the absence of local stimuli.
Motivated by this, we further exploited the in situ self-assembly of fluorescent
aptNDs on target living cell surfaces (Fig. 6.2b).

Overall, owing to the specific recognition ability of aptamers and the pro-
grammability of DNA, we have built fluorescent DNA nanodevices on target living
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cell surfaces in order to achieve the long-term goal of pinpoint bioanalysis or
biomanipulation on target living cell membranes in the complex extracellular
environment. The features of repetitive and alternating DNA building blocks in
these nanodevices provide an excellent platform for positioning of multi-component
molecular arrays through either chemical modification or physical interaction. This
approach could be useful for real-time tracking of analytes in extracellular envi-
ronments, cell-surface engineering, targeted drug delivery, and manipulation of
biological pathways.

Fig. 6.2 Schematic illustration of the construction of fluorescent DNA nanodevices on target
living cell surfaces. a Three types of fluorescent DNA nanodevices, preformed via HCR-based
self-assembly upon initiation by aptamer-tethered trigger probes, are anchored on target cell
surfaces, or b aptamer seed probes initiate in situ self-assembly of fluorescent DNA nanodevices
on target cell surfaces by either (I) cascading alternative hybridization of two partially
complementary monomers or (II) HCR. Reprinted with the permission from Ref. [63] copyright
2013 wiley
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6.3 Aptamers Guide and Deliver DNA Biosensors
into Living Cells for Real-Time Monitoring
of Bioactivities

The intracellular environment holds most of the molecular machineries and is the
site for the majority of molecular biological activities. Knowledge of the involved
molecular role players is essential to the elucidation of these biological activities.
Biosensors comprise a class of smart devices that can be used to accomplish this
task. However, the cell membrane presents a physical barrier for many biosensors
to penetrate living cells. Fortunately, many aptamers are capable of being inter-
nalized into living cells, without compromising cellular integrity. Hence, aptamers
have been engineered into various molecular biosensors or nanosensors, allowing
them to be delivered into cells and executing intracellular biosensing in intact
cytoplasmic environments, providing a potential robust approach to “watching” the
biological activities in their native state.

6.3.1 Aptamer-Mediated Targeted Delivery of DNA
Biosensors for Intracellular Monitoring of mRNA

Cells, as the building blocks of life, occupy the midpoint of micro- and macro-
structure and provide critical insight into the basic processes of life at the molecular
level [64, 65]. The ability for real-time monitoring of specific bioactive molecules
in living cells enables us to obtain a better understanding of cellular dynamic
functions [66, 67]. To implement live-cell monitoring, the first task is to construct
effective biosensors for signaling the presence of the analytes, and then send them
into the target living cells. While many excellent biosensors have been fabricated
[68, 69], the development of their cellular delivery methods has lagged far behind.
Taking live-cell messenger-RNA (mRNA) detection for example, mRNAs are
specific RNAs that convey genetic information from DNA in the nuclei to guide
protein synthesis in the cytoplasm. The expression level and subcellular distribution
of specific mRNA can be modulated by cells when responding to their internal
genetic programs or external stimuli. Therefore, intracellular mRNA monitoring can
yield valuable information for biological study, medical diagnosis, adaptive ther-
apy, and drug discovery. So far, in situ hybridization is the commonly used tech-
nique for studying intracellular events [70]. However, since this method presents a
static map in fixed cells and the cellular structure may be affected by the fixing
process, live-cell imaging is a more desirable approach. Of the several current live-
cell imaging methods, molecular beacons (MBs) may be the most attractive, since
they are easy to make, simple to use, convenient to modify with various functional
groups, and they do not involve the complicated genetic manipulations of GFP-
tagged methods [71] or require removal of unbound probes [72]. To visualize and
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track mRNA in living cells, one critical issue must be addressed: delivering MBs
into the cytoplasm with high efficiency.

Since MBs are negatively charged hydrophilic macromolecules, they cannot
permeate the lipophilic cell membrane [73]. To solve the problem of MB delivery,
several solutions have been attempted, including microinjection, electroporation,
reversible permeabilization, transfection using liposomes and cationic polymers,
and peptide-assisted delivery, to name just a few. Despite wide investigation, all of
these methods have their limitations. For example, microinjection is tedious and
low-throughput, while oligonucleotide probes sequester in the nucleus rapidly and
completely by a single pulse [74]. Electroporation and reversible permeabilization
using streptolysin O are invasive and may generate a variation in the intracellular
amount of the probes, since probes enter cells by passive diffusion [75]. Methods
based on transfection with liposomes or cationic polymers are reported to deliver
the probes via the endocytic pathway, followed by additional problems common to
endosomes or lysosomes, such as rapid degradation, low efficiency, and high
background [76]. Although peptide-assisted delivery can deliver probes in a non-
endocytic way, its application was limited by the complicated conjugation between
the peptide and the DNA [77]. Moreover, most of these methods show no cell
specificity.

Delivery strategies with the advantages of high-throughput, non-invasive, low
cost, and simple synthesis are being sought. Aptamers have become attractive
targeting ligands; in particular, those aptamers which can internalize into cells have
been widely used for cell-targeted drug delivery [78]. The Tan group developed a
self-delivered MB for detecting mRNA in living cells through hybridization
between the cell-type specific internalizing aptamer AS1411 and the MB (Fig. 6.3)
[79]. Aptamer AS1411 can specifically recognize nucleolin, which is overexpressed
on the cancer cell membrane [80]. Since nucleolin can transport between the cell
membrane and the nucleus, AS1411 can be delivered into the cells. In this design,
the MB was integrated with AS1411 via hybridization with the extended cDNA
sequence of AS1411; thus, the MB was efficiently delivered into the cytoplasm of
targeted cells using the aptamer as the guidance system. To control the detection
activity of the MB, two light-sensitive caging groups were inserted in the cDNA
sequence of AS1411, disabling the MB’s ability to sense the presence of the target
in the absence of activation by a single light pulse. In this way, the MB was able to
detect target mRNA with high spatial and temporal resolution. By using cell-
internalizing aptamers as the guidance system, many biosensors can be efficiently
delivered into the target cells and perform live-cell monitoring of specific bio-
molecules in real time.
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6.3.2 Aptamer-Incorporated DNA Dendrimers as Efficient
Nanocarriers of Functional Nucleic Acids
for Intracellular Molecular Sensing

Dendritic molecules are highly branched, globular, monodisperse, and nanosized
structures, which have attracted much attention in biomedicine and biotechnology
[81]. Because of their biocompatibility, programmability, and easy synthesis,
nucleic acids are excellent candidates for fabrication of dendritic structures, as
theorized by Nilsen et al. [82]. These dendrimer-like DNA structures were first
produced in 2004 by Li et al. [83] using enzymatic ligation.

The Liu group then reported an enzyme-free method to swiftly prepare large
DNA dendrimers in high yield. DNA dendrimers were prepared from Y-shaped
DNA using an enzyme-free and step-by-step assembly strategy. To prepare the Y-
DNA, equal moles of three or four oligonucleotides were first mixed together.
Different generations of DNA dendrimer (Gn) were then prepared from Y-DNAs.
The sequences of Y-DNA were carefully designed to guarantee that the hybrid-
ization of sticky ends would only occur between Yn and Yn+1. To achieve pH
responsiveness in a DNA dendrimer, they incorporated a type of DNA molecular
motor into the scaffold between the core and the first layer. This DNA molecular
motor is composed of a cytosine-rich strand and an optimized complementary
sequence X. Under basic or neutral conditions, it forms an extended duplex, but

Fig. 6.3 Schematic illustration of the targeted, self-delivered, and photocontrolled molecular
beacon for mRNA detection in living cells. Reprinted with the permission from Ref. [79] copyright
2012 American chemical society
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under slightly acidic conditions, it folds into a constrained four-stranded i-motif
structure between cytosine residues. Upon a change in pH value, the i-motif DNA
undergoes conformational changes and generates several nanometers of linear
motion, which were expected to allow for tunable dimensions of the DNA
dendrimer.

The Tan group recently developed a DNA dendrimer scaffold as an efficient
nanocarrier to deliver functional nucleic acids (FNAs) and to conduct in situ
monitoring of biological molecules in living cells. A histidine-dependent DNA-
zyme and an ATP-binding aptamer were chosen as the model FNAs. The DNA-
zyme or aptamer was incorporated in the second layer (Y1) of the DNA dendrimer,
which contained four different single strands and served as the signal reporter part
of the sensing system (Fig. 6.4) [84].

In their design of the L-histidine-responsive DNA dendrimer sensing system, the
3′-end of the Y1b strand was functionalized with a quencher (BHQ-1), while the 5′-
end of the substrate strand X was labeled with carboxyfluorescein (FAM). The four
oligonucleotides Y1a, the Y1b enzyme strand of DNAzyme Y1c-L-histidine, and its
substrate strand XL-histidine hybridize to form the Y-shaped structure Y1-L-histidine,
which brings the quencher and fluorophore into close proximity, thereby effectively
quenching FAM fluorescence. In the presence of L-histidine, the substrate strand X
is cleaved, resulting in a shorter DNA strand which shows a lower melting tem-
perature (12.7 °C) with Y1b than that of the original full-length substrate strand
(44.3 °C). Thus, the shorter DNA strand containing FAM is then released from the
sensing system at room temperature and away from the quencher BHQ-1, causing
fluorescence recovery to sense L-histidine.

They also employed a similar strategy to design an aptamer-based DNA den-
drimer sensing system. Here, DNA dendrimer served as a transporter of DNA
aptamer into living cells. The ATP aptamer strand was modified with the FAM on
its 5′-end (denoted XATP). The 3′-end of the Y1b strand was functionalized with a
quencher (Black Hole Quencher-1, BHQ-1), and the Y1c-ATP strand was designed to
partly hybridize with XATP. In the absence of the target, the four oligonucleotides
Y1a, Y1b, Y1c-ATP, and anti-ATP aptamer strand XATP hybridize to form Y1-ATP,
bringing the fluorophore and quencher into close proximity, thereby effectively
quenching the fluorescence of FAM. However, as a result of the strong binding
affinity between ATP-binding ATP aptamer and ATP, the introduction of the target
ATP into the DNA dendrimer sensing system induces formation of an ATP-aptamer
complex, releasing the aptamer from the dendrimer, causing fluorescence recovery
of the sensing system to sense ATP (Fig. 6.5).

Further, intracellular monitoring of histidine and ATP demonstrated that these
FNA-embedded dendrimeric sensing systems could successfully self-deliver into
living cells while maintaining their target recognition capabilities. Instead of
incorporating potentially biohazardous inorganic materials for efficient FNA
delivery, the proposed nanocarrier employs naturally occurring DNA molecules as
building blocks, exhibiting excellent biocompatibility. Moreover, such nanocarriers
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possess several other advantages, such as easy preparation, enhanced enzyme-
resistance, high stability at very low concentrations (no CMC effect), and good self-
delivery capability. These advantages, coupled with the fact that DNAzymes and
aptamers for any target can be selected via in vitro selection, make this DNA
dendrimeric nanocarrier a promising new platform for efficient intracellular moni-
toring of targets of interest and, hence, for wide applications in biomedicine.

Fig. 6.4 a Y0 was assembled from three different single strands: Y0a, Y0b, and Y0c. The other Y-
DNA scaffolds were prepared according to same strategy, except for Y1. b Y1-L-histidine was
achieved by the assembly of Y1a, Y1b, Y1c-L-histidine, and XL-histidine. c Y1-ATP was achieved by the
assembly of Y1a, Y1b, Y1c-ATP, and XATP. d G4-L-histidine was assembled from Y0, Y1-L-histidine, Y2,

Y3, and Y4. e G4-ATP was assembled from Y0, Y1-ATP, Y2, Y3, and Y4. f The preparation of the first
to fourth generation of DNA dendrimers. Reprinted with the permission from Ref. [84] copyright
2014 American chemical society
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6.4 Aptamers Guide and Deliver DNA Drug Nanocarriers
into Diseased Cells for Targeted Therapy

Conventional cancer therapeutic modalities, such as chemotherapy and radiother-
apy, are predominant in current clinical cancer therapy. However, these therapeutic
modalities usually lack specificity and consequently induce cytotoxicity in both
cancerous and healthy cells, causing side effects [85], limited maximal tolerated
dosage (MTD) and reduced therapeutic efficacy [86, 87]. A therapeutic [88] plat-
form with cancer cell-selective drug delivery is expected to overcome these limi-
tations. Toward this end, DNA nanotechnology, by its programmability, has been
extensively studied for the rational assembly of one-, two-, and three-dimensional
nanodevices [49, 89–91] for the passive targeted delivery of theranostic agents by
the enhanced permeation and retention (EPR) effect [1, 2, 92–98]. Because of the
leaky blood vasculature in tumors, nanomaterials with diameters as small as a few
hundred nanometers are more likely to penetrate through to tumor tissues, be taken
up by cancer cells, and remain in tumor tissues for an enhanced retention time
resulting from the weakened lymphatic drainage in tumor tissues [99–101]. Addi-
tionally, these nanodevices can also be appended with aptamers for active targeting
to guide the delivery of theranostic agents to the specific target diseased cells.
Recent biotechnological advancements have led to a variety of targeted drug
delivery systems based on aptamer-DNA nanodevices [93, 94].

Fig. 6.5 a Schematic of DNAzyme-based dendrimeric sensing system for L-histidine. b Schematic
of aptamer-based dendrimeric sensing system for ATP. Reprinted with the permission from Ref.
[84] copyright 2014 American chemical society
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By molecular- and nano-engineering, scientists have developed various aptamer-
integrated DNA nanodevices to serve as drug carriers for targeted delivery of
therapeutics and the subsequent regulation of biological activities in target cells
[102]. Herein, we will mainly discuss aptamer-incorporated two-dimensional DNA
nanotrains, spherical DNA nanoflowers, and DNA origami for targeted delivery of
imaging agents and chemotherapeutics, as well as immunotherapeutics for disease
theranostics.

6.4.1 Aptamer-Tethered DNA Nanotrains for Targeted
Delivery of Molecular Imaging Agents and Drugs
for Cancer Theranostics

While chemotherapeutic drugs lack specificity and can cause side effects, a thera-
nostic [88] platform with the ability of targeted drug delivery is expected to solve
these problems. Toward this end, a variety of drug delivery systems based on
aptamer-drug conjugates or aptamer-nanomaterial assemblies [14, 93, 94, 103–106]
have been reported. DNA nanotechnology has also been utilized to develop targeted
delivery systems for theranostic agents [1, 2, 92–98]. However, these strategies
have unique limitations that could hamper the transition to clinical application,
including (1) complicated design, laborious, and uneconomical preparation of DNA
to construct these sophisticated DNA nanodevices, or laborious and inefficient
preparation of aptamer-drug conjugates [1, 93, 95, 96, 98, 103]; (2) limited drug
payload capacity and the resultant high cost, hampering production scale-up [1, 93,
95, 96, 98, 103, 104, 106]; (3) poor biodegradability, leading to chronic accumu-
lation of many inorganic nanomaterials in vivo [107, 108]; and (4) limited uni-
versality [104].

We have designed and engineered a DNA nanodevice, termed as aptamer-
tethered DNA nanotrain (aptNTr), to circumvent these limitations [109]. An aptNTr
is a long linear DNA nanostructure self-assembled simply from two short DNA
strands upon initiation of aptamer-tethered trigger probes, through a hybridization
chain reaction (HCR) [91] (Fig. 6.6). Each nanotrain is tethered with an aptamer
moiety on one end for molecular targeting of cognate cancer cells and operating like
locomotives to guide a series of tandem dsDNA “boxcars” toward target cells. Two
hairpin monomers (M1 and M2) were designed, such that the stored energy in the
loops is protected by the corresponding stems, preventing their polymerization in
the absence of an initiation probe. To construct aptNTrs, aptamer sgc8 was chosen
as a model. Sgc8 can bind to target protein PTK7, which is overexpressed on target
CEM cell membranes, but not on nontarget Ramos cells [16, 38]. To initiate NTr
self-assembly, a DNA trigger probe was modified on the 5′-end of sgc8. Intro-
duction of sgc8-trigger to a mixture of M1 and M2 initiated the autonomous
polymerization of these building blocks through mutual hybridization, resulting in
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the self-assembly of sgc8-NTrs. By flow cytometry, these nanodevices were
demonstrated to selectively recognize target cancer cells, but not nontarget cells.

Importantly, the periodically aligned boxcars provided a large number of spa-
tially addressable sites for high-capacity loading of therapeutics or bioimaging
agents. The aptamer-initiated nanotrain formation was demonstrated using atomic
force microscopy (AFM). Chemotherapeutic drugs were loaded on these nano-
trains, with several widely used anthracycline anticancer drugs, including Doxo-
rubicin (Dox), Daunorubicin (DNR), and Epirubicin (EPR), as drug cargo models.
Since it is well known that these drugs can preferentially intercalate into double-
stranded 5′-GC-3′ or 5′-CG-3′, resulting in the quenching of drug fluorescence
[104, 106, 110], M1 and M2 were designed such that all their sequences would
form drug intercalation sites (ACG/CGT) in nanotrains. Sgc8-NTr-Dox complexes
showed negligible drug diffusion from sgc8-NTrs, indicating the high stability of
sgc8-NTr-Dox complexes. Using confocal microscopy, aptNTrs were shown to
selectively deliver drugs into target cancer cells, further verified by an in vitro MTS
cell viability assay which indicated that sgc8-NTr-Dox induced cytotoxicity com-
parable to that induced by free drugs in target cells, but not in nontarget cells.

Next, the in vivo therapeutic efficacy (both anticancer potency and side effects)
of Dox delivered by this nanodevice was evaluated using a CEM subcutaneous
xenograft mouse tumor model. Mice were divided into three groups for comparative
efficacy studies, in which the following regimens were administered by intravenous
injections every other day: (i) sgc8-NTrs, (ii) free Dox, and (iii) sgc8-NTr-Dox.
Compared with blank drug carriers (sgc8-NTrs), both sgc8-NTr-Dox and free Dox
caused significant inhibition of tumor growth, with slightly stronger potency of
sgc8-NTr-Dox than free Dox. This may be attributed to specific targeting ability
and larger molecular weight of aptNTrs that endowed them with relatively long
drug clearance time from blood, relatively high concentration of accumulated drug

JFig. 6.6 Schematic illustration of the self-assembled aptamer-tethered DNA nanotrains (aptNTrs)
for cancer theranostics. a Self-assembly of aptNTrs from short DNA building blocks (1) upon
initiation from a aptamer-tethered trigger probe. The resultant nanotrains (2) were tethered with
aptamers on one end working as locomotives, with multiple repetitive “boxcars” on the other end
to be loaded with molecular drugs (3). AFM images (1–3) show the corresponding morphologies.
b Drugs were specifically transported to target cancer cells via aptNTrs, where they were unloaded
and induced cytotoxicity to target cells. The fluorescence of drugs loaded onto nanotrains was
quenched (fluorescent “OFF”), but was recovered upon drug unloading (fluorescent “ON”). c,
d CEM xenograft mouse tumor model was developed by subcutaneous injection of CEM cells in
the back of NOD. Cg-Prkdc (scid) IL2 mice. Mice were divided into three groups that were,
respectively, treated by intravenous injections of (i) sgc8-NTrs, (ii) free Dox, and (iii) sgc8-NTr-
Dox, with 2 mg/kg Dox or Dox equivalent dosages in (ii) and (iii) and accordingly 23 mg/kg sgc8-
NTrs in (i). c Tumor volume up to day 10 after treatment initiation (mean ± S.D.; n = 5). Asterisk
on day 10 represents significant differences between tumor volumes of free Dox- and sgc8-NTr-
Dox-treated mice (*p < 0.05, n = 5; Student’s t-test). d Mouse body weight loss at day 10
compared with day 0, after treatment initiation (mean ± S.D.; n = 5). Asterisk represents significant
differences between weight loss of free Dox- and sgc8-NTr-Dox-treated mice (***p < 0.001, n = 5;
One-way ANOVA with Newman-Keuls post hoc test). Reprinted from Ref. [109] by permission of
PNAS
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and long drug retention times in tumor. Consistently, both sgc8-NTr-Dox and free
Dox led to longer mouse survival time than sgc8-NTrs. These results demonstrated
the potent anticancer efficacy of drugs delivered via aptNTrs. Moreover, mice
treated with free Dox lost significantly more weight than those treated with sgc8-
NTr-Dox, while those treated with sgc8-NTrs showing slight body weight increase,
indicating the reduction of drug side effects using aptNTrs, as well as the bio-
compatibility of aptNTrs. Overall, these data demonstrated the potent antitumor
efficacy and the reduced side effects of drugs delivered via aptamer-tethered DNA
nanotrains as the drug nanocarriers.

In addition, this drug delivery system allows cost reduction of DNA preparation in
reproducing this type of drug carriers, due to (a) the use of short DNAs in aptNTrs
leading to a relatively high DNA synthesis yield compared with the use of long
strands, and (b) the maximal contribution of DNA in aptNTrs to cargo loading
resulting in the use of a relatively low amount of DNA to deliver a specific amount of
cargo. Moreover, bioimaging agents coupled on nanotrains and drug fluorescence
dequenching upon release allowed for real-time signaling of behaviors of nanotrains
and drugs at target cells, making it an excellent platform for cancer theranostics.
Moreover, the aptamer module in these nanostructures can be easily changed, so that
this system can also apply to other nucleic acid-based systems and some other ther-
anostic agents, ensuring wide applicability. Furthermore, the degradability of DNA
would prevent a chronic accumulation of nanomaterials with molecular weight above
the renal filtration cutoff, and the long linear nanostructure of this drug transporter is
expected to increase circulation time in vivo, as shown in studies using filomicelles
[111]. Collectively, aptNTrs are uniquely attractive for cancer theranostics.

6.4.2 Noncanonically Self-assembled Aptamer-Incorporated
DNA Nanoflowers for Cancer Theranostics

DNA has emerged as a building block material for the construction of DNA nan-
odevices, typically relying on bottom-up assembly through Watson-Crick base-
pairing between short DNA building blocks. However, these approaches have
intrinsic drawbacks, including: (1) complicated design of the myriad of different
DNA strands needed to assemble relatively large and sophisticated nanodevices; (2)
the bulky preparation of a large amount of DNA; (3) the limited compaction
resulted from steric hindrance of DNA strands, yet highly compact DNA is typi-
cally favored for applications in nanotherapeutics and bioimaging nanoassemblies;
(4) the extensive intrinsic nicks of phosphodiester bonds in DNA building blocks,
which provide potential cleavage sites for many exonucleases [112–114]; and
(5) dissociation that accompanies denaturation or extremely low concentrations.
Therefore, it would be desirable to assemble densely compacted multifunctional
DNA nanostructures using elongated less-nicked building blocks made from a low
amount of only a few DNA strands, without relying on Watson-Crick base-pairing.
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Toward this end, the Tan group developed the noncanonical self-assembly of
hierarchical DNA nanodevices, termed as nanoflowers (NFs), with densely packed
DNA and built-in multiple functionalities (Fig. 6.7) [81]. Using only a low amount
of two DNA strands (one designer template and one primer), long DNA building
blocks were generated through Rolling Cycle Replication (RCR), an isothermal
enzymatic reaction catalyzed by Φ29 DNA polymerase. Since the templates for
RCR can be tailor-designed, various structural and functional moieties can be
incorporated into templates and subsequently built into RCR products. The RCR
template was designed such that the resultant RCR products consist of a series of
aptamers (sgc8 as a model) and drug-loading sites for Dox. The concatemer ap-
tamers in elongated ssDNA were expected to enhance the binding affinity of the
resultant NFs to target cells through multivalent binding, and the tremendous drug-
association sequences in NFs were expected to endow NFs with high drug payload
capacity. The above-generated DNA then served as building blocks to assemble
NFs. RCR products obtained after reaction for n hours were denoted as RCRn, and

Fig. 6.7 Schematic illustration of noncanonical self-assembly of multifunctional DNA nano-
flowers (NFs). The designer linear ssDNA template was first ligated to form a circular template,
which then served as the template for RCR using Φ29 DNA polymerase and a primer. RCR
generated a large amount of elongated non-nicked concatemer DNA with each unit complementary
to the template. These DNAs then served as building blocks to self-assemble monodisperse,
densely packed, and hierarchical DNA NFs. NF sizes were tunable with diameters ranging from
approximately 200 nm to several micrometers, as shown by the representative SEM images. NF
assembly does not rely on Watson-Crick base-pairing between DNA building blocks, enabling
tailored design of the template to carry multiple complements of functional nucleic acids, e.g.,
aptamers and drug-loading sites. Functionalities could also be incorporated via primers or modified
deoxynucleotides, such as Cy5-dUTP for bioimaging as shown here as an example. The
multifunctional NFs were applied for selective target cancer cell recognition, bioimaging, and
targeted drug delivery. Reprinted with the permission from Ref. [81] copyright 2013 American
chemical society
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scanning electron microscopy (SEM) indicated that NFs were formed in RCR10

with diameters of about 200 nm and petal-like structures on the surfaces. The ability
to build monodisperse nanodevices with hundreds of nanometers is highly signif-
icant, especially for biomedical applications such as passive targeted drug delivery
via the enhanced permeation and retention (EPR) effect. The one-step self-assembly
of small monodisperse NFs prevented the otherwise physical cutting for aggregate
partition or physical compaction for size reduction, which could be difficult to
precisely manipulate and could damage DNA functionalities in NFs [115, 116].
Detailed examination indicated that NF assembly underwent a progressive process,
with NF size increasing with the increase of RCR reaction time, which allowed for
fine-tuning the sizes of DNA NFs for versatile applications. In our study, we have
observed NFs with diameters up to 4 µm. It was also demonstrated that NFs were
self-assembled noncanonically. The sparsity of nick sites in the elongated building
blocks and the compactness of DNA in NFs increased the resistance of NFs to
nuclease degradation, denaturation, or dissociation at low concentrations. The
exceptional biostability was demonstrated by the maintenance of NF structural
integrity during treatment with nucleases, human serum, high temperature, urea, or
dilution, making NFs amenable for versatile future applications, especially in
biomedical situations.

By rational design of RCR templates, the elongated DNA building blocks can
carry a large amount of concatemer structural and functional moieties, which are
further compacted into NFs. For example, during the de novo generation of NF
building blocks, functionalities can also be incorporated via (1) chemically func-
tionalized deoxynucleotides that can be utilized as substrates in RCR and
(2) customized design of templates and primers. In this study, we used both of these
approaches to incorporate different fluorescent bioimaging agents, aptamers, and
drug-loading sites. NFs were equipped with functionalities including aptamers,
fluorophores, and drug-loading sites. The resultant NFs were then capable of
selective cancer cell recognition, cell bioimaging, and targeted anticancer drug
delivery. Specifically, for fluorescent molecular imaging, FITC was chemically
modified on one end of the RCR primer, such that multiple copies of fluorophores
could be integrated into one NF composed of many copies of DNA building blocks.
Bioimaging agents were incorporated enzymatically via chemically modified de-
oxynucleotides, a Cyanine 5 (Cy5)-modified dUTP, which can work as a substrate
for many DNA polymerases, including Φ29 [117, 118]. The fluorescence of these
resultant NFs was validated through fluorescence microscopy. The incorporation of
fluorophores into NFs provides the basis for further applications of NFs in bioi-
maging. Moreover, by design of RCR templates, aptamer sgc8 and drug-loading
sequences (ds(CG) and ds(GC)) for Dox were incorporated into NFs. Using flow
cytometry, NF0.2s incorporated with FITC, drug-loading sites, and sgc8 were
demonstrated to selectively recognize target HeLa cells and CEM cells, but not
nontarget Ramos cells. This provides the basis for potential applications in cancer
imaging and active cancer therapy. Using confocal microscopy, the fluorophore-
incorporated NFs were able to elucidate that NFs could be internalized into target
cancer cells, providing the basis for efficient drug delivery mediated by NFs as
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aptamer-guided drug carriers. These DNA NFs possessed high drug-loading
capacity, via either association with specific drug-loading sequences or physical
encapsulation, owing to high density of DNA drug-loading sequences and internal
hierarchical structures. NF-drug complexes were then evaluated for targeted drug
delivery in vitro using an MTS assay, and these nanodevices were demonstrated to
have the capability of intracellular imaging and targeted drug delivery.
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Chapter 7
Properties of Nucleic Acid Amphiphiles
and Their Biomedical Applications

Haipeng Liu

Abstract Nucleic acid-based amphiphiles, which consist of nucleic acids
covalently linked to lipophilic lipid molecules, have demonstrated unique physi-
cochemical and biological properties and are emerging as new types of materials in
biomedical applications. These types of hybrid materials combine the functions and
properties from both hydrophilic nucleic acids and hydrophobic lipid tails and thus
are developed to carry therapeutic drugs, to penetrate cell membranes, to decorate
the cell surface, and to interact with endogenous proteins. These functional am-
phiphiles have demonstrated potentials in extending the usage of traditional nucleic
acids. In this chapter, we highlight the recent advances with an emphasis on their
synthesis, self-assemble properties, and biomedical applications. Specifically, we
focus on illustrating the structure–function relationship which provides the foun-
dation for rational design of nucleic acid amphiphiles in future applications in the
biomedical field.

Keywords Nucleic acids � Amphiphiles � Self-assembly � Membrane � Sensor �
Biomedical � Vaccine adjuvant

7.1 Introduction

Nucleic acids are versatile biomaterials that are helping researchers understand
disease pathways and biological mechanisms and are extensively explored as novel
theranostics. Synthetic nucleic acids, such as plasmid DNA, [1] siRNA, [2] anti-
sense DNA, [3] molecular beacons, [4] aptamers [5], and DNAzymes [6], are
powerful tools for dissecting, detecting, regulating, or inhibiting biological func-
tions at molecular and cellular levels. However, despite the high therapeutic
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potential of nucleic acids, their application in clinical settings is still limited due to
the challenges in the delivery of synthetic nucleic acids to disease sites and cross
cell membranes [7]. This is part because of the genetic role of nucleic acids. In
nature, foreign nucleic acids pose a biosecurity threat to cells by allowing the
expression of potential pathogenic proteins. Thus, almost all living organisms
develop their own defense mechanisms to prevent the entrance, replication, and
genome incorporation of foreign nucleic acids. For example, cellular membranes
are negatively charged and act as a natural barrier to prevent the entrance of
polyanionic nucleic acids; once inside the cells, rapid enzymatic degradation of
nucleic acids efficiently prevents them from integrating to the genome. Further-
more, in vivo application of nucleic acids as theranostics often requires the tissue/
organ-specific delivery to maximize the therapeutic/diagnostic efficacy and mini-
mize the side effects. Thus, a series of barriers need to be overcome in order for
synthetic nucleic acids to function in vitro and in vivo [7].

Numerous delivery carriers, including non-viral vectors such as polymers, lip-
osomes, lipids, peptides, and viral-based vectors have been suggested for over-
coming the delivery barriers of nucleic acids. Historically, transfection agents, such
as cationic materials that can form polyelectrolyte complexes with negatively
charged nucleic acids via ionic interactions have been developed to bring in nucleic
acids to cells, a process called transfection. The cationic agents can condense
nucleic acids into nanosized particles via charge–charge interaction and provide
excellent protection of nucleic acids from enzymatic degradation. However, cat-
ionic agents are not ideal for systemic delivery because they often exhibit limited
organ/tissue selectivity, severe cytotoxicity, and immunogenicity, limiting their
clinical applications.

Recently, it has been demonstrated that nucleic acids, especially synthetic short
oligonucleotides, when covalently conjugated to lipophilic molecules, can confer
increased nuclease resistance, [8] improved duplex stability, and [8] prolonged half-
lives after administration [9] and are able to penetrate the cellular membrane effi-
ciently [10]. Moreover, lipophilic nucleic acids are known to self-assemble into a
wide range of different types of nanosized structures, making them interesting
candidates as new types of nanomaterials in the emerging field of nano/biotech-
nology [11].

Additionally, due to the strong plasmid membrane affinity, lipophilic nucleic
acids are engineered as cell membrane-anchored biochemical sensors that allow
real-time monitoring of the interactions of cells with their microenvironment
[12, 13] or as cell membrane-anchored targeting ligands to direct the engagement of
immune cells and disease cells [14]. This type of live cell membrane surface
engineering can be used to improve the diagnostics or enhance cell-based therapies
without complex manipulation and thus has potential application in immunotherapy
for diseases such as cancer.

Finally, clinical validated method of using nucleic acids requires the organ-
specific targeting. Lipophilic modification results in extensive interaction with serum
proteins which enable the efficient delivery of nucleic acids compounds without the
requirement of an additional delivery vehicle [9, 15–17]. This self-delivering
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approach has been applied in siRNA delivery to the liver to silence an endogenous
gene [16] and in vaccine adjuvant delivery to the lymph node in mounting a potent
immune response [17].

7.2 Synthesis of Lipophilic Nucleic Acids

Lipophilic nucleic acids are composed of a nucleic acid, a linker, and a lipophilic
tails. Depending on the aims of the study, these components can be tailored to
realize desired properties. Lipophilic modifications of nucleic acids usually can be
achieved by conjugating at least one lipophilic moiety either at 3′-terminal or at 5′-
terminal of the nucleic acids or within the sequence. There are generally two
conjugation strategies to achieve covalent linkage between lipids and nucleic acids:
solid-phase coupling or solution-phase synthesis. Solution-phase synthesis requires
the conjugation reaction between two dramatically different molecules: highly
hydrophobic lipids and highly hydrophilic nucleic acids. This has posed a challenge
in identifying proper conjugation chemistry as well as suitable solvent systems.
Compared with solution-phase coupling, solid-phase synthesis has the advantages
of simple setups, high yield, easy purification, and compatibility with traditional
solid-phase DNA synthesis and thus is gaining more popular among researchers.
However, the solid-phase conjugation is limited by the availability of appropriate
reagents as well as compatibility in the automated DNA synthesis and subsequent
deprotection. It is worth to point out that traditionally cholesterol is one of the most
commonly used lipophilic modifications for modifying oligonucleotides [8, 9].
Using solid-phase synthesis, both 3′- and 5′-terminals of nucleic acids can be easily
modified with cholesterol [8, 9]. Similar method has been used to link steroids with
oligonucleotides [18]. Other lipophilic/hydrophobic molecules, such as synthetic
single-chain fatty acids, [19–21] lipids [19, 21–24], or polymers [25], have been
synthesized and incorporated into synthetic nucleic acids. Several lipophilic groups
(e.g., cholesterol, palmitate, and tocopherol) are also commercially available [26]. It
has been demonstrated that traditional reverse-phase HPLC can be used to purify
lipophilic oligonucleotides. However, less hydrophobic columns such as C8 or C4
columns are superior to C18 columns for this purpose since oligos are strongly
lipophilic [19]. To date, methods for synthesis and purification of lipophilic nucleic
acids are well documented in the literature [18–26].

7.3 Self-assembly Properties of Amphiphilic Nucleic Acids

The interest in amphiphilic nucleic acids was further simulated by the self-orga-
nization properties of these molecules which combine the characteristics of lipids
and functionalities of nucleic acids. Physically linking lipophilic moieties to nucleic
acids creates a new type of amphiphilic molecules that are capable of self-assembly,
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a process in which highly organized structures are formed spontaneously. Lipo-
philic modifications lead to amphiphilic nucleic acids which self-assemble into
well-defined spherical nucleic acids without tedious manipulation [19, 24, 27].
Depending on both the nature of lipophilic moieties and nucleic acids, lipophilic
nucleic acids have been reported to give aggregates including micelles [19, 24, 28]
and vesicles [29, 30]. Dentinger et al. [29] reported the vesicular aggregation for-
mation of alkylamine-modified oligonucleotide. The vesicular aggregates stabilize
hydrophobic dyes and upon exposure to the complementary oligo, the aggregates
are disrupted and release lipophilic dye, suggesting the DNA vesicular aggregates
might be used for DNA-mediated smart materials in drug delivery [29]. Teixeira
et al. [30] synthesized poly(butadiene)–oligonucleotide conjugates that are capable
of self-assembling into nanometer-sized vesicular structures. Polybutadiene was
selected in this case due to its low glass transition temperature. Driven by the
hydrophobic interaction, the nucleo-copolymer undergo self-assembly in aqueous
solution. In the literature, however, the vast majority of nucleic acid amphiphiles self-
assemble into micellar structures with a lipid core and a DNA corona [19, 24, 28].
These hierarchical architectures are results of intermolecular hydrophobic interac-
tion. Using solid-phase synthesis, Liu et al. [19] successfully constructed a series of
hybridmolecules consisting oligodeoxynucleotides and a diacyl lipid intervened with
a pyrene molecule as fluorescence reporter (Fig. 7.1). The authors thoroughly studied
the self-assembly of a diacyl lipid–DNA conjugates and found those amphiphiles
self-assemble into nanosized micelles with a DNA corona and a lipid core inde-
pendent of the length and sequences of the oligos. The introduction of fluorescent
pyrene in the system has greatly facilitated the evaluation of micellar aggregation
via fluorescent spectroscopy measurement. Amphiphiles with different DNA lengths
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Fig. 7.1 Design and self-assembly of DNA micelles. a Oligonucleotide micelles contain a DNA
corona, a pyrene fluorescent dye (fluorescence reporter), and a lipid core. b Molecular structure of
pyrene and lipid used for the design. Reproduced from Ref. [19] by permission of John Wiley &
Sons Ltd
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(random sequences, 5–50 mer) were prepared. In the aggregation state, the pyrene
units, which were designed to be close to the lipid tails, are spatially proximate to each
other and give excimer-type fluorescence for all oligos as shown in fluorescent
spectra in Fig. 7.2a. All four DNA micelles used in this study revealed a broad
emission of pyrene excimer at 480 nm with an excitation at 350 nm in aqueous
solution, suggesting the presence of a self-assembled aggregation state. Adding an
organic solvent disrupted the micelle structure and gave monomer-type fluorescence
(Fig. 7.2b). Agarose gel electrophoresis was also used to characterize the aggregation
of lipophilic oligos. As shown in Fig. 7.2c, each DNA assembly migrated as a single,
sharp band with expected mobility and fluorescent color, suggesting that the micelle
aggregations were stably formed and the aggregates have uniform sizes. Upon adding
0.8 % (w/v) sodium dodecyl sulfate (SDS) to the gel, the micelle structure was
immediately disrupted and all DNA migrated as faster bands showing monomeric
pyrene fluorescence, indicating that the diacyl lipid DNAs are migrating as individual
molecule. These studies demonstrated the amphiphilic DNA is capable of self-
assembly and revealed that the diacyl lipid DNA’s self-assemble properties were
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Fig. 7.2 Fluorescence characterization of DNA micelles. a Fluorescence spectra scans of
lipophilic oligonucleotides in PBS. b Photographic image of micelle aggregation in different
solvent systems. From left to right ddH2O, Py-20 (same sequence as lipo-20, but no lipid was
coupled) in PBS buffer, lipo-20 in PBS, and acetone mixture (v/v 50:50) and lipo-20 in PBS buffer.
Samples were illuminated by a UV transilluminator (312 nm) and photographed by a digital
camera. c and d 4 % agarose gel analysis of amphiphilic DNA. From left to right Py-20, lipo-5,
lipo-10, lipo-20, and lipo-50. c Gel ran in 1xTBE buffer. d Gel ran in 1xTBE buffer containing
0.8 % SDS. Reproduced from Ref. [19] by permission of John Wiley & Sons Ltd
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independent of oligo length and sequence. The micelles can be visualized under
atomic force microscope (AFM). Figure 7.3a showed the images of self-assembled
structures of lipo-20measured by typing-mode AFM in aqueous solution. Uniformed
spherical structures with diameters around 10–12 nm were observed under AFM.
The hydrodynamic diameters in PBS buffer, as measured by DLS, for lipo-5, lipo-10,
lipo-20, and lipo-50, were 7.8, 9.5, 14.6, and 36.4 nm, respectively (Fig. 7.3b–e).
These values agree well with the sizes of micelle aggregations, but they are far less
than those in previously reported DNA vesicles. The fact that amphiphiles with
different DNA lengths (random sequences, 5–50 mer) were found to form micelles
whose sizes were linearly proportional to DNA length suggests a predictable
relationship between micelle size and length of the oligo. Finally, the oligo micelles
showed very low critical micelle concentration (CMC, estimated to be below 10 nm
in PBS), suggesting the aggregates are stable under these experiment conditions.

Micelles formed by linking oligonucleotides with other lipid-like molecules are
also reported in the literature. Pokholenko et al. constructed the lipophilic oligo-
nucleotide micelles by covalent conjugate double- or triple-hydrocarbon chain to
oligonucleotides; [24] these micelles feature a lipophilic core, which was subse-
quently used for loading and delivery of hydrophobic drugs.

Self-assembled oligo micelles also showed enhanced stability toward enzymatic
digestion [31]. Similar phenomenon has been reported for other lipophilic modi-
fications [32] or nucleic acids aggregations [33]. Although details about mecha-
nisms are still not clear, the enhanced stability would be beneficial in using nucleic
acids in vivo, where enzymatic degradation posts a major barrier.

Fig. 7.3 Size analysis of DNA micelles. a AFM topography image of the self-assembled micelle
(lipo-20) deposit on a mica surface. The sample was pipetted onto a freshly cleaved mica surface
and imaged by tapping-mode AFM in PBS buffer. Dynamic light scattering (DLS) data of lipo-5
(b), lipo-10 (c), lipo-20 (d), and lipo-50 (e). Reproduced from Ref. [19] by permission of John
Wiley & Sons Ltd
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7.4 Biological Applications of Lipophilic Nucleic Acids

One of the most interesting features of nucleic acid amphiphiles lies in their bio-
logical applications. A great number of articles have been published demonstrating
the activity of oligonucleotides in a variety of diseases in clinical and also in
preclinical studies. Conjugation of various pendant moieties to oligonucleotides can
be utilized to improve the physicochemical properties. The rationales for conju-
gating lipophilic groups to nucleic acids include (1) lipophilic pendants can be
employed as uptake-enhancing agents for synthetic nucleic acids such as siRNA.
This feature relies on the hydrophobic interactions between the lipids and cellular
membranes. (2) Lipophilic oligonucleotides can self-assemble into spherical nucleic
acids, a unique nanosized structure with a dense DNA monolayer that is capable of
cellular uptake without any helper reagents [33]. (3) Due to the spontaneous
association to form well-defined nanostructure with organized multiple ligands,
lipophilic nucleic acids exhibit high-affinity molecular recognition in biological
systems. Such multivalent system has been explored as a general strategy to
enhance the ligand–target interactions [10]. (4) Lipophilic nucleic acids are also
able to bind to various endogenous proteins and activate a delivery process to target
the nucleic acids to specific locations after administration. Here, we summarize
recent literature examples with demonstrated biological activities.

7.4.1 Interaction with Membrane Bilayers

One of the unique features of lipophilic nucleic acids is that they are able to inset
into plasmid membranes. This feature has been used to enhance the incorporation of
oligo onto liposome surface, as well as to engineer cell surface with functional
nucleic acids. Lipophilic nucleic acids enable rapid, efficient, and stable insertion
into live cell membranes. DNA derivatives with lipophilic moieties, such as cho-
lesterol [8, 34], dendrimers [35], polymers [36], or lipids [19, 24, 28], have been
intensively investigated for their membrane affinity. A hydrophobic anchor allows
incorporation of nucleic acids into lipid bilayers, overcoming the membrane barrier
and facilitating their uptake by cells. Often, there exists a partitioning balance
between the self-assembled nanostructure (e.g., micelles) and membrane insertion.
Less hydrophobic anchors are able to rapidly insert into membrane bilayers;
however, their membrane stability is compromised. In contrast, more hydrophobic
anchors have increased thermodynamic stability when inserted into cell mem-
branes, but these amphiphiles also form stable aggregates which reduce the
membrane partition [28, 37].

Due to the importance of cellular uptake of nucleic acids, a variety of lipophilic
nucleic acids conjugates have been examined for controlling the interactions. Within
different pendants, cholesterol-modified oligonucleotides have received the most
attention. However, studies have shown that cholesterol-modified oligos were not
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stably inserted into lipid bilayers, most likely due to its relative rigid structure and
hydrophobicity [37, 38]. Thus, when incubated with lipid bilayers, cholesterol–oligos
can insert into membranes, but can also flip back and come off the membrane bilayer
after insertion. For cell surface engineering purposes, it is desired to have a stable
insertion. Long-chain hydrocarbons have been shown to stably anchor to the lipid
bilayer of the cell membrane through hydrophobic interactions [19, 39]. Besides the
hydrophobic anchors, the length or the molecular weight of the oligonucleotides also
affect the partition between micelle aggregates and membrane insertion. Using
fluorescence techniques, we have extensively evaluated the structure-based mem-
brane affinity of diacyl lipid-modified oligonucleotides [19]. Our results indicated
that attachment of two long-chain hydrocarbons (18 carbons) to oligos allows stable
incorporation into lipid bilayers and cell membranes. Interestingly, the molecular
weights of amphiphilic DNA (and thus the sizes of the micellar aggregates) greatly
affect the membrane incorporation kinetics and density. Small micelles have faster
incorporation rate and thus higher membrane density, while large DNA micelles
show slow partition rate and lower membrane density [19].

Fast, stable decoration of cell surface with lipophilic nucleic acids can be explored
in several applications. For example, a lipophilic aptamer anchored on immune
effector cell surface could act as targeting ligands that specifically recognize their
target cells. Additionally, this approach allows multiple copies of ligand decoration
and enhances the binding affinity via multivalency. The artificial aptamer ligands
enable the engagement of immune cells and their target cells and enhance the cyto-
toxic killing. Xiong et al. [14] successfully used this strategy for DNA aptamer-
mediated cell targeting. Figure 7.4a illustrates the concept of using cell surface-
anchored aptamer for cell-specific targeting. In this approach, cell membrane-
anchored aptamer can be divided into three distinct segments: The first segment is an
aptamer sequence selected by a process called cell-systematic evolution of ligands by
exponential enrichment (SELEX) [40]. Two different aptamers, Sgc8, which targets
protein tyrosine kinase 7 on CCRF-CEM cell membrane, [41] and TD05, which
targets the immunoglobulin heavy mu chain on Ramos cells surface, [42] were used
for testing the principle. These aptamers exhibit high affinity (KdSgc8: 0.8 nm, KdTD05:
74 nm) and excellent selectivity toward their target cells, which is required for
mimicking native cell surface ligand–receptor interactions. In addition, because
multiple aptamers are anchored on each cell surface, multivalent interaction with
target proteins can greatly improve the cell binding. The second segment is a PEG
linker. Here, PEG allows DNA aptamer to extend out from the cell surface, mini-
mizing non-specific interactions between the cell surface molecules and the aptamer,
facilitating the conformational folding of aptamer. The third segment, a synthetic
diacyl lipid tail with two stearic acids, is conjugated at the 5′-terminal as the mem-
brane anchor. This design allows aptamers to firmly insert into cell membrane and
retain their biologic functions. Additionally, aptamer density on the cell surface can
be controlled by simply varying the incubation time or initial DNA concentration.
The aptamers could fold properly to recognize their targets after anchoring on the cell
membrane, as demonstrated by a homotypic cell aggregation experiment. In this
experiment, when TDO5, an aptamer sequence which specifically recognizes Ramos
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cells (a B-cell lymphoma cell line), was used to treat Ramos cells, we observed
extensive aggregation of the Ramos cells, indicating that the lipophilic aptamer can
firstly insert into Ramos cell surface and bind to adjacent Ramos cells. Notably, no
aggregates were observed when a random sequence was used, suggesting a sequence-
specific cell aggregation. Similarly, heterotypic cell targeting can be achieved by a
two-step method. First, capture cell surfaces were decorated with lipo-aptamer. After
removing the unmodified DNA, target cells were incubated with capture cells at 10:1
ratio. Heterotypic cell adhesions were observed with flower-like aggregates: an
aptamer-modified cell in the center and 3–6 target cells adhere around (Fig. 7.4b).
Controlled cell aggregation could also be realized in mixed cell populations
(Fig. 7.4c, d). Aptamer anchored on cell surface retain their specificity as demon-
strated by specific recognition of target cells in multi-cell mixtures. Flow cytometer
analysis indicated that 40–90 % of the modified cells bind to target cells, depending
on the aptamer densities on the cell surface.

This aptamer-mediated cell targeting strategy enables interaction between two
types of cells with specificity and thus could be explored as a general approach for
enhancing the immune recognition in immunotherapies. In a typical immune
response, the affinity between T-cell receptor (TCR) and peptide–MHC is the key
factor which determines tolerance or non-tolerance. While TCR specific for self-
antigens (tolerant) tend to have low affinity, TCR specific for non-self-antigens
(non-tolerant) tend to have higher affinity [43]. Thus, aptamer anchored on the
immune effector cell surface can act as an artificial ligand to enhance the engage-
ment between effector cells and target cells. To demonstrate the working principle,
natural killer cells were modified with lipo-KK1B10, [44] an aptamer that specif-
ically recognizes K562 cells and were mixed with K562 cells. A 50 % enhancement
of binding was observed for aptamer-modified NK cells. Moreover, the killing
efficiency was significantly improved: Compared with unmodified NK cells, which
killed 21 % of the K562 cells, the aptamer-modified NK cells killed about 30 % of
K562 cells. The incremental killing efficiency correlates well with targeting effi-
ciency. These results demonstrated the feasibility of using cell-surface-anchored
aptamer for enhancing cytotoxicity. To test whether this strategy could be applied to
T lymphocyte-mediated cytotoxic assay, the same group tested the specific killing
efficiency with a CD8+ cytotoxic T-lymphocyte clone preactivated with universal T
cell-activating agents. In nature, CD8+ T cells recognize target cells via the binding
between TCR and peptide–MHC I complex. Encouragingly, the aptamer modified
on CD8+ T-cell surface not only engaged the binding between CD8+ T cells and
target tumor cells, but also mediated aptamer-sequence-dependent cell killing.
Thirty percentage of the Ramos cells were dead in the aptamer-modified CTL group
in 6 h, as compared to only 5 % in the random sequence modified or unmodified
CTL groups. Notably, the cytotoxic killing was achieved by aptamer-mediated cell–
cell engagement, without the need of traditional binding between T-cell receptor
and MHC I–peptide complex. As therapeutic treatment based on introduction of
living cells is in clinical use and preclinical development for a wide variety of
diseases, this cell surface-anchored aptamer strategy is expected to find potential in
future cell-based delivery and therapy [45].
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Cell surface-anchored nucleic acids have also been engineered as cell surface
sensors for real-time monitoring of the cellular microenvironment. Nucleic acids are
extensively used as biological sensors due to the advantages such as low costs, high
stability, and high sensitivities [46]. However, nucleic acids as a single element are
difficult to track the cellular microenvironment in a complicated biological system.
For example, no nucleic acids are capable of monitoring what happen to the cells as

Fig. 7.4 Aptamer-mediated cell targeting. a Diacyl lipid aptamer-modified immune cells (red) can
recognize targeting cancer cells (blue) in the presence of normal cells (gray) and induce cytotoxic
killing of cancer cells. b Confocal microscope image of cell aggregates when 1:10 mixture of lipo-
sgc8-TMR-modified Ramos (red) and CEM cells (gray). Scale bar 20 µm. c, d Aptamer-specific
cell assembly. c Lipo-TD05-TMR-modified K562 cells (red) only bind to Ramos cells (green) but
not unlabeled CEM cells. Scale bar 50 µm. d Lipo-Sgc8-TMR-modified K562 cells (red) bind to
CEM cells (gray) in the presence of Ramos cells (green). Reproduced from Ref. [14] by
permission of John Wiley & Sons Ltd
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they circulate in the body. Thus, the cell membrane-anchored nucleic acid tech-
nology greatly expands the use of nucleic acids as biological sensor.

Recently, several groups have developed cell surface sensors based on nucleic
acids. Qiu et al. [13] engineered a DNAzyme on the surface of cells and suc-
cessfully used it for metal ion sensing. A diacyl lipid-tagged DNAzyme (sensing
element) was used to decorate the cell surface via spontaneous membrane insertion.
Under optimized conditions, approximately 1.65 × 106 DNAzymes were inserted
on each CCRF-CEM cell in 30 min. This measurement demonstrates high-density
sensors can be anchored on each cells. Importantly, the vast majority of the DNA
probe appeared on the cell surface with minimal internalization after incubating at
37 °C for 2 h, suggesting a stable membrane decoration. The cell surface-decorated
nucleic acid sensor was first evaluated for its ability to detect Mg2+. Thus, a Mg2+-
specific DNAzyme (Mg-DNAzyme) was used to anchor on CEM cell surface. After
washing away the free DNA, CEM cells were resuspended in buffer solutions
containing different concentrations of Mg. Here, the Mg2+ acts as the coenzyme
when present in the DNAzyme, cleaves the substrate oligo, and results in a fluo-
rescence output. Both flow cytometry analysis and confocal microscopy showed a
Mg2+ concentration-dependent fluorescence enhancement (Fig. 7.5). When exog-
enous Mg2+ was added, the fluorescence signal increased significantly, suggesting a
change in the cellular environment. Moreover, the DNAzyme can sense the cellular
Mg2+ extrusion process. When α1-adrenoceptor, a hormone which stimulates the
efflux of Mg2+ from the cell, was added, the fluorescence signal of the cells
increased rapidly. In contrast, CEM cells decorated with the same DNAzyme
respond little without the hormone stimulation. One of the major advantages of
using nucleic acids as sensor is that unlimited functional DNAzymes can be
developed using an in vitro process known as SELEX [40]. Thus, this approach
might be explored as a multiplex sensing platform to simultaneously monitor
multiple key stimuli without complex manipulation. As a principle of demonstra-
tion, the same group successfully achieved detecting two different ions using the
cell surface DNAzymes.

In a similar approach, Ke et al. described a cell surface-anchored ratiometric
fluorescent probe for extracellular pH sensing. The authors used a membrane-
anchored DNA to decorate cell surface with two fluorescent dyes. The resulting
lipid–DNA probe showed sensitive and reversible response to pH change in the
range of 6.0–8.0, which is suitable for most extracellular studies. This diacyl lipid
DNA-based cell membrane anchoring strategy might be engineered for analysis of a
wide range of targets and fulfill the need for real-time monitoring of the cell surface
environment.

The above examples demonstrated the effectiveness of using membrane-
anchored nucleic acids in vitro, either in cell targeting or in sensing applications.
However, most in vivo application cannot be predicted by in vitro results. In an
attempt to expand this technology in vivo, Liu et al. [47] directly decorated tumor
cells with the diacyl lipid immunostimulatory oligonucleotide for augmenting the
anti-tumor immune response. Intratumoral injection of diacyl lipid-modified CpG
DNA, single-stranded oligonucleotides containing unmethylated cytosine–guanine
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motifs that bind Toll-like receptor-9 (TLR-9) and serve as potent molecular adju-
vants can directly label tumor cells, leading to greatly prolonged local retention
time of oligos at the injection site (Fig. 7.6). Directly decorating tumor cells with
immunostimulatory DNA promotes the close association of oligonucleotides with
tumor antigen or tumor cells. Membrane-anchored CpG oligonucleotide can
overcome two fundamental limitations of direct injection of unmodified CpG into
tumors. First, membrane anchored CpG DNA quickly insert into the tumor cell
membranes following introtumoral injection, preventing the rapid diffusion of CpG
DNA from the injection sites and prolonging the stimulation of local immune cells.
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Fig. 7.5 Analysis of the cell surface Mg sensor for externally added Mg2+. a Flow cytometry
analysis of the kinetics of CEM cells modified with Mg-DNAzyme and then treated with Mg2+ of
different concentrations. b Flow cytometry assay of CEM cells modified with Mg-DNAzyme and
then treated with Mg2+ of different concentrations at RT for 30 min. c Confocal images of the Mg-
DNAzyme-modified cells treated different concentrations of Mg2+ at RT for different time spans.
Reprinted with the permission from Ref. [13]. Copyright 2014 American Chemical Society
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Second, the unique property of membrane-anchored ODNs allows the physical
association between the CpG ODNs and tumor cells, a key element for codelivery
of both antigens and adjuvants. In situ modification of tumor cells will be beneficial
for the local stimulation of antigen-presenting cells such as dendritic cells
responding to apoptotic tumor cells. In a murine melanoma tumor model, cell
membrane-anchored CpG ODNs with nuclease-resistant phosphorothioate back-
bone exhibited significantly enhanced immunostimulatory activity and improved
anti-tumor efficacy compared to soluble CpG.

Fig. 7.6 In situ cell modification with amphiphilic oligonucleotide. a–c In vivo kinetics of
fluorescence decay of dye-labeled amphiphilic ODN (a) and non-lipidated ODN (b). c Quanti-
fication of total fluorescence over time from ODN fluorescence at the injection sites. d,
e Representative confocal image of tumor cells recovered from an intratumoral injection site
(d) and flow cytometric analysis of recovered tumor cells (e) 3 h after injection. Scale bar 50 µm.
Reproduced from Ref. [47] by permission of John Wiley & Sons Ltd
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7.4.2 Enhance Membrane Permeability

The development of disease diagnosis and gene therapy using nucleic acids holds
great potential in future medicine. For example, double-stranded RNA molecules
are utilized for RNA interference to the destruction of specific mRNA molecules;
nucleic acid probes have been used to visualize and detect specific messenger RNA
(mRNAs) in living cells. In previous section, we discussed the interaction between
lipophilic nucleic acids and cell membranes, focusing on the insertion of lipophilic
moieties into membrane bilayers. However, stable nanostructures assembled from
nucleic acids, though they lack the membrane insertion capability, are able to cross
the cell membrane. The fact that amphiphilic nucleic acids can self-assemble into
stable nanosized structures offers the possibility to obtain new supramolecular
systems with new biophysical characteristics for numerous applications ranging
from biosensor to drug delivery systems. Early studies have demonstrated that
nucleic acid aggregates, which are composed of a densely packed nucleic acids in a
spherical geometry, were efficiently taken up by cells and were highly effective as
gene regulation agents in siRNA, antisense, or mRNA regulation pathways. In
contrast, linear nucleic acids would not efficiently enter cells without an effective
carrier. Studies of the mechanism for cell uptake revealed that nucleic acid
aggregates can complex with scavenger proteins and facilitate endocytosis. How-
ever, early studies include nucleic acids packed onto inorganic nanoparticles such
as gold (AuNPs) or cross-linked spherical nucleic acids using gold nanoparticles as
a template [33]. These methods are time-consuming and tedious. In contrast,
nanostructures formed via self-assembly are easy to fabricate, possess self-delivery
capability, are highly biocompatible, and are sufficiently stable in cellular
environment.

Tan group first described the ability to enhance cell membrane permeability of
the self-assembled DNA micelles. The attachment of a diacyl lipid tail onto the end
of nucleic acid aptamers not only greatly enhance the aptamer’s affinity toward
recognizing target proteins, but also provides these novel nanostructures with an
internalization pathway for cellular entrance. The aptamer strand acts as recognition
ligands as well as the building block for the nanostructures. These aptamer DNAs
were linked to lipid anchor via a short PEG linker. Similar to previous design, the
PEG linker provides a spacer that greatly perseveres the aptamer’s binding capa-
bility. Meanwhile, PEG linker also greatly stabilizes the micellar nanostructure by
minimizing the charge–charge interaction of nucleic acids. Further studies showed
that densely packing DNA on such an assembly creates multivalent aptamers,
leading to greatly improved binding affinity toward target cells. Most importantly,
the self-assembled micellar structure closely mimics the spherical nucleic acids,
leading to a unique pathway to cross cell membrane without the need of transfection
reagents and paving the way for the construction of aptamer–micelles with appli-
cations in diagnosis and targeted therapies. In this work, aptamer micelles
have been shown to be able carry hydrophobic drugs in their lipophilic cores.
Aptamer–micelles thus can act as nanosized carrier for targeted drug delivery.

152 H. Liu



The drug-encapsulated aptamer–micelles quickly internalize into target cells with
high specificity even though individual aptamer lacks the binding ability at this
temperature. The engineered aptamer–micelles represent a new class of nanoma-
terials that can be used for potential detection/delivery application in biological
living systems.

In a similar approach, DNA micelle flares were designed to target intracellular
mRNA for imaging and gene therapy [31]. Molecular beacon micelle flares
(MBMFs) were assembled by covalently conjugating the hairpin molecular beacon
to diacyl lipid. The molecular interactions allow the conjugate to self-assemble into
micellar nanostructures which penetrate the cell membrane and bind to target
mRNA. Once internalized, the molecular beacons function as a flare upon
hybridizing to target mRNA, bursting a significant enhancement of fluorescence
(Fig. 7.7). Under optimized condition, confocal laser scanning microscopy results
revealed that MBMFs, but not unmodified molecular beacons, penetrated the cell
membranes and bond to target mRNA, displaying enhanced fluorescence. This
observation demonstrated that the need of diacyl lipid for efficient intracellular
delivery of molecular beacons to cells. When non-complementary sequences were
used for MBMFs, significant reduction of fluorescence was observed, demon-
strating the selectivity of this approach. Furthermore, in a controlled cell line in
which little mRNA was expressed, very low fluorescence was observed, suggesting
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Fig. 7.7 Schematic illustration of molecular beacon micelle flares (MBMFs) for intracellular
mRNA detection and gene therapy. Diacyl lipid-molecular beacon conjugates self-assemble into
stable MBMFs and penetrate living cell membranes. Upon hybridization with target mRNA, the
beacons are turned on, resulting in a fluorescent readout as well as RNAse H activity. This strategy
can be used for gene regulation or therapy. Reproduced from Ref. [31] by permission of John
Wiley & Sons Ltd
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that MBMF approach can also differentiate cell lines with distinct mRNA expres-
sion levels. Flow cytometric analysis also correlated well with confocal results.
Taken together, the above results strongly support the fact that nanostructured
MBMFs are able to self-delivery into cells and are excellent candidate for intra-
cellular mRNA detection.

In an attempt to use MBMFs for imaging-guided gene therapy, the same group
tested the idea of using MBMFs to hybridize with target mRNA and block the
production of a vital protein (Fig. 7.8). MBMFs can act either by providing a
translation block, preventing translation from targeted mRNA, or by forming a
DNA/RNA hybrid, causing it to be degraded by enzyme RNAse H. A model gene,
Raf genes which code for serine threonine-specific protein kinases, was selected as
target [31]. A phosphrothioate backbone (to enhance the stability)-modified MBMF
was shown to markedly inhibit A549 cell proliferation in a dose-dependent manner,
suggesting that MBMFs might be applied as antisense therapy for cancer.
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Fig. 7.8 Analysis of MBMFs in living cells. Confocal laser scanning microscopy images of A549
cells treated with 300 nm a MBMFs, b non-complementary MBMFs, and c MBs. Only MBMF-
treated cells are fluorescent under this concentration. Scale bars 20 µm. d Flow cytometry results
of A549 and HBE135 cells treated with 300 nm MBMFs and non-complementary MBMFs.
MBMFs showed a cell-type-dependent response. Reproduced from Ref. [31] by permission of
John Wiley & Sons Ltd
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7.4.3 Interaction with Proteins

Depending on their pendants, lipophilic modified oligonucleotides can bind to
various endogenous proteins. A major limitation of oligonucleotide therapeutics is
short half-life. Most therapeutic oligos are rapidly degraded by enzymes or cleared
from circulation through renal filtration. Some endogenous proteins (e.g., albumin,
immunoglobulins) have exceptionally long half-lives due to an active recycling
mechanisms mediated by the neonatal Fc receptor, which ultimately prevents the
endosomal/lysosomal degradation [48, 49]. Drugs that bind to endogenous protein
are known to have enhanced solubility and in vivo stability and have long circu-
latory half-life [49]. Oligos that are engineered to interact with long-lived serum
proteins such as serum albumin or immunoglobulins (IgGs) can dramatically extend
their half-lives in vivo [50]. Increased persistence of nucleic acids enables less
frequent drug administration and expends the therapeutic window. Additionally,
oligonucleotides that bind to protein can lead to the change of the in vivo phar-
macokinetics and biodistribution after administration [50]. For this purpose,
endogenous proteins can be harnessed as delivery devices to target nucleic acids to
the tissue of interest.

Several studies have shown improved efficacy of cholesterol-conjugated anti-
sense oligonucleotides and small interfering RNA in vivo [9, 15, 16]. For example,
cholesterol modification promoted the plasma protein binding and modulated the
in vivo liver cell uptake [9]. It was concluded that the interaction of the oligonu-
cleotides with plasma proteins leads to improved therapeutic benefit. In a separate
study, cholesterol-conjugated siRNAs facilitated cellular uptake as well as silence
gene expression in vivo [16]. Subsequent studies also revealed the mechanisms of
action of lipophilic siRNAs in vivo [15]. Wolfrum et al. [15] showed that efficient
and selective uptake of lipophilic siRNAs depends on interactions with lipoprotein
particles, transmembrane proteins, and lipoprotein receptors. Both high-density
lipoprotein (HDL) and low-density lipoprotein (LDL) play an important role in
lipophilic siRNA transport and organ uptake. While HDL transports siRNA to liver,
gut, kidney, and steroidogenic organs, LDL directs the delivery of siRNA primarily
to the liver [15]. These findings demonstrated that conjugation to lipophilic mol-
ecules provides nucleic acids with prolonged circulation time, favorable pharma-
cokinetics, effective tissue targeting, enhanced cellular uptake, and improved
therapeutic efficacy.

Recently, diacyl lipid-modified immunostimulatory oligonucleotides have been
shown to be able to target lymph nodes after s.c. injection [17]. This is of particular
interest in the field of vaccine/adjuvant delivery. Subunit vaccines require the co-
delivery of strong adjuvants to overcome the relatively weak immunogenicity
associated with antigen fragments. One of the major challenges is to deliver the
vaccine components to the lymph node, where all the immune cells interact [51].
Liu et al. [17] described a new strategy to target molecular vaccines, including an
immunostimulatory oligonucleotide, to the secondary lymphoid organs following
administration. In cancer staging, to visualize sentinel lymph nodes, surgeons often
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inject colored dyes (e.g., isosulfan blue) at the tumor bed, from which they are
transported into lymphatics and accumulate in the draining lymph nodes. A clinical
design for effective sentinel LN mapping dyes is to choose compounds that bind
tightly to serum albumin [52]. Albumin binding prevents small-molecule dyes from
rapidly diffusing into the blood circulation and redirect them to lymphatics and
draining LNs, where they are filtered by immune cells and accumulate, permitting
LN visualization. Inspired by this ‘albumin-hitchhiking’ method, the authors
developed molecular conjugates that similarly bind to albumin and follow s.c.
injection, exhibit dramatic increases in lymph node accumulation via in situ
binding, and transport with endogenous albumin (Fig. 7.9). In this approach, long,
diacyl lipids which have strong affinity toward albumin are required to associate
with albumin in the presence of many other serum proteins. Using PEG
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Fig. 7.9 Target LN by albumin-hitchhiking vaccines. a Schematic of the design of albumin-
binding amphiphiles. Vaccine amphiphile contains a lipophilic albumin-binding diacyl lipid tail, a
PEG solubilizing linker, and a vaccine cargo. b and c Fluorescent amphiphiles were injected s.c. at
the tail base, draining LNs were isolated and imaged 24 h post-injection. Albumin-binding
amphiphiles accumulate in lymph nodes in a lipid- (b, fixed PEG length 48 EG units) and PEG (c,
fixed C18 diacyl lipid tails)-molecular weight-dependent manner. Reprinted by permission from
Macmillan Publishers Ltd: Ref. [17], copyright 2014
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amphiphiles, the authors have demonstrated generalized structure-based design
rules for lymph node accumulation of amphiphiles after s.c. injection. (1) The
lymph node accumulation after subcutaneous injection was directly linked to the
structure of albumin-binding lipid domain: while long diacyl lipids (≥16 carbons,
which exhibit a high affinity for albumin) showed intense accumulation in LN, short
diacyl lipids (≤14 carbons) with low affinity displayed significantly reduced
retentions (Fig. 7.9b). (2) The molecular weight of PEG was found to be critical in
determining the lymph node accumulation (Fig. 7.9c). It was determined that the
molecular weight of PEG molecules controls the partition between cell membrane
insertion at the local injection sites and albumin binding: Amphiphiles with long
PEG blocks showed preferential albumin binding when incubated with cells in the
presence of albumin in vitro, which would reduce plasma membrane insertion. The
same design rules can be applied to CpG oligonucleotide, a molecular adjuvant
which activates the innate immunity. By these optimized molecular design, vaccine
amphiphiles bind to albumin tightly in the presence of other serum proteins and
efficiently accumulate in the lymph nodes following subcutaneous injection,
achieving 8–15-fold greater retention than vaccines that do not bind albumin.
Importantly, vaccine amphiphiles outperformed incomplete Freund’s adjuvant
(IFA) and poly(ethylene glycol) (PEG)-coated liposomes (100 nm diameters), two
frequently used particulate delivery systems known to enhance vaccine accumu-
lation in LNs, [53] suggesting albumin-binding amphiphile is superior to particulate
carriers for LN targeting.

Subsequent immunization with the ‘albumin-hitchhiking’ molecular vaccines
showed massive antigen-specific T-cell priming and improved anti-tumor efficacy.
Administration of low dose of albumin-binding CpG and albumin-binding peptide
antigens resulted in dramatically increased antigen-specific CD8+ T-cell expansion
relative to unmodified CpG and ovalbumin vaccines, as illustrated by substantial
increases in the frequency of antigen-specific cytokine production in a variety of
peptides (Fig. 7.10a). Importantly, the immune responses correlated well with
lymph node accumulation, demonstrating that the lymph node accumulation of
synthetic TLR adjuvants is critical in eliciting cytotoxic CD8 T-cell responses. In an
animal therapeutic cervical tumor model, albumin-hitchhiking vaccine significantly
delayed the s.c. implanted TC-1 (a mice cervical cancer model) tumor growth when
compared to soluble vaccines, suggesting these vaccines have superior anti-tumor
efficacy (Fig. 7.10b).

One of the benefits associated with albumin-hitchhiking vaccines is that it
greatly enhances the vaccines’ safety profiles. Albumin binding changes the bio-
distribution of vaccines. After s.c. injection, albumin-binding vaccines accumulate
in LNs and reduce systemic exposure. In contrast, soluble vaccines quickly diffuse
into blood circulation and access the APCs in the distal lymphoid organs; such
systemic dissemination often results in systemic toxicity. Liu et al. also evaluated
the toxicity profile of albumin-binding CpG oligonucleotide. Despite obvious
lymphadenopathy of local draining LNs indicating local activity of lipo-CpG,
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repeated s.c. injections of high doses of albumin-binding CpG showed greatly
reduced systemic inflammation relative to free CpG, as characterized by serum
inflammatory cytokines (Fig. 7.10c, d) and leukocyte activation in the spleen
(splenomegaly). These results suggest that the efficient LN targeting achieved by
albumin-binding lipo-CpG also greatly reduces acute systemic side effects that have
made CpG less attractive as a prophylactic vaccine adjuvant.
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Fig. 7.10 Albumin-binding vaccines elicit massive antigen-specific T-cell response, maximize the
antitumor efficacy, and reduce the systemic toxicity. a Mice were immunized with soluble vaccine
or albumin-binding vaccines, antigen-specific CD8 T-cell responses were measured 6 days post-
vaccination. b Mice survival curve in a cervical tumor model. c, d Serum inflammatory cytokines
(c) and splenomegaly (d) after repeated injection of unmodified CpG or diacyl lipid-modified CpG.
Reprinted by permission from Macmillan Publishers Ltd: Ref. [17], copyright 2014
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7.5 Conclusion and Future Outlook

Recent progress in the design of amphiphilic nucleic acids has provided new
insights in using this new type of material in bio/nanotechnology and medicine. As
discussed in the diverse examples here, novel nucleic acid amphiphiles are prom-
ising as bioactive drug carrier, or as theranostics (e.g., vaccine adjuvant) for disease
including cancer, thanks to the versatile functions of both blocks in the nucleic acid
amphiphiles. While this review outlines the current research on nucleic acid am-
phiphiles, it underscores the promise of designing future innovative nucleic acids
for biomedical applications. As we gain more knowledge in human diseases, new
nucleic acid-based amphiphiles will be emerged. For example, nucleic acid am-
phiphiles might be used to regulate stem cell differentiation. Nucleic acid amphi-
philes might also be developed to modulate the immune system. Nevertheless, as
nucleic acid amphiphiles open new perspectives toward the design and tailoring
with desired features and functions, we will continue to witness rapid development
of this type of materials in the biomedical field.
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Chapter 8
Aptamer-Based Hydrogels and Their
Applications

Chun-Hua Lu, Xiu-Juan Qi, Juan Li and Huang-Hao Yang

Abstract Hydrogels are water-retainable materials that can absorb a large amount
of water. Different stimuli can be used to stimulate the hydrogels with a variety of
physical and chemical changes, thus leading to numerous applications in bioanal-
ysis and biomedicine. Aptamers are special types of single-stranded DNA generated
by a process called systematic evolution of ligands by exponential enrichment
(SELEX). They are able to specifically recognize a wide range of targets which vary
from ions, small molecules, to proteins, and even whole cells. Aptamer incorpo-
ration has greatly expanded the applications of hydrogels. Due to their unique
properties, such as biocompatibility, selective binding, and molecular recognition,
these aptamer-based hydrogels can be utilized for target-responsive hydrogel
engineering. In this chapter, we discuss a variety of applications of aptamer-based
hydrogels, especially in sensing, target capture and separation, control of target
release and in vivo applications.

Keywords Biosensors � Cancer therapy � Colorimetric � Controlled release � Drug
delivery � Gel–sol transition � Nucleic acids � Polyacrylamide chains � Thrombin �
Visual detection

8.1 Introduction

Hydrogels are water-retainable materials that can absorb a large amount of water
(containing up to 99 wt% water). Due to their significant water content, hydrogels
possess a degree of flexibility that is similar to natural tissue. There are two mech-
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anisms of hydrogel formation: covalent cross-linking and noncovalent cross-linking.
The type and degree of cross-linking, as well as the components of materials, define
the properties of a hydrogel. Different stimuli can be used to stimulate the hydrogels
with a variety of physical and chemical changes, including pH [1], temperature [2],
ionic strength [3], electric field strength [4], supramolecular receptor-ion complex
formation [5–7], exposure to light [8, 9] or ultrasound [10], and magnetic stimuli
[11, 12]. These stimuli-responsive hydrogels have attracted attention because of their
potential in drug delivery systems [13–16], sensors [17–21], cancer therapy [22], the
use of stimuli regulated hydrogels as pumps or valves in microdevices [23–25], cell
culture substrates [26, 27], and tissue engineering [28, 29]. Although a number of
smart hydrogels have been prepared, the search for other stimuli is ongoing.
Molecular recognition motifs, such as metal ions [30], oligonucleotides [31], anti-
bodies [32], and enzymes [33], can be used to expand the range of stimuli.

One specific class of hydrogels consists of those based on DNA, which bring
with them the unique features of nucleic acids [34–38]. Based on Watson-Crick
base pairing of purine and pyrimidine groups [39–42], double helix formation
makes oligonucleotides programmable and predictable polymers in materials sci-
ence [43]. Self-assembly of single-stranded DNA into supramolecular nanostruc-
tures and metal ion-assisted cooperative stabilization of duplex DNA are further
interactions characterizing DNA biopolymers [44–50].

Three different strategies can be used to develop DNA-based hydrogels. The first
involves cross-linking of nucleic acid units by self-assembly or hybridization to
form the hydrogel. Examples include hybridization of Y-shaped duplex units and
double-stranded DNA to form a three-dimensional DNA hydrogel [51, 52],
enzyme-catalyzed assembly of branched DNA nanostructures [53], and formation
of an i-motif at acidic pH as the cross-linking bridge [54]. The second method
involves modification of hydrophilic polymer chains with nucleic acids as chain
branches and subsequent formation of the DNA hydrogel by cross-linking the
branches. For example, polyacrylamide chains functionalized with nucleic acids
form hydrogels by hybridization between the nucleic acids [31] or by G-quadruplex
formation in the presence of K+ [55]. As a third method, polymerization of organic
monomer and cross-linker to form polymer networks with tethered or entrapped
functional nucleic acids [56–58].

Switchable DNA hydrogel transitions can be induced by various stimuli,
including the formation and separation of DNA hydrogels by strand displacement
[59], temperature control [60], formation and dissociation of i-motif [54] or G-
quadruplex [55], and by use of metal ions-ligand complexes [30]. The separation of
cross-linking bridges of DNA hydrogels by photochemical isomerization of azo-
benzenes groups conjugated to the DNA [61], formation of aptamer-substrate
complexes [62, 63], and enzymatic [51] or DNAzyme-catalyzed cleavage of the
hydrogel bridging units [64] were also reported. A variety of applications have been
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demonstrated with stimuli-responsive DNA hydrogels, including sensing [58],
removal of hazardous metal ions [57], inscription of structural information [65],
switchable fluorescence properties [52], and catalytic DNAzyme functions [55].

Among the DNA-based hydrogels, those containing aptamers are especially
attractive. Aptamers are single-stranded DNAs generated by a process called sys-
tematic evolution of ligands by exponential enrichment (SELEX) [66, 67]. Due to
their unique secondary and tertiary structures, aptamers are able to specifically
recognize a wide range of targets, including ions, small molecules, proteins, and
even whole cells [66–76]. Aptamers are often called chemical antibodies because of
their comparable dissociation constants (Kds) [77]. Since their discovery in the
1990s [78], aptamers have been developed as specific, high-affinity probes for
bioanalytical and cancer-related research. Aptamers can be chemically conjugated
with various signal-generating components for acoustic [79–81], electrochemical
[82–85], and optical [86–88] sensing. The high affinity, easy fabrication, low cost,
and easy modification of aptamers have made them excellent components in DNA
hydrogel engineering. Due to their low Kd values, aptamers can specifically rec-
ognize their substrates even at very low concentrations and undergo changes upon
binding or dissociation of substrates. These structural changes can stimulate specific
physical or chemical interactions within hydrogel systems or circumambient solu-
tion systems. Entrapment of drugs [89, 90], nanoparticles [91–93], and dyes [57,
58] has greatly expanded the applications of aptamer-based hydrogels [94],
allowing capabilities such as visual detection [56–58, 62, 95, 96], controlled drug
release [97–101], and cancer therapy [89, 90, 102]. Furthermore, the availability of
a wider range of aptamers will make aptamer-based hydrogel systems even more
versatile in the future.

In this chapter, emphasis is placed on aptamer-based hydrogels, with selected
examples to illustrate the most recent developments in their applications.

8.2 Aptamer-Based Hydrogels for Sensing and Detection

To act as a sensor, an aptamer-based hydrogel should produce an output signal
when stimulated by the target. The following section discusses three kinds of
aptamer-based hydrogel sensors.

8.2.1 Target Stimulated Gel–Sol Transitions

The use of aptamers for target-responsive reconfiguration of DNA nanostructures has
been developed using gold nanoparticles [103–106], quantum dots [107], and
magnetic nanoparticles [108]. Therefore, combined aptamer into the DNA duplex
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structure as cross-linker to form a hydrogel, it is easy to design an aptamer sensor
based on gel–sol transition. In one of the first reports, Yang et al. showed that a gel–
sol transition can be achieved using an aptamer-based hydrogel [91] responsive to
adenosine, Fig. 8.1a. Two acrydite-modified oligonucleotides, strand (1) and strand
(2), were copolymerized with acrylamide and incorporated into polyacrylamide
chains P-1 and P-2, respectively. When these two oligonucleotide-conjugated
polyacrylamide chains were mixed, a fluid state was obtained. The fluid system could
undergo a sol-gel transition by the addition of cross-linking oligonucleotides, (3),
which containing three functional domains: domain I complementary with strand (1),
domain II complementary to the last five nucleotides of strand (2), and domain III as
the aptamer sequence with seven nucleotides complementary with strand (2). Upon
adding (3), the system formed a rigid hydrogel. In the presence of target adenosine
molecules, the aptamer competitively bound to target, and the five remaining

Fig. 8.1 a Hydrogel cross-linked by DNA containing adenosine-binding aptamer undergoes a
gel–sol transition upon adding target adenosine. b Absorption measurements of gold nanoparticles
upon addition of adenosine. The gold nanoparticles were preloaded inside the hydrogel during its
formation. c Photograph of hydrogel having entrapped gold nanoparticles without and with target
adenosine. Reprinted with the permission from Ref. [91]. Copyright 2008 American Chemical
Society
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nucleotides could not remain hybridized with strand (2), leading to the dissolution of
the hydrogel within 15min, Fig. 8.1b. Because of their unique optical properties, gold
nanoparticles could be used as an indicator tomonitor the gel–sol transition, Fig. 8.1c.
The aptamer-based hydrogel was very selective for adenosine. Analogues, such as
cytidine, uridine, and guanosine, did not result in a gel–sol transition, even at high
concentrations. In order to demonstrate the generality of the method, the authors also
designed a thrombin-binding aptamer-based hydrogel and similar phenomena were
observed. It should be noted that the thrombin-induced gel–sol transition was much
slower due to the larger size of thrombin, leading to slow diffusion of thrombin into
the gel. The generality of this method was further developed by using cocaine as
trigger for the dissociation of the aptamer-based hydrogel [62].

While gold nanoparticles could be used as indicator in the above method, a high
concentration of target was needed for gel dissolution, thus limiting the usefulness
of the method in analysis field. To solve this problem, Zhu et al. [62] designed a
colorimetric method based on a cocaine-binding aptamer-based hydrogel using an
enzyme as a tool for signal amplification. Figure 8.2 illustrates the working prin-
ciple of this gel–sol transition system. Two acrydite-modified DNA strands, (4) and
(5), were grafted onto linear polyacrylamide polymers to form polymer strands P-4
and P-5, respectively. Strands (4) and (5) were partially complementary to strand
(6), which contained the cocaine aptamer sequence. Upon adding strand (6), (4) and
(5) were hybridized with (6), thus leading to the cross-linking of P-4 and P-5. As
the hybridization proceeded, the polymers were transformed into the gel state.
However, instead of gold nanoparticles, the enzyme amylase, which catalyzes the
hydrolysis of amylose to maltose, was entrapped in the aptamer-based hydrogel. In

Fig. 8.2 Visual detection of
cocaine using an aptamer-
based hydrogel with an
enzymatic signal
amplification step. In the
presence of cocaine, the
entrapped amylase was
released into the surrounding
solution to digest amylose,
thus decreasing the intensity
of the blue amylose/I3

− color.
Reprinted with the permission
from Ref. [62]. Copyright
2010 Wiley-VCH
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the buffer solution outside the hydrogel, amylose with iodine yielded a dark blue
color. Since amylase was entrapped in the hydrogel, it was isolated from amylose.
In the presence of cocaine, the cross-linker strand (6) was bound to target, leading
to the dissolution of the hydrogel and release amylase into the solution, where it
hydrolyzed amylose and the dark blue color disappeared. It should be noted that in
this method, the enzyme amylase was used for signal amplification. Therefore, as
long as sufficient amylase was released to the solution to cause the color fading, the
hydrogel did not have to dissolve completely. The authors demonstrated that by
using this method, they were able to detect less than 20 ng of cocaine with the
naked eye within 10 min.

A related study was also developed by the same group for quantitative analysis
of the target molecule [95]. The authors proposed the concept of a target-responsive
“sweet” aptamer-based hydrogel encapsulating glucoamylase, which allowed effi-
cient conversion of the target recognition event into a cascaded glucose production
reaction for subsequent portable personal glucose meter (PGM) readout. As shown
in Fig. 8.3a, before adding cocaine aptamer to cross-link the polymer strands

Fig. 8.3 a Schematic representation of the target-responsive “sweet” aptamer-based hydrogel.
The entrapped glucoamylase was released upon adding target cocaine, thus catalyzing the
hydrolysis of amylose to produce a large amount of glucose for quantitative readout by the
glucometer. b Resulting calibration curve corresponding to analysis of different concentrations of
cocaine according to a. The concentrations of cocaine were ranged from 0 to 750 μM. Inset
calibration curve of lower concentration range of cocaine. c Comparison of the cocaine-binding
aptamer-based hydrogel with the standard LC/MS method based on 14 samples in urine. Reprinted
with the permission from Ref. [95]. Copyright 2013 American Chemical Society
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(4) and (5) (P-4 and P-5), glucoamylase was mixed into the polymer solution.
Strands (4) and (5) were complementary to adjacent areas of strand (6), containing
the cocaine aptamer sequence. Upon adding (6) to form the hydrogel, glucoamylase
was trapped in the hydrogel. In the presence of target cocaine, strand (6) prefer-
entially bound to the cocaine, leading to a gel–sol transition of the hydrogel and
release of glucoamylase, which catalyzed the hydrolysis of amylose to produce a
large amount of glucose for quantitative readout by the PGM. The method enabled
selective analysis of cocaine with a detection limit corresponding to 3.8 μM in
buffer solution, Fig. 8.3b. Furthermore, the authors also demonstrated the wide
applicability of this method in complex body fluids (the detection limits of cocaine
were 4.4 μM in urine and 7.7 μM in 50 % human plasma). In order to verify the
accuracy and reliability of the method, they compared it with a LC/MS method for
cocaine detection, Fig. 8.3, and obtained similar results. Since different aptamers
can be used for construction, it is possible to design an inexpensive, rapid, portable,
and quantitative hydrogel detection method for a range of nonglucose targets.
Furthermore, the authors integrated Au core/Pt shell nanoparticles (Au@PtNPs)
into the aptamer-based hydrogel with a volumetric bar-chart chip (V-chip) to
develop a novel method for quantitative point-of-care testing (POCT) [96]. As
illustrated in Fig. 8.4a, b, cocaine-binding aptamer-based hydrogel was formed in
the gel reservoir, and Au@PtNPs, which can catalyze the decomposition of H2O2 to
O2, were preloaded inside the hydrogel during formation. In the presence of target
cocaine, the hydrogel dissociated, thus leading to the release of entrapped

Fig. 8.4 Au core/Pt shell nanoparticles entrapped in an aptamer-based hydrogel with a volumetric
bar-chart chip for visual quantitative detection of cocaine. Reprinted with the permission from Ref.
[96]. Copyright 2014 Wiley-VCH
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Au@PtNPs into the supernatant solution. By sliding up the V-chip, three connected
horizontal channels were formed, Fig. 8.4c. Under negative pressure, the super-
natant containing the released Au@PtNPs was drawn into the first channel (green).
H2O2 and the indicator red ink were injected into the second channel (yellow) and
third channel (red), respectively. By further sliding up the V-chip, the supernatant,
H2O2, and red ink were loaded in six independent parallel connected vertical
channels, Fig. 8.4d. The contact between Au@PtNPs and H2O2 led to the catalytic
decomposition of H2O2 to generate O2, which pushed the red ink into the top
thinner channel, Fig. 8.4e, f. The distance that each ink bar moved within a fixed
time interval was proportional to the target cocaine concentration. The V-chip
method enabled visual detection of cocaine with a detection limit corresponding to
0.06 μM. With the advantages of low cost, speed, portability, and quantitative
visual detection, the V-chip method has potential application in POCT of health
care, environmental safety and food quality assurance.

Manipulation of an aptamer-based hydrogel by target to stimulate a gel–sol
transition also allowed design of logic gate systems. Using cocaine aptamer and
ATP aptamer as cross-linkers to form the aptamer-based hydrogel, two kinds of
logic gates (AND and OR) were demonstrated [92]. Figure 8.5a shows the AND
logic gate. Similar to the aptamer-based hydrogels described above, two acrydite-

Fig. 8.5 a AND gate system
based on cocaine- and ATP-
binding aptamer-based
hydrogel. The hydrogel
dissociated only when both
cocaine and ATP were
present. b Photograph of
hydrogel with entrapped
BSA-GNPs without and with
target adenosine and/or
ATP. c UV-VIS spectra of the
BSA-GNPs of the AND gate
system. Reprinted with the
permission from Ref. [92].
Copyright 2011 Royal
Society of Chemistry
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modified DNA strands were copolymerized with linear polyacrylamide chains to
form polymer strands P-7 and P-8, respectively. Strand (7) was designed to contain
an ATP aptamer sequence, which could partially hybridize with strand (8). A cross-
linker (9), containing a cocaine aptamer sequence, was designed to partially
hybridize with strands (7) and (8). Upon mixing P-7, P-8 and (9), the polymers
transformed into a hydrogel as the hybridization proceeded. These three strands
formed a Y-shaped structure inside the hydrogel, with each strand containing two
complementary domains for the other two strands. In order to visualize the gel–sol
transition, the authors entrapped BSA-modified gold nanoparticles (BSA-GNPs)
into the hydrogel as indicator. As shown in Fig. 8.5b, c, in the presence of ATP as
input, the ATP aptamer domain in P-7 dissociated from P-8, forming the ATP/
aptamer complex. However, since strand (9) was still hybridized with both P-7 and
P-8, the hydrogel remained intact. Similarly, in the presence of cocaine as input, the
cocaine aptamer sequence in (9) separated from P-8, but hybridization of P-7 and
P-8 maintained the hydrogel structure. However, if both of cocaine and ATP were
introduced as inputs, the hydrogel underwent a gel–sol transition, and the entrapped
BSA-GNPs were released into the buffer solution. As a result, the buffer solution
turned from colorless to red, a color change that could be easily detected with the
naked eye. Using a similar approach, an OR logic gate was constructed by
including both cocaine and ATP aptamer sequences in a cross-linker, which could
hybridize with two polymer strands.

Use of pure DNA molecules as building blocks for hydrogel construction has
attracted substantial attention directed to the formation of smart devices and pre-
cisely addressable structures at the nanometer scale for sensing or drug delivery and
controlled release [109–114]. An aptamer-functionalized pure DNA hydrogel was
designed as a target-responsive material for thrombin detection [93]. As shown in
Fig. 8.6a, this pure DNA hydrogel was constructed with two different building
blocks: Y-shaped DNA (Y-DNA) and linker DNA (L-DNA), which included two
DNA strands (10) and (11) with two different thrombin-binding aptamer sequences
in (10). The single-stranded tethers of Y-DNA and L-DNA were designed to
hybridize with each other, thus leading to formation of the DNA hydrogel by cross-
linking hybridization between Y-DNA and L-DNA. In the presence of target
thrombin, (10) in L-DNA underwent a structural change and dissociated from L-
DNA to bind thrombin. A visual detection method for thrombin was designed by
entrapping gold nanoparticles into the DNA hydrogel. Upon addition of target
thrombin, the DNA hydrogel system dissolved, and gold nanoparticles were
released into the buffer solution for visual detection with an LOD of 1 μM,
Fig. 8.6b. Furthermore, by using polyethyleneimine-modified quantum dots (PEI-
QDs) as fluorescence agent, the hydrogel system was also used for fluorescence
detection of thrombin. Along with a gel–sol transition in the presence of target, the
released gold nanoparticles from the hydrogel approached the positively charged
PEI-QDs, leading to fluorescence resonance energy transfer (FRET) with quench-
ing of the QD fluorescence dependent on the thrombin concentration. The method
enabled the fluorescence detection of thrombin with an LOD of 67 nM, Fig. 8.6c.
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8.2.2 Stimuli-Responsive Hydrogels with Volume Changes

As described above, aptamer-based hydrogel sensors involving a gel–sol transition
in the presence of target have straightforward designs. Sensors using DNA
hydrogels can also be constructed based on a trigger-stimulated network structural
change. Hydrogel scan undergo volume changes (expansion or shrinkage) in
aqueous solution when triggered by a small change in the environmental parameters
such as pH, temperature, and ionic strength [115]. Sensors producing volume
changes have also been reported for aptamer-based hydrogels.

Aptamer-based hydrogel diffraction gratings are versatile biosensors which
recognize target biomolecules and transduce the recognition event into optical
signals [116], Fig. 8.7a. In order to incorporate thrombin-binding aptamer (12) into
a hydrogel by photopolymerization, the aptamer and its partially complementary
DNA (13) were first reacted with N-succinimidyl-acrylate (NSA) to obtain double
bonds on the DNA. The aptamer-based hydrogel diffraction gratings were then
fabricated by microcontact printing with photopolymerization using poly(dimeth-
ylsiloxane) (PDMS) stamps and the precursor solution, containing monomer, cross-
linker, photoinitiator, and two monomer-modified DNA strands, as “ink.” Since the

Fig. 8.6 a Schematic representation of the aptamer-functionalized pure DNA hydrogel for
colorimetric and fluorescent detection of thrombin. b Photograph of hydrogel response to different
concentrations of thrombin. c Fluorescence spectra corresponding to analysis of different
concentrations of thrombin (0–250 μM). Inset resulting calibration curve. Reprinted with the
permission from Ref. [93]. Copyright 2013 American Chemical Society
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two DNA strands formed a duplex DNA structure inside the hydrogel, the cross-
linking density of the hydrogel was high (Fig. 8.7a). In the presence of target
thrombin, the duplex DNA structure dissociated and the cross-linking density inside
the hydrogel was decreased. Therefore, the hydrogel could swell and increase in
volume. As shown in Fig. 8.7b, c, in the presence of thrombin, the depth of gratings
increased due to the separation between the aptamer (12) and its partially com-
plementary DNA (13). Optical sensing was carried out by immersing the gratings in
different concentrations of thrombin. As shown in Fig. 8.7d, e, as the concentration
of thrombin increased, the first-order diffraction efficiency (DE) relative to its initial
value (DE0) increased. The lowest measured concentration of thrombin by this
optical sensing detection corresponded to 0.017 mg/mL. Furthermore, the aptamer-
based hydrogel gratings developed in this study showed excellent sensitivity to
human thrombin with a reasonably rapid responsive rate.

Fig. 8.7 a Schematic representation of an aptamer-based hydrogel diffraction grating. In the
presence of thrombin, the duplex (12)/(13) structure was separated and aptamer sequence (12) was
bound to thrombin, thus leading swelling of the hydrogel grating. Cross-sectional analysis by
AFM was used to monitor the volume increase. b Pristine grating. c Grating in a thrombin solution
(0.06 mg mL−1) for 10 min. d Time-dependent DE/DE0 changes upon analyzing different
concentrations of thrombin (range from 0.07 to 0.2 mg mL−1). e Resulting calibration curve
according to (d). Reprinted with the permission from Ref. [116]. Copyright 2013 Royal Society of
Chemistry
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Volume change in the presence of target was further implemented to develop a
quartz crystal microbalance (QCM) sensor [117] based on single-stranded DNA
cross-linked polymeric hydrogel for rapid, sensitive, and specific detection of avian
influenza virus (AIV) H5N1 surface protein. As shown in Fig. 8.8, two acrydite-
modified DNA strands, (14) and (15), were each copolymerized with linear poly-
acrylamide chains. (14) was the aptamer and (15) was hybridized with one end of
the aptamer. When the chains were mixed, (14) and (15) hybridized to form a cross-
linked hydrogel, which was immobilized on the gold electrode of the QCM by a
self-assembled monolayer (SAM) method. Based on the carboxylic acid-modified
gold electrode and the amino group in the polymer strands, 1-ethyl-3-(3-dimeth-
ylaminopro-pyl)carbodiimide (EDC) and N-hydroxysuccinimideester (NHS) were
used to cross-link the hydrogel on the gold electrode surface. In the absence of
target H5N1 virus, the hydrogel remained in its shrunken state. However, in the
presence of H5N1 virus, bonding between (14) and the target dissociated the cross-
links, allowing the hydrogel to swell, and the volume change was monitored by
frequency shifts of the QCM. With optimized conditions, the QCM sensor enabled
analysis of target H5N1 virus with a detection limit corresponding to 0.0128 HAU
(HA unit). Compared to the anti-H5 antibody-coated QCM immunosensor, the
aptamer-based hydrogel QCM sensor lowered the detection limit and reduced the
detection time.

Aptamer sensors have been incorporated into colloidal photonic crystal hydrogel
(CPCH) films that have been used to construct sensors for visual detection of heavy
metal ions, such as Hg2+ and Pb2+ [118]. Colloidal crystals, which assembled from
monodisperse nanoparticles, have been used to construct sensors [119–123]. Due to
periodic variation in the refractive index, colloidal crystals give rise to interesting
optical properties, such as photonic band gaps (PBGs). Therefore, the aptamer
sensor based on CPCH films could be underwent a shrinkage changes upon adding
targets, leading to a change in the PBGs accompanied by a visually perceptible
color change. As illustrated in Fig. 8.9a, the 3′ and 5′ ends of Hg2+ or Pb2+ binding
aptamers were cross-linked to the CPCH networks to construct the aptamer sensor-

Fig. 8.8 Schematic representation of the aptamer-based hydrogel immobilized on the QCM gold
electrode surface. In the presence of target AIV H5N1, the cross-linker (14)/(15) duplex structure
was separated, leading to the swelled hydrogel. Reprinted with the permission from Ref. [117].
Copyright 2013 Elsevier
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based CPCHs. In the absence of target metal ions, the aptamer adopted a random
coil structure, but when target was present, the aptamer bound to the ions and
formed a metal ion/aptamer complex structure. This led to CPCH shrinkage and a
decrease in the lattice spacing, which was observed as a blue shift of the structural
colors or as a corresponding blue shift in the Bragg diffraction peak position. The
shift value could be used for quantitative analysis of the target metal ions. As shown
in Fig. 8.9b, with the increase concentration of Hg2+, the degree of shrinkage of
aptamer sensor-based CPCHs intensified, consistent with more aptamers inside
CPCHs were form Hg2+/aptamer complex structure. According to the shrinkage of
the CPCHs, the color and the diffraction peak underwent a blue shift. Based on the
diffraction blue shift, Hg2+ could be visually detected with a detection limit cor-
responded to 10 nM, Fig. 8.9c. Also, by using the same approach, the Pb2+ ions
binding aptamer sensor-based CPCHs could be used to visual detection of Pb2+

with a detection limit of 1 nM. These CPCH sensors showed good durability over
tens of cycles and could be rehydrated from dried gels for storage and aptamer
protection.

A new type of aptamer-based hydrogel was developed for specific, ultrasensi-
tive, and visual detection of proteins [124]. The remarkable feature of this kind of

Fig. 8.9 a Schematic representation of aptamer sensor-based CPCHs for the detection of heavy
metal ions. b Effect of the Hg2+ concentration on the diffraction wavelength of CPCHs. Top
Diffraction color changes from red to blue with an increasing Hg2+ concentration. C Diffraction
blue shifts as a function of the Hg2+ concentrations with range from 10 nM to 100 μM. Reprinted
with the permission from Ref. [118]. Copyright 2012 Royal Society of Chemistry
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hydrogel was that volume changes were visible to the naked eye down to fem-
tomolar concentrations of proteins. As outlined in Fig. 8.10a, two different poly-
merizable methacrylamide-modified thrombin-binding aptamers were first mixed
with thrombin to form aptamer–thrombin–aptamer imprinted complexes. Then, the
complexes were mixed with a solution containing ammonium persulfate (APS),
acrylamide, bis-acrylamide, and N,N,N′,N′-tetramethylethylenediamine (TEMED)
to initiate free radical polymerization. Thus, the two aptamers were incorporated
into the hydrogel network by copolymerization, and the thrombin acted as the
cross-linker imprinted in the hydrogel, as shown in Fig. 8.10b, left. Removal of the
imprinted thrombin dissolved partial cross-links, resulting in a swelling response of
the hydrogel (increased length of hydrogel), Fig. 8.10b, right. The hydrogel length
changes were reversible by reintroducing target thrombin into the hydrogel, with
shortening dependent on the amount of thrombin introduced, Fig. 8.10c. The
shrinkage of hydrogel can be observed by the naked eye with a detection limit in the

Fig. 8.10 a Schematic
representation of the
thrombin-bioimprinted
aptamer hydrogel.
b Visualization of the volume
change responses by the
hydrogel. c Binding isotherm
of thrombin-imprinted
hydrogels: the volume
response of the hydrogel
could be observed down to
the femtomolar range and
became saturated at picomolar
concentrations. Reprinted
with the permission from Ref.
[124]. Copyright 2013
American Chemical Society
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femtomolar range. This type of hydrogel sensor has the advantages of low cost,
easy to use, and portable detection of molecules of interest for biomedicine,
environmental science, and biosecurity, such as detection of apple stem pitting virus
(ASPV) [125].

8.2.3 Aptamer Sensors Embedded Inside DNA Hydrogels

Although aptamer-based hydrogels undergoing a gel–sol transition or volume
change can be used to fabricate the sophisticated sensors, one may find that a
relatively large amount of target is needed to trigger hydrogel response. To solve
this drawback, one method embeds sensors inside the DNA hydrogel and uses an
optical signal as output. In addition, besides using gold nanoparticles as the indi-
cating agent, fluorescent molecules, including fluorophore/quencher pairs and DNA
staining dyes, have been used to transduce optical signals.

There are two methods to embed aptamer sensors into DNA hydrogels:
immobilization of sensors on the polymer chains and entrapment of sensors within
the hydrogel network. One of the first systems reported by Liu and co-workers
involved immobilizing an acrydite-modified mercury (Hg2+)-binding aptamer
sequence in a polyacrylamide DNA hydrogel [57]. According to this principle, the
hydrogel was cross-linked by bis-acrylamide and the acrydite-modified aptamer
was immobilized on the polymer chains. The Hg2+ aptamer is a thymine-rich
sequence, which remains in a random coil structure in the absence of Hg2+ ions.
However, when Hg2+ is present, it mediates the T bases to form T-Hg2+-T base
pairs [126, 127], thus producing a change to a hairpin structure. The output signal
was generated by adding a DNA-binding dye called SYBR Green I (SG), which
produced a yellow fluorescence when bound to unfolded DNA, but changed to
green fluorescence when bound to duplex (hairpin structure) DNA [128], as shown
in Fig. 8.11a. Therefore, the aptamer immobilized within the hydrogel networks
could actively adsorb Hg2+ and optical sensing of Hg2+. As shown in Fig. 8.11b, as
the concentration of Hg2+ increased, the hydrogel fluorescence gradually changed
from yellow to green as more hairpin structures were formed. The detection limit
for Hg2+ was 10 nM. Furthermore, the sensor was resistant to nuclease and could be
rehydrated from dried hydrogels for storage and nucleic acid protection. However,
in this study, in the absence of Hg2+, the random coil aptamer stained by SG gave a
high yellow fluorescence background. In the further study, the same group intro-
duced 20 % positively charged allylamine monomer into the hydrogel to reduce the
fluorescence background [58]. Due to the repulsion between positively charged SG
and the hydrogel matrix, as well as the strong binding between SG and aptamer/Hg2
+ complex, the signal-to-background ratio was improved by sixfold and the
detection limit for Hg2+ was lowered to 1.1 nM.

A similar approach to analyze lead ions (Pb2+) was demonstrated by immobi-
lizing a guanine-rich Pb2+ aptamer, which formed a quadruplex with Pb2+ inside a
hydrogel [129]. Using thiazole orange (TO) as staining dye, in the absence of Pb2+,
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the TO-stained aptamer produced yellow fluorescence. When Pb2+ was present, it
induced the aptamer sequence to form a quadruplex, thus leading to the green
fluorescence for visual detection of Pb2+ with a detection limit of 20 nM. The
authors also demonstrated simultaneous detection of both Hg2+ and Pb2+ in the
same sample by using differently shaped DNA hydrogels to distinguish the two
different aptamer sensors. In addition to bulk DNA hydrogels, Liu and co-workers
incorporated aptamer sensors into hydrogel microparticles [130]. The aptamer-
based hydrogel microparticles with sizes between 10 and 50 μm were synthesized
using an emulsion polymerization technique, and the acrydite-modified aptamer
was incorporated by copolymerization. The kinetics of signal generation from
hydrogel microparticles was much fast than that from bulk DNA hydrogel sensors
due to the short diffusion distance. This hydrogel microparticle sensor enabled
analysis of Hg2+ with a detection limit of 10 nM within 2 min and analysis of
adenosine with LOD of 50 μM.

In addition to being immobilized on the polymer networks, aptamer sensors can
be entrapped within the hydrogel [131, 132]. Brennan and co-authors developed a
method that entrapped ATP aptamer sensor inside a sol-gel-derived silica hydrogel
[131]. As shown in Fig. 8.12, two kinds of ATP aptamer sensors were entrapped: a
sensor constructed from three strands of DNA (ATP aptamer, complementary
fluorophore-labeled DNA strand, and another complementary DNA modified with a

Fig. 8.11 a Schematic representation of the SYBR Green I-stained Hg2+ aptamer-based hydrogel.
In the absence of Hg2+, the hydrogel displayed yellow fluorescence. In the presence of Hg2+, the
fluorescence of the hydrogel turned to green. b Photograph of hydrogel response to different
concentrations of Hg2+. Reprinted with the permission from Ref. [57]. Copyright 2010 American
Chemical Society
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quencher), and a sensor having two DNA strands, where the fluorophore was
covalently tethered to the aptamer rather than bound to a complementary DNA. In
both systems, fluorescence was initially quenched by the close proximity of the
quencher molecule, but binding of ATP to the aptamer, induced a conformational
change in the DNA structure. The quencher-modified strand was separated from the
fluorophore group, leading to the restoration of the fluorescent signal of the fluo-
rophore. The authors demonstrated that both of these systems could be used for
selective and sensitive detection of ATP. Although this type of aptamer-based
hydrogel could be easily fabricated by simply entrapping the aptamer sensor into
the silica hydrogel, the sensor may leach out of the gel matrix due to noncovalent
interactions between DNA and the gel matrix.

8.3 Aptamer-Based Hydrogels for Target Molecule
Capture and Release

Different external stimuli, such as pH value [133], temperature [134], electric fields
[135], and saccharide levels [136], have been used to stimulate hydrogel structural
changes. However, in the DNA hydrogel separation platforms, such external stimuli
may adversely affect the structural and functional integrity of the target

Fig. 8.12 Schematic representation of entrapping DNA sensor into hydrogel and the gel
fluorescence was intensified upon adding target ATP. The DNA sensors were constructed by three
DNA strands system (tripartite system) or two DNA strands system (bipartite system). Reprinted
with the permission from Ref. [131]. Copyright 2005 American Chemical Society
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biomacromolecules. To solve this problem, the strand displacement technique has
been used as a new method to manipulate hydrogel structural changes at constant
temperature and under unchanged buffer condition [137–140].

A DNA-induced sol-gel transition hydrogel was combined with a protein-
binding aptamer to capture and release target proteins [111]. As illustrated in
Fig. 8.13, two acrydite-modified DNA strands, (16) and (17), were grafted onto
separate polymer chains. A third DNA strand, (18) containing thrombin-binding
aptamer, could hybridize with both (16) and (17) to cross-link the polymer chains
and form the hydrogel. Before forming the DNA hydrogel, strand (18) could
capture thrombin to form the thrombin/(18) complex, which was largely retained in
the hydrogel, even when immersed in buffer solution for a week. Strand (18) also
contained a toehold, which acted as a recognition tag for strand displacement. To
release thrombin, a fourth DNA strand (19) which was fully complementary to
strand (18) was added to the hydrogel. After forming the duplex structure (18)/(19),
the DNA hydrogel was dissolved and the thrombin was released from strand (18). A
related method for separation of ATP from a complex mixture was developed by
the same group [141]. In the study, the two acrydite-modified DNAs were
copolymerized with acrylamide monomer into polymer chains, respectively. A
cross-linker DNA containing the ATP-binding aptamer sequence could hybridize
with both polymer chains to form the DNA hydrogel. The aptamer sequence in the
cross-linker DNA acted as a hook that could fish target ATP molecule from a pool
of different molecules (ATP and GTP). The results demonstrated that this kind of
DNA-induced hydrogel has the ability to recognize and extract the specific target
from a dual-molecule pool with a high degree of specificity. Upon adding the fully
complementary sequence of the cross-linker DNA, the cross-linker DNA was

Fig. 8.13 Schematic representation of the aptamer-based hydrogel for capture and release of
thrombin. Bottom Photograph of different states of the system. Left Liquid state before adding
thrombin/(18) complex. Middle Hydrogel state after adding thrombin/(18) complex. Right Return
to liquid state upon adding strand (19) to dissociate the hydrogel. Reprinted with the permission
from Ref. [111]. Copyright 2007 Wiley-VCH
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hybridized with its fully complementary sequence and dissociated from the polymer
chains, leading to dissolution of the DNA hydrogel and release of the target
ATP. The results showed that about 86% of the original quantity of target ATP
could be retained and released from the hydrogel. In order to demonstrate the
generality of the method, the authors also successfully designed a thrombin-binding
aptamer-based hydrogel for the capture and release of target thrombin protein from
a dual-protein pool of thrombin and bovine serum albumin (BSA).

Theoretically, the above-mentioned aptamer-based hydrogels can be used to
capture a large target. However, due to the pore size restriction of the hydrogel, large
targets, such as cells (usually larger than 10 μm), are not easily entrapped inside
hydrogels. TheWang group developed a novel approach that tethered DNA aptamers
on a hydrogel surface to capture and release cancer cells using a strand displacement
technique [142, 143]. As illustrated in Fig. 8.14, three DNA strands were used to
construct the DNA hydrogel. After silanization of the glass, the primary strand, (20),
was initially conjugated to a polyacrylamide hydrogel formed as a coating on a
silanized glass surface. Strand (20) was able to hybridize with strand (21) containing
the aptamer sequence with high binding affinity and specificity for target CCRF-CEM
cells [74]. The hybridization between (20) and (21) led to the immobilization of
aptamer on the hydrogel surface. When incubated in a suspension of CCRF-CEM
cells, the cells were captured on the hydrogel surface via polyvalent aptamer–receptor
interactions. Upon adding the fully complementary sequence (22) of strand (21), the
system underwent a strand displacement procedure and the hydrogel was triggered to
dissociate strand (21) from strand (20) to form the (21)/(22) duplex structure. The
formation of duplex (21)/(22) disturbed the polyvalent interaction between aptamer
sequence and cells, thus leading to cell release from the hydrogel surface and
regeneration of the hydrogel for a new round of cell capture and release. After
incubation, 2,519 ± 284 CCRF-CEM cells/mm2 were observed on the hydrogel
surface, while only 6 ± 4 cells/mm2 of control cells were observed. The authors also
used a live/dead cell assay to verify the viability of the released cells. The

Fig. 8.14 Schematic representation of an aptamer-based hydrogel for cell capture and release by a
strand displacement technique. Reprinted with the permission from Ref. [142]. Copyright 2012
American Chemical Society
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nondestructive cell capture and release made the hydrogel fundamentally unique and
suitable for numerous biological and biomedical applications.

Besides using strand displacement to release target cells from DNA hydrogel,
the Wang group implemented restriction endonuclease as a new manner to
manipulate the release of cells [144]. The results showed that the release efficiency
of target cells reached about 99 %, and about 98 % of the released cell maintained
viability. Furthermore, an aptamer could be applied to functionalize hydrogel for
mimicking the adhesion sites of the extracellular matrix and maintaining cells
viability after adhesion [145]. Therefore, aptamer-functionalized hydrogels are
promising biomaterials for the development of artificial extracellular matrixes.

8.4 Aptamer-Based Hydrogels for Controlling Target
Molecular Release

Hydrogels are attractive polymeric materials for design of sustained-release systems
[146–149]. For example, for drug delivery, sustained release not only improves the
efficacy of the drug, but also minimizes side effects [148]. Although the above
section mentioned that aptamer-based hydrogels could release entrapped target, that
application involved a gel–sol transition and the rate of target release was rapid and
usually complete within a few minutes. Thus, there is a clear need to develop novel
methods to improve and control the target release rate of DNA hydrogels.

For the aptamer-based hydrogel, sustained release of the target depends on
several factors, including the pore size of the polymer network, the diffusion rate of
the entrapped target molecule, and the affinity between the aptamer and target
molecule. The Wang group developed a method to demonstrate that hydrogel
functionalization with a DNA aptamer was applicable to a sustained-release system
[97]. As shown in Fig. 8.15a, the acrydite-modified aptamer sequence was first
mixed with its target, platelet-derived growth factor-BB, PDGF-BB, allowing for
sufficient molecular recognition and the formation of the aptamer/PDGF-BB
complex, which was then mixed with a solution containing APS, acrylamide, bis-
acrylamide, and TEMED, to initiate free radical polymerization. Therefore, the
aptamer/PDGF-BB complex was incorporated into the DNA hydrogel networks.
The PDGF-BB entrapped aptamer-based hydrogel was subjected to sustained-
release tests by immersion in a release medium. In order to evaluate the sustained-
release system, the authors prepared three kinds of DNA hydrogels: the native
hydrogel without aptamer units, a hydrogel with high-affinity immobilized aptamer,
and a hydrogel with low-affinity immobilized aptamer. As shown in Fig. 8.15b, in
the first 24 h, about 70 % of the PDGF-BB was released from the native gel. The
low-affinity aptamer-based hydrogel released about 40 % of PDGF-BB in the first
24 h, while only 10 % of PDGF-BB was released from the high-affinity aptamer-
based hydrogel in the same time period. The results demonstrated that the release
rate could be controlled by using aptamers with different PDGF-BB binding
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affinities. By tuning the binding affinities of aptamers, the same group demonstrated
a novel strategy for synthesizing in situ injectable hydrogels to control the release of
PDGF-BB [98]. A series of PDGF-BB aptamers with different binding affinities
were designed, either by randomizing the nonessential nucleotide tail or mutating
the essential nucleotides. After modifying on streptavidin-coated polystyrene par-
ticles, the aptamers were mixed with PDGF-BB to obtain the aptamer/PDGF-BB
complex, and the functionalized particles were incorporated into poloxamer
hydrogels for in situ injection. The release tests showed that PDGF-BB was rapidly
released from the native poloxamer hydrogel (without aptamer-functionalized
particles). In turn, release of PDGF-BB from the aptamer-functionalized poloxamer
hydrogels was significantly prolonged, and the rate could be modulated by
adjusting the affinity of the aptamer.

Delivery systems with a pulsatile release pattern are receiving increasing interest
for the development of drugs for which conventional controlled sustained-release
systems are not ideal [150–152]. Soontornworajit et al. developed a pulsatile pro-
tein release system by adding a single-stranded DNA to a hybrid particle–hydrogel
composite [99]. As illustrated in Fig. 8.16a, biotinylated PDGF-BB aptamers, (23),
were linked on the streptavidin-coated polystyrene particles, and the complex was
entrapped inside the agarose hydrogel to form a hybrid particle–hydrogel com-
posite. A controlled-release test was carried out to check whether the composite

Fig. 8.15 a Schematic
representation of aptamer-
based hydrogel for sustained
PDGF-BB release. The
release rate of target could be
tuned by using aptamers with
different binding affinities.
b Cumulative release of
PDGF-BB from different kind
of hydrogels: native hydrogel
(curve i), low-affinity aptamer
hydrogel (curve ii), and high-
affinity aptamer hydrogel
(curve iii). Reprinted with the
permission from Ref. [97].
Copyright 2010 Royal
Society of Chemistry
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could prevent rapid release of target proteins. Compared to the native agarose gel
(without functionalized particles), which released 70 % of the protein in the first
24 h, the aptamer retained the protein inside the hydrogel, resulting in only about
8 % release. As shown in Fig. 8.16b, by adding partially complementary DNA
strand, (24), at two time points, pulsatile protein release occurred with about 35 and
23 % release, respectively. In turn, adding scrambled DNA would not release the
proteins. The results demonstrated that the composite could release proteins in a
pulsatile manner through the intermolecular hybridization mechanism. In the further
study, the system was designed for the controllable pulsatile release of multiple
proteins [100]. Two aptamers, one binding to PDGF-BB and the other binding to
vascular endothelial growth factor (VEGF), were used to functionalize two sets of
streptavidin-coated polystyrene particles, which were incorporated into the agarose
solution to form the hydrogel. As shown in Fig. 8.16c, the hydrogel was treated
with complementary DNA at two different time points, first with the complemen-
tary DNA of VEGF aptamer and then with the complementary DNA of PDGF-BB
aptamer. The results showed that the two complementary DNAs triggered pulsatile
release of only their individual target proteins without affecting the other protein.

Fig. 8.16 a Schematic representation of the preparation of hybrid particle–hydrogel composite for
pulsatile protein release using a strand displacement technique. b Time-dependent cumulative
release of PDGF-BB upon adding the complementary DNA strand (24), curve i, and scrambled
DNA strand, curve ii. The arrows indicate the time point of adding DNA strand. Reprinted with
the permission from Ref. [99]. Copyright 2010 Royal Society of Chemistry. c Profiles of daily
release of VEGF and PDGF-BB regulated via the corresponding complementary DNA. Pulsatile
release of VEGF was triggered on day 4 and release of PDGF-BB was triggered on day 8.
Reprinted with the permission from Ref. [100]. Copyright 2012 American Chemical Society
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8.5 Aptamer-Based Hydrogels for In Vivo Applications

Strategies for controlled drug release with polymeric materials have been inten-
sively investigated for applications such as biomedicine and tissue engineering
[153, 154]. As discussed above, for hydrogels many stimuli, such as changes in pH
[1], temperature [2], and ionic strength [3], can be used to trigger physical or
chemical changes. However, in physiological conditions, the stimuli are more
subtle, especially for biochemical signals or subnanomolar-level biomarkers. By
light irradiation or exposure to electrical or magnetic fields, the responsive hydrogel
can be applied in sensors [21, 155] and drug delivery [156–158]. In a related study,
a light-driven hydrogel was investigated for controlled release of doxorubicin
(DOX) [89]. As illustrated in Fig. 8.17, a near-infrared (NIR) light-responsive drug
delivery platform based on Au–Ag nanorods (Au–Ag NRs) coated with DNA
cross-linked core–shell nanogels was fabricated. In one part, the methacryl group-
modified NRs could initiate the growth of linear polymer chains P-A through
photocopolymerization with acrydite-modified strand (25) and acrylamide mono-
mer. In another part, acrydite-modified strand (26) and acrydite-modified aptamer
sequence (27) were incorporated to obtain polymer chains P-B. The cross-linker
DNA strand (28), which hybridized with both strands (25) and (26), could cross-
link P-A and P-B, resulting in the formation of core–shell nanogels. The aptamer
sequence (27) was selected for the binding CCRF-CEM (T cell acute lymphoblastic
leukemia cell line) cells. Flow cytometry results showed that the aptamers on the
core–shell nanogels maintained their specific binding and high affinity for the target
cancer cells. In order to establish the drug delivery system, a chemotherapeutic
agent, DOX, was incorporated in the nanogels. Although free DOX was toxic to
both target CCRF-CEM cells and control Ramos cells, the DOX-incorporated
nanogels did not show obvious toxicity. The Au–Ag NRs used in the study could
absorb light energy in the NIR range and convert it to heat. Therefore, upon
irradiating with NIR light, the elevated temperature led the dissociation of the
hybridization inside the nanogels and the entrapped drug DOX was released to

Fig. 8.17 Schematic representation of aptamer-based core–shell DNA nanogel and the nanogel
for targeted therapy. Reprinted with the permission from Ref. [89]. Copyright 2011 American
Chemical Society
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generate a therapeutic effect. The cell viability results showed that after irradiation,
the drug release process caused 67 ± 5 % CCRF-CEM cell death, while less than
10 % of control Ramos cells died. This study demonstrated that aptamer-func-
tionalized core–shell nanogels could be used as drug carriers for targeted drug
delivery with remote control by NIR light.

A DNA nanogel fabricated from various functional DNA strands could apply for
targeted cancer therapy [90]. As illustrated in Fig. 8.18, the three functional domains
(Y-shaped DNA) and the connector (X-shaped DNA) were mixed to form the
building unit from stoichiometric amounts of each of these components. Different
functional elements could be incorporated into the domains, including aptamer, ac-
rydite-modified DNA, antisense oligonucleotide, and intercalated chemical anti-
cancer drug DOX. Since two of the functional domains of each building unit were
modified with acrydite groups, the acrydite-modified building units were further
photo-cross-linked into a multifunctional and programmable aptamer-based DNA
nanogel. The nanogel diameters could be tuned by simply changing the concentra-
tions of the building units. The aptamer moieties of the nanogels could act as a guide
to target specific cancer cells. By incorporating sgc8 aptamer, which targets CCRF-
CEM cancer cells, into the functional domain, the DOX-loaded aptamer-based DNA
nanogel showed a specific cytotoxic effect against CCRF-CEM cells. Moreover, by
functionalization with therapeutic antisense DNA, which was explored to overcome
the obstacle of multidrug resistance in chemotherapy, the multifunctional nanogel
could be constructed to selectively kill drug-resistant cancer cells.

Fig. 8.18 Schematic representation of multifunctional self-assembled building units and photo-
cross-linked aptamer-based DNA nanogel. Reprinted with the permission from Ref. [90].
Copyright 2013 American Chemical Society
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Many cellular processes depend on the concentrations of small molecules and
ions in the cellular environment, including cations, anions, pH values, amino acids,
sugars, and ATP [159, 160]. Quantitation of ions or metabolites is important in
understanding cell metabolism [161]. Probes encapsulated by biologically localized
embedding (PEBBLE) forma class of nanosensors designed for in vivo biological
sensing applications [162]. Ratiometric detection is commonly used for nano-
PEBBLEs, in which a target-induced responsive dye and a reference dye are
entrapped in the polymeric matrix [163]. A related study described a new type of
aptamer-based nano-PEBBLE, in which a target-responsive DNA sequence was
embedded in porous polyacrylamide nanoparticles for in vivo sensing of metabolite
ATP [102]. In the study, the aptamer-switch probes were embedded in the poly-
acrylamide nanoparticle prepared by inverse microemulsion polymerization,
Fig. 8.19. The switch probes included an ATP-binding aptamer sequence, together
with a short DNA which could partially hybridize with the aptamer sequence, and a
fluorophore/quencher pair at the two ends of the probes. In the absence of the target
molecule, the close proximity of two ends by formation of a hairpin structure
quenched the fluorescence. The authors demonstrated that the switch probes
embedded in nanoparticles were resistant to treatment with DNase I and the
nanoparticles could protect probes against nucleases. The functionalized nanopar-
ticles were delivered to yeast cells by electroporation to visualize and measure the
distribution of adenine–nucleotide concentrations in the cytoplasm of the cells by a
ratiometric method. In the cytoplasm, upon binding to the adenine, the switch
probes underwent a structural change, and the quencher moved far from the fluo-
rophore, leading to restoration of fluorescence. The results showed that the total
adenine in the cell cytoplasm of yeast cell was over 2.9 mM. In general, the system
can be extended to any metabolites of interest in live cells by selecting the corre-
sponding aptamers and embedding them into the nanoparticles.

Fig. 8.19 Schematic
representation of switch
probes embedded in
polyacrylamide nanoparticles
and their intracellular ATP
sensing. Reprinted with the
permission from Ref. [102].
Copyright 2010 American
Chemical Society
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8.6 Conclusion

Aptamers have become useful and important tools for biotechnological and ther-
apeutic applications. Since aptamers mimic and extend many properties of anti-
bodies, such as high target-binding ability, low immunogenicity, wide temperature
range stability, and easy modification, they have the potential to play an important
role in biorecognition. In addition, due to the remarkable properties of DNA and
easy preparation under physiological conditions, DNA hydrogels have attracted
more and more attention in bioapplications. Different stimuli can be used to trigger
the transitions of DNA hydrogels, including complementary DNA, pH, tempera-
ture, light, and metal ions. Incorporation of aptamers into traditional DNA hydro-
gels has greatly expanded the range of applications. Compared to traditional DNA
hydrogels, aptamer-based hydrogels have several advantages: (1) Versatile apt-
amer-based hydrogels can be fabricated due to a wide range of targets recognized
by aptamers. (2) The targets are easily entrapped in aptamer-based hydrogels and
can be implemented as cargo delivery systems. (3) In addition to burst release of
entrapped proteins or drugs, aptamer-based hydrogels can control sustained release
of the entrapped species. (4) The ability to recognize and capture target proteins or
drugs indicates potential therapeutic applications for aptamer-based hydrogels.

Although different kinds of aptamer-based hydrogels have been well developed,
several challenges still need to be addressed. First, rapid and sensitive detection of
heavy metal ions and hazardous materials in the environment is very important.
However, to improve the sensitivity of functional hydrogels is a challenge. By using
cascade reactions (for example, by incorporating enzymes or DNAzymes), signal
amplification can be achieved. Second, besides using polyacrylamide, silica, pol-
oxamer, and agarose as the hydrogel networks, the development of low-toxicity or
nontoxic and biocompatible hydrogels for in vitro and in vivo applications remains
a challenge. Third, development of methods for preparation of nanogels and
delivery of nanogels into cells will greatly expand the scope of in vivo applications.
Fourth, fabrication of bifunctional hydrogels is a new direction which can be used
for precise control of protein or drug release. For example, incorporation of N-
isopropylacrylamide (NIPAM) into the polyacrylamide gel will give the hydrogel
additional thermo-sensitive property. In addition, light-sensitive properties can be
regulated by incorporating azobenzenes, and pH-sensitive properties can be
achieved by i-motif structure. In bifunctional hydrogels, hydrogel transitions can be
triggered only in the presence of both stimuli, thus leading to more accurate
operation of hydrogel systems.
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Chapter 9
Cell-Specific Aptamers for Disease
Profiling and Cell Sorting

Kwame Sefah, Joseph Phillips and Cuichen Wu

Abstract The molecular recognition of medically relevant cell-surface proteins
and other biomarkers by molecular probes plays a major role in this current era of
molecular medicine. Molecular probes have served as platforms for diagnosis,
prognostic indication and targeted radio- or chemotherapy in cancer medicine.
Since cancer is generally a heterogeneous disease, the elucidation of new disease
specific molecular features will facilitate our understanding of cancer. The devel-
opment of new molecular probes to detect disease specific features will improve our
ability to specifically target and treat cancers. Cell-specific aptamers have emerged
as unique candidates for molecular identification of cancer cells. Single runs of cell-
SELEX can generate panels of aptamers that target disease specific molecular
markers with high affinity and selectivity. We have shown that these panels can be
used for molecular profiling of cancer and aid in the diagnosis of cancer. The ability
to detect diseased cells in biological fluids is important for early detection, moni-
toring disease progression or remission, and tracking drug efficacy. Our research
has shown that aptamers can be used to purify cells from a flowing suspension of
biological fluid. When integrated into microfluidic devices, aptamers can be used
for enrichment of rare tumor cells and multiplexed cell sorting of heterogeneous cell
mixtures. For these reasons, aptamers have emerged as unique candidates for
molecular recognition and cell-isolation and their future contributions will be a key
factor in molecular medicine.
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9.1 Introduction

The availability of molecular probes for the recognition of medically relevant cell-
surface proteins and biomarkers has had and will continue to have a major impact in
this era of molecular medicine. Tailored molecular probes have the ability to
improve every aspect of medicine, including early detection, diagnostic resolution,
and disease treatment options. Generally antibodies have been the probe of choice
as they are able to detect molecular markers with high affinity and specificity. In
fact, antibodies have been utilized successfully in many aspects of medicine
including diagnosis, therapy, and prognosis of diseases. One major challenge for
antibody technology is that there are not enough antibodies to target all the nec-
essary disease-specific markers and creating new antibodies is a relatively long,
technically cumbersome process involving animals with a generally low success
rate. Further, many of the molecular markers that antibodies do recognize are also
expressed on healthy cells and this may lead to deleterious effects when imple-
menting such antibody-mediated drugs schemes or interventions. Ideally, technol-
ogy for generating molecular probes should target disease specific molecular
markers, generate high affinity and highly selective probes, be relatively fast with a
high success rate, and produce multiple probes simultaneously. One promising
technology for producing molecular probes that target diseased cells is the sys-
tematic evolution of ligands by exponential enrichment (SELEX) or Cell-SELEX.

Cell-SELEX generates molecular probes called aptamers that can target diseased
cells specifically and with high affinity. Aptamers are single-stranded nucleic acids
(DNA or RNA) that can bind with high affinity and selectivity to proteins, peptides,
and other small molecules [1–3]. The dissociation constants of aptamers to their
targets can range from picomolar to micromolar (See section on aptamers for
details). Aptamer selection via cell-SELEX uses complex cellular targets, such as
live cancer cells, red blood cells, or bacteria surface proteins, has been used to
generate useful aptamers for cell recognition. Our research has focused on using
cell-SELEX to generate cancer cell-specific aptamers and use them to develop
novel technologies in the field of molecular medicine [4–9]. Two major areas that
we have applied aptamer technology to are cancer cell-sorting/enrichment and
molecular profiling of cancer cells. New technologies in these areas can be directly
translated into novel methods for early detection of cancer, cancer diagnostic
assays, and monitoring of disease progression and therapeutic response.
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9.2 Cell-Sorting/Enrichment

Biological cells are mostly of heterogeneous population. In order to obtain single
species for analysis, and obtain accurate biological information, it is important to
track and isolate these cells into individual sub-populations based on their unique
biological features. Therefore cell sorting of heterogeneous subpopulations of
tumor and tumor-associated cells has been a long established strategy in cancer
research. This technology has many important applications including detecting
circulating tumor cells, separating stem cells from tissues, cell and protein engi-
neering, and diagnosing the hematologic malignancies [10–15]. Sorting can be
performed based on a myriad of cell properties, for example, size, shape, surface
antigen expression, protein expression, and metabolic activity. Cell size and shape
can be roughly discerned using FACS methods and more novel microfluidic
methods [16]. Many cell properties can be detected using fluorescent probes and
therefore FACS methods are popular. There are important situations in which
FACS methods are not possible or efficient, e.g. point-of-care diagnostics, therefore
other methods have gained in popularity. Our research has focused on microfluidic
methods of tumor cell enrichment and cell sorting based on cell-surface protein/
antigen expression, due to the nature of cell-SELEX aptamer selection which tar-
gets the surface of live cells.

To show proof-of-concept of tumor cell-enrichment, simple microfluidic chan-
nels were constructed by sandwiching parafilm between a cover glass and micro-
scope slide. The channel was then coated with streptavidin by allowing the protein
solution to fill the channel by capillary action. Excess streptavidin was then rinsed
away by drawing solutions through the channel using filter paper as a wick. Bio-
tinylated aptamers were then introduced and excess rinsed via wicking. Mixtures of
fluorescent labeled target and non-target tumor cells were then introduced into the
channel via wicking. After a final rinse step, the channel surface was imaged using a
fluorescent microscope. Based on image analysis, the percent of target and non-
target cells captured and purity of captured cells could be calculated. With this
rudimentary device, we achieved 95 % purity and *15 % efficiency of target cell
capture [17]. To further improve the device capabilities, a PDMS version was
created in which the channel height was reduced by four times to *25 μm, on the
same order as the cell diameter. The PDMS channel was reversibly attached to a
large cover glass and operated via syringe pump. This PDMS device achieved 97 %
purity and 80 % efficiency of target cell capture see Figure Enrichment. The
increase in efficiency of target cell capture of the PDMS device could not be
explained based on the difference in channel geometry compared to the parafilm-
based device. One plausible explanation for this effect is based on mathematical
modeling of particle velocities in microfluidic flows at low Reynolds number.
Modeling predicts that if the particle diameter is on the order of the channel height,
then the particle could exhibit significant velocity perpendicular to the fluid flow
direction. In this case, we estimated that the tumor cells could be moving at
1–50 μm/s, fast enough to traverse the 25 μm channel height while passing through
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the device. This basic research exhibiting the selective and efficient aptamer-based
capture of tumor cells from a flowing suspension has been implemented in other
microfluidic cell detection systems, including microcapillary [18], paper-based
lateral flow devices [19], and Differential Mobility Cytometry [20]. Other research
that has improved the efficiency of target cell capture to >90 % includes improving
the device architecture by adding arrays of micropillars [21] and implementing
multivalent aptamer technology like aptamer-conjugated gold nanoparticles [22]
and linear-repeating aptamer arrays generated by rolling circle amplification [23],
(Figs. 9.1 and 9.2).

Fig. 9.1 Image of basic PDMS device on confocal microscope (a). The bottom left inlay shows
the device, and the top right inlay shows top-down and sideways views with dimensions.
Representative images of original mixture of cells before cell capture assay (b) and channel surface
after the cell capture assay performed at 154 nL/s flow rate (c) with target and control cells stained
red and green, respectively. Cell-surface density measured over the course of the cell capture
experiment showing linear increase in target cells captured over time (d). Target cell capture
efficiency decreases with increased fluid flow rate (e). Bar = 500 μm (Reprinted with the
permission from Ref. [17], Copyright 2009 American Chemical Society)
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To further demonstrate the capability and feasibility of tumor cell-sorting using
aptamer platform, we created an S-shaped PDMS channel with multiple regions for
cell-capture. The channel had fluid ports positioned at each bend which allowed us
to immobilize one of three different biotinylated aptamers within each long stretch
of the channel. We mixed 3 different tumor cell types together and were able to
selectively capture each target cell within the region associated with its specific
aptamer. We achieved *97 % purity for two tumor cell lines and *88 % purity for
the third tumor cell line [24]. We also released cells from each region of the device
and cultured them for several days. Results from flow cytometry experiments on the
cultured cells showed that sorted cells had *96.5 % purity. The level of multiplex
sorting in this type of device is only limited to the surface area of the device.

After the initial proof-of-concept of capturing tumor cells from a flowing sus-
pension using aptamer-based microfluidic devices, improvements in device design
and implementation of molecular engineering of multivalent structures have pro-
duced devices that can achieve >90 % capture efficiency. These devices can take
whole blood as sample matrix and operate at flow rates that are useful for point-of-
care applications. Sorting of cells can be achieved without the use of lasers or any
other sophisticated equipment. Since aptamers can be created for any diseased cell,
we believe that these types of devices should be useful for detecting tumor cells in
in various bodily fluids.

Fig. 9.2 Evolution of aptamer-based microfluidic devices for tumor cell enrichment (Reproduced
with the permission from Ref. [18], The Royal Society of Chemistry, Adapted from Refs. [21, 22,
24], Copyright 2009, 2012, 2013 American Chemical Society)
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9.2.1 Summary

After the initial proof-of-concept of capturing tumor cells from a flowing suspen-
sion using aptamer-based microfluidic devices, improvements in device design and
implementation of molecular engineering of multivalent structures have produced
devices that can achieve >90 % capture efficiency. These devices can take whole
blood as sample matrix and operate at flow rates that are useful for point-of-care
applications. Sorting of cells can be achieved without the use of lasers or any other
sophisticated equipment. Since aptamers can be created for any diseased cell, we
believe that these types of devices should be useful for detecting tumor cells in
various bodily fluids.

9.3 Disease (Molecular) Profiling

As personalized medicine is becoming increasingly important in the effective
management of diseases, especially cancers, there is the need to intensify efforts to
identify unique disease signatures of therapeutic importance. This is necessary
because even tumors arising from the same source have varied molecular charac-
teristics as the disease progressed. Therefore molecular profiling of individual
disease will allow us to measure the expression of multiple genes on tissues or
biological samples and this will present individual molecular portraits of specific
disease. This will allow us to capture the biological complexity of diseases more
comprehensively, and utilize these features for design of effective therapeutic
regimen. Simply put, molecular profiling will allow us to define diseases more
carefully, for example; giving a molecular classification between healthy and dis-
ease cells (good diagnostic performance), or molecular markers to determine out-
come after intervention (predictive performance), or for monitoring prognosis. This
type of technology is integral to better understanding the unique molecular char-
acteristics of a patient’s disease rather than using the morphological features, which
is the common gold standard practice for most tumors. It is anticipated that
molecular profiling will become a valuable tool for oncologists when making
treatment decisions for patients with difficult-to-treat and/or rare and aggressive
cancers.

In theory, the expression of molecular targets of therapeutic and diagnostic
importance is not in doubt. Many studies have demonstrated that each disease has
unique sets of genes that are expressed and can be targeted for use in diagnosis and
therapy. These biomarkers provide unique features about each patient’s diseases,
from which more tailored treatments can be most effective. Similarly, biomarkers
can also provide information about which treatment regimen might not be suitable
for a patient’s disease based on the molecular profile and thus prevent excessive use
of ineffective drugs. This observation of over treatment is well documented in
breast cancer [25]. If an exhaustive set of biomarkers were known, physicians could
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prescribe more defined treatment options for patients and further monitor these
treatments with certainty. For instance, by gene expression patterns, it is now clear
that breast cancer can be sub-typed into more than five different diseases [25]. In
fact, breast cancer was the first cancer in which molecular profiling was approved
for clinical use [26, 27]. Profiles such as the 21-gene recurrence score (Oncotype
Dx), 70-gene signature, 76-gene signature, and wound-response gene profile of
predicting breast cancer survival have shown great promise [28–31]. Other profiling
technology such as Lymphochip has shown great success in treating lymphomas
[32, 33]. The potential of molecular profiling is not limited to lymphomas and
breast cancer. Progress has been made in others such as acute leukemia, prostate
and lung cancers [34–39]. Generally, this technology has been developed using
different cellular product platforms including RNA profiling, DNA profiling, and
proteomic profiling [40–42]. While RNA and DNA profiling are undoubtedly
promising, the scope of this book will only deal with proteomic profiling, and
specifically using cell surface expressed proteins.

While there are many gene products that differ between disease state and normal
cells and could serve as potential biomarkers for disease management, surface
expressed genes are good candidates for effective and reliable targeted therapy.
Membrane proteins are uniquely important because they play a critical role in how
the cell interacts with its environment. Most FDA-approved clinically proven
cancer drugs target cell-surface proteins and inhibit their functions [43]. Discovery
of tumor-specific membrane proteins is a significant challenge. Using whole-pro-
teome analysis, the most under-represented group is membrane proteins and
roughly 30 % of proteins consist of membrane proteins, but less than 5 % of this
total are recognized by mass spectroscopy, a major limitation for drug development
[44]. The hydrophobic properties of membrane proteins further complicate their
analysis as they are insoluble in non-detergent buffers. In addition, membrane
proteins are typically lower in abundance when compared with soluble proteins.
Therefore any technology that can overcome these limitations and generate reagents
that can target membrane proteins for disease management will have significant
impact in biological mechanism studies, biomarker discovery, and drug
development.

9.3.1 How Do We Isolate and Identify These Genes?

Generally mass spectroscopy has been used to identify these genes and even predict
the importance of these targets in drug development. Methods that can both identify
genes and provide probes to target their gene products are ideal. The probes should
identify the surface molecules with high specificity and affinity. For targeted
therapies, these probes could serve as delivery tools to target these gene products
and deliver drug payload capable of killing cancer cells or inhibiting their growth.
Traditionally, antibodies have been generated and used to perform these functions
and most of the current targeted therapies have antibodies as the central reagent.
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While this has been successful, there are many important targets that do not have
specific antibodies. Further, most of the antibody tumor targets are also expressed
on normal cells, therefore limiting their utility. Thus there is a great need to generate
more probes but generating high affinity tumor specific antibodies is not easy. As a
result, researchers found different ways to complement antibody-mediated molec-
ular target identification. In the past two decades, attention has been focused on the
use of another powerful technology called Systematic Evolution of Ligands by
EXponential enrichment (SELEX), which can generate molecular probes called
aptamers. Aptamers are short nucleic acid strands that are selected from a library
and they identify their targets with high affinity and specificity. It has been clearly
demonstrated that aptamers can uniquely identify surface gene products of diag-
nostic and therapeutic importance [45–47]. By using cell-SELEX, many aptamers
have been generated for cell surface molecules [4, 7, 48]. While the identity of
some of these molecules are yet to be identified, their unique characteristics and
sensitivity to identify specific diseases have adequately been demonstrated. Some of
these aptamers have been used as baits for biomarker discovery [49–51], profiling
clinical samples [52], and used for diagnostics even though their specific targets
may not be known. We believe that cell-SELEX can adequately profile any dis-
eased cell by using multiple aptamers that target cell surface molecules.

9.3.2 Why Is Aptamer-Mediated Molecular Profiling
Important?

For molecular profiling to be effective, we must possess many molecular probes that
can recognize specific cell surface markers important to disease diagnosis or
therapy. With the correct probes, one can fully define the molecular identity of
specific diseases and define the prognosis with certainty. The aptamer technology is
important for molecular profiling because:

(i) SELEX produces multiple aptamers targeting different expressed genes of
importance.

(ii) Negative selection against healthy cells can produce aptamers that are highly
selective for diseased cells.

(iii) Aptamers can be engineered to suit specific needs or intended use.

While the molecular profiling procedure has not been well established for aptamers,
the potential for aptamers to revolutionize this technology has adequately been
demonstrated and the Tan group has played a leading role. Some of these aptamer-
based profiles are discussed below.

One of the earliest demonstration of aptamers as potential molecular profiling
reagents was reported by Shangguan et al. [52]. In this study, the authors used
aptamers that had previously been generated for leukemia cells using CCRF-CEM
as the target cell and Ramos as negative cell line [4]. The selection generated a
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panel of aptamers that showed specific features unique to individual aptamers.
Based on the initial cell culture studies (Table 9.1) and limited clinical samples
obtained from the pathology department of Shands hospital at the University of
Florida, the authors showed that, these aptamers could be used to profile leukemia
clinical samples.

The observation was important since diagnosis of leukemia is commonly based
on morphologic evaluation and immunophenotype analysis and not molecular
profiling. Current antibodies for leukemia are not specific for only diseased cells
and therefore not intended for comprehensive recognition of molecular features of
specific disease, especially subtyping. The lack of disease-specific markers is a
shortfall not only in leukemia, but also in many other cancers. Thus in subsequent
and more comprehensive clinical samples studies, the authors used the leukemia
aptamers to profile leukemia patients’ samples [52]. The selected aptamers could
group real leukemia patient samples into different categories, T-cell acute lym-
phoblastic leukemia (T-ALL), B-cell acute lymphoblastic leukemia (B-ALL), acute
myeloid leukemia (AML), and other lymphomas of mature lymphocytes based on
surface markers. These results as shown in Table 9.2, clearly demonstrate an
effective detection of targets on the cell membranes by the aptamers. This recog-
nition was not due to non-specific interactions or random binding. All the lym-
phoma cases showed no or very low binding, in agreement with the fact that the
mature lymphoma cells often do not share the same receptors with the immature
leukemia cells. Moreover, the aptamers had much stronger binding with the T-ALL
cases than others did, an expected outcome since the aptamers were selected to

Table 9.1 Using aptamers to recognize cancer cells [4]

3dgs2dgs4cgs3cgs8cgsenillleC

Cultured 
cell lines 

CCRF-CEM, Pre T ALL +++ ++ ++++ ++++ ++ 
Molt-4, pre T ALL ++++ +++ ++++ ++++ ++++ 
Sup-T1, Pre-T ALL. ++++ + ++++ ++++ ++ 
Jurkat, Pre-T ALL ++++ +++ ++++ ++++ ++++ 
SUP-B15, pre-B ALL, Ph+ + 0 ++ + 0 
U266, plasmacytoma 0 0 0 0 0 
Ramos, Burkitt lymphoma 0 0 ++++ ++++ 0 
Toledo, B cell lymphoma 0 0 ++++ ++++ + 
Mo2058, B cell lymphoma 0 ++ ++ 0 + 
NB-4 (AML, APL) 0 0 +++ ++++ 0 

Cells from 
Patients 

T cell ALL ++ +++ +++ +++ +++ 
Large B Cell lymphoma 0 0 0 0 0 

Note A threshold based on fluorescence intensity of FITC in the flow-cytometric analysis was
chosen so that 99 % of cells incubated with the FITC-labeled unselected DNA library would have
fluorescence intensity below it. When the FITC-labeled aptamer was allowed to interact with the
cells, the percentage of the cells with fluorescence above the set threshold was used to evaluate the
binding capacity of the aptamer to the cells. 0, <10 %; +, 10–35 %; ++, 35–60 %; +++, 60–85 %;
++++, >85 %; AML acute myeloid leukemia; APL acute promyelocytic leukemia (Reprinted with
the permission from Ref. [4], Copyright 2006 National Academy of Sciences, USA)
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Table 9.2 Aptamer profiling of cancer cells [52]

Cells lines sgc8 sgc3 sgc4 sgd2 sgd3 sgd5 
Cultured cell lines 

T-ALL 

CCRF-CEM +++ ++ ++++ ++++ ++ 0 
Molt-4 ++++ +++ ++++ ++++ ++++ 0 
Sup-T1 ++++ + ++++ ++++ ++ 0 
Jurkat ++++ +++ ++++ ++++ ++++ 0 

B-ALL SUP-B15 + 0 ++ + 0 0 
myeloma U266, 0 0 0 0 0 0 

B-cell 
lymphoma 

Ramos 0 0 ++++ ++++ 0 0 
Toledo 0 0 ++++ ++++ + ++ 
UF1c 0 0 + 0 0 0 
Mo2058 0 ++ ++ 0 + 0 

AML 
NB-4 (APL) + 0 ++++ ++++ 0 0 
Kasumi-1 +++ 0 ++++ ++++ ++ 0 

Cells in normal bone marrow 
CD3 (+) T cells 0 0 0 0 0 0 
mature B cellsa 0 0 0 0 0 0 
Immature B cellsb 0 0 + + 0 0 
Granulocytes 0 0 0 0 0 0 
Monocytes 0 0 + + 0 0 
Erythrocytes 0 0 ++ ++ 0 0 
Patient’s samples  
T ALL 1 ++ +++ +++ +++ +++ ND 
T ALL 2 ++ + +++ ++ + 0 
T ALL 3 + + ++++ +++ + 0 
T ALL 4 + + ++ +++ + 0 
T ALL 5 + + ++ + + 0 
T ALL 6 0 0 + + 0 0 
T ALL 7 0 0 ++ ++ 0 0 
T ALL 8 + + ++ ++ + 0 
T ALL 9 + 0 + + 0 0 
TALL10 0 + + 0 + 0 
B ALL 1 0 0 ++ ++ 0 0 
B ALL 2 0 0 ++ ++ 0 + 
B ALL 3 ++ 0 ++ ++ 0 + 
B-ALL 4 0 0 + + 0 0 
AML 1 + + ++ + 0 0 
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target CCRF-CEM cells, a T-ALL cell line. In addition, aptamer binding patterns
corresponded well with general categories pre-defined by antibodies.

Since one barrier to developing robust molecular profiling technologies is the
use of expensive and difficult to standardize platforms, e.g. microarray technology
[25, 53], it is important that this study featured the use of flow cytometry as the
detection platform. By using this combination of cell-SELEX and flow cytometry,
more labs and research facilities will begin to implement aptamer technology for
molecular profiling. Similar to this demonstration of SELEX technology for
molecular profiling, other studies have emerged that further support that aptamer-
mediated molecular profiling and cancer cell specific recognition can be an essential
reagent for personalized medicine [5–8].

In the journal Leukemia, Sefah et al. [7] reported the generation of aptamers that
can distinguish between NB4 cells, acute promyelocytic leukemia (APL), and
HL60 (AML) cells. This report is important for molecular profiling because there
was no known probe that could distinguish between these 2 cell lines prior to this
report. In fact, HL60 and NB4 cells are morphologically similar and can both be
induced to differentiate toward monocytic and granulocytic pathways depending on
the chemical induce. Gene expression profiling studies showed that NB4 and HL60

AML 2 + 0 ++ + 0 0 
AML 3 + 0 + + 0 0 
AML 4 0 0 ++++ ++++ 0 0 
AML 5 0 0 + 0 0 0 
AML 6 + 0 0 0 0 0 
AML 7 + 0 0 0 0 0 
AML 8 + 0 +++ +++ 0 0 
1, Peripheral T-cell
lymphoma 

0 0 0 ND ND ND 

2, follicular lymphoma 0 0 0 0 0 0 
3, B-cell lymphoma 0 0 0 0 0 0 
4, T-cell lymphoma, 0 0 0 0 0 0 
5, B cell lymphoma 0 0 0 0 0 0 
6, plasma cell neoplasm 0 0 + + 0 0 
7, follicular lymphoma 0 0 + 0 0 0 

:< 10% :10-35% :35-60% :60-85% :>85%

Note In the flow cytometry analysis, a threshold based on fluorescence intensity of FITC was chosen
so that 99 % of cells incubated with the FITC-labeled unselected DNA library would have
fluorescence intensity below it. When FITC-labeled aptamer was allowed to interact with the cells,
the percentage of the cells with fluorescence above the set threshold was used to evaluate the binding
capacity of the aptamer to the cells. 0 for <10 %; + for 10–35 %; ++ for 35–60 %; +++ for 60–85 %;
++++ for >85 % (Reprinted with the permission from Ref. [52], Copyright 2007 American
Association for Clinical Chemistry)
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cell lines had the most closely related profiles of mRNA expression [54]. In this
study, in addition to the differential recognition by specific aptamers, two other
aptamers could respond to the pattern of differentiation in both cell lines (Figs. 9.3
and 9.4). The targets of these aptamers were down regulated when the cell lines
were treated with all-trans retinoic acid (ATRA), which caused cells to differentiate
into mature granulocytes. On the other hand targets were up regulated when treated
with sodium butyrate, differentiation through the monocytic pathway. The ability to
distinguish this off-on switch molecular event is important because these probes
could be used to develop targeted therapy based on these markers and simulta-
neously monitor progress of course of the therapy.

Fig. 9.3 Cytospin preparations followed by Accustain Wright staining of HL60 cells a untreated,
b ATRA-induced differentiation, and c sodium butyrate-induced differentiation, showing the
formation of formazan deposits (×10 magnification). The FACscan histograms (d–l) above show the
binding profile of the selected aptamers to the untreated, ATRA-treated and sodium butyrate-treated
cells. The dark histograms show fluorescence background using the unselected DNA library [7]
(Reprinted with the permission from Ref. [7], Copyright 2009 Nature Publishing Group)
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As the significance of these 2 cell lines has been well documented in leukemia
research, most recently Yang et al. [55], has also developed aptamers that can
differentiate between HL60 and NB4 cell lines. These aptamers could further dif-
ferentiate between malignant and non-malignant cells (Fig. 9.3). The authors probed
three groups of AML clinical samples, AML non-M3 CD34(+), AML non-M3
CD34(−), and 3) AML M3 with these aptamers and tested if the aptamers could
differentially recognize any groups of AML cases. As expected, the aptamers
showed low levels of reactivity on normal CD34(+) progenitors, but could recognize
both CD34(+) and CD34(−) cells of AML non-M3 cases with the median values of
fluorescence intensity higher than those of background binding. Also, they further

Fig. 9.4 Cytospin preparations followed by Accustain Wright staining of NB4 cells a untreated,
b ATRA-induced differentiation, and c sodium butyrate-induced differentiation, showing the
formation of formazan deposits (×10 magnification). The FACscan histograms (d–l) show the
binding profile of the selected aptamers to the untreated, ATRA-treated and sodium butyrate-
treated cells. The dark histograms show fluorescence background using the unselected DNA
library (Reprinted with the permission from Ref. [7], Copyright 2009 Nature Publishing Group)
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Fig. 9.5 Comparison of
aptamer recognition of AML
leukemic cells and
non-malignant CD34(+) cells.
The AML cases were
separated into three groups:
(1) CD34(+) AML non-M3;
(2) CD34(−) AML non-M3;
and (3) AML M3. The
fluorescence levels of bound
aptamers or single-stranded
negative control DNA were
determined by flow
cytometry. The fluorescence
intensity levels of bound
aptamers (folds over
background) were calculated
(a JH6, b JH19, and c K19).
Individual values for each
aptamer bound on each case
are shown as individual
symbols, and mean ± standard
deviation of individual groups
are also shown. The P values
are given as “*”, “**”, and
“***” representing the P
values of <0.05, <0.01, and
<0.001, respectively
(Reprinted from Ref. [55])
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identified the binding molecule of one of the aptamers, called K19, to be Siglec-5, a
specific but low expressed marker on NB4 cells. Based on these examples of aptamer
technology providing panels of highly selective probes that are useful as molecular
profiling reagents, we believe that the implementation of aptamers to manage these
cancers is feasible. The unique nature of aptamers, i.e. ease of generation, sensitivity,
specificity, ease of chemical modification, non-toxicity, make aptamer technology a
solid platform for disease management (Fig. 9.5).
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Chapter 10
Using Cell-Specific Aptamer-Nanomaterial
Conjugates for Cancer Cell Detection

Zhi Zhu

Abstract Early detection and treatment of cancer highly depends on developing
highly sensitive and specific methods for targeting cancer cells. Aptamers, gener-
ated from cell-SELEX, have significant merits for cancer cell detection, such as
high binding affinity and specificity, small size, easy and reproducible synthesis and
modification, and minimal immunogenicity. In particular, the combination of apt-
amer and nanomaterials has resulted in an unprecedented improvement in the field
of molecular recognition. With their unique physical and chemical properties,
nanomaterials facilitate the sensing process and amplify the signal of recognition
events. In this chapter, we discuss the recent advances of using the conjugations of
cell-specific aptamers with various nanomaterials as novel molecular tools for
enhanced cancer cell detection, including metallic, silica, and magnetic nanoparti-
cles, nanocrystals, and DNA nanostructures.

Keywords Cell-specific aptamer � Nanomaterials � Bioconjugation � Molecular
recognition � Cancer cell detection

10.1 Introduction

Cancer is the most leading cause of death today [1–3]. Detecting cancer cells is a
very effective method to diagnosis of cancer, especially in their nascent stage, since
the occurrence and development of cancer are closely related to the change of cells,
such as cell-surface components, cell proliferation, and cell differentiation [4].
However, the level of cancer cells within the biological system at the early stages of
cancer is particularly too low to be detected by the present available methods.
Therefore, the development of novel approaches to detect cancer cells as sensitively
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and selectively as possible is in crucial need. First, the selectivity is highly
dependent on the development of highly specific molecular probes targeting cancer
cell-surface molecules that differentiate the cancer cells from the normal counter-
parts [5–7]. Although antibodies have been widely applied for cancer cell targeting,
their large molecular weight, high cost in preparation, batch-to-batch variation,
narrow target range, instability, and immunogenicity cause serious limitations.
Therefore, it is highly desired to develop new molecular probes with high affinity
and specificity. From this perspective, a novel class of nucleic acid ligands, known
as aptamers, has been isolated and identified as an alternative of antibodies [8, 9]. In
particular, using cell-SELEX, whole living cells are regarded as targets for the
selection of aptamers for specific cell recognition without any prior knowledge of
targeting proteins on cell membrane [10–12]. Therefore, by carefully choosing the
target cells and control cells, aptamer can be selected specifically against certain
types of cancer cells, not normal cells or other types of cancer cells. The excellent
biochemical properties of aptamers, such as small size, reproducible synthesis, easy
modification, nontoxicity, and lack of immunogenicity, make aptamers as ideal
molecular probes for cancer cell detection.

Second, the sensitivity is greatly determined by the format of signal readout.
Over the past decade, rapid development in nanoscience and nanotechnology has
resulted in the successful synthesis and characterization of various new nanoma-
terials, often with a size of 100 nm or smaller in at least one of their dimensions,
including metallic [13, 14], silica [15], magnetic [16], and polymeric nanoparticles
[17], nanocrystals (quantum dots) [18], nanorods [19], nanowires [20], carbon
nanotubes (CNTs) [21], and DNA nanostructures [22, 23]. The unique optical,
electronic, magnetic, mechanophysical, and chemical properties of these materials,
induced by their extremely small size and large surface-to-volume ratio, make them
highly suitable for a wide range of biological, electronic, optical, environmental,
and medical applications [24, 25]. In particular, conjugating the signal properties of
nanomaterials with recognition ability of aptamers offers increasingly exciting
possibilities in sensitive and selective detection of cancer cells [26–32]. In this
chapter, we will discuss recent advances in cancer cell detection using the conju-
gation of cell-specific aptamer with various nanomaterials, including metallic,
silica, and magnetic nanoparticles, nanocrystals, and DNA nanostructures.

10.2 Aptamer-Metallic Nanoparticle Conjugate for Cancer
Cell Detection

Metallic nanoparticles, such as gold nanoparticles (AuNPs), display attractive
properties for their application in bioanalysis such as their size-related optical and
electronic properties, chemical stability, biocompatibility, simple and controllable
synthesis, and easy surface modification through gold–thiol chemistry [33, 34].
Meanwhile, the conjugation of AuNPs with aptamer can result in synergism effect
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beyond simply AuNPs or aptamer [35]. First, the selectivity of aptamer enables the
AuNP-based bioassay to be highly specific. Second, the large surface area of
AuNPs can load high density of aptamers on the surface, leading to a higher
binding strength with multivalent effect. Third, the high local salt concentration and
steric effect can prevent the degradation of aptamer in biological environment.
Therefore, Aptamer-AuNP conjugates provide a powerful platform for cancer cell
detection [36].

10.2.1 AuNPs-Based Colorimetric Sensing

AuNPs possess strong distance-dependent optical properties by the variation of
localized plasmon resonance [37]. When AuNPs come into close proximity, their
absorption spectra shift and their scattering profiles change. This results in a change
of color from red to blue. These properties, together with the aggregation or dis-
sociation of AuNPs, formed the basis for colorimetric sensing of any target analyte.
By using cancer cell aptamer-conjugated AuNPs (Apt-AuNPs), a direct colorimetric
assay for sensitive cancer cell detection was first achieved by Tan and coworkers
[38]. As schematically shown in Fig. 10.1a, the Apt-AuNPs are targeted to
assemble on the surface of a specific type of cancer cell through the recognition of
the aptamer to its target on the cell membrane surface. Once AuNPs have assembled
on the cell surface, they behave as a larger gold cluster, having, as a consequence of

Fig. 10.1 a Schematic
representation of the Apt-
GNP-based colorimetric
assay. b Plots depicting the
absorption spectra obtained
for various samples analyzed
using Apt-GNPs. Reprinted
with the permission from Ref.
[38]. Copyright 2008
American Chemical Society
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aggregation, sufficient proximity for surface plasmon resonance to overlap
(Fig. 10.1b). This results in the alteration of light scattering and absorption prop-
erties as the signal transduction. In this way, the effective combination of the
selectivity and affinity of aptamers with the spectroscopic advantages of AuNPs
allows for the sensitive detection of cancer cells. After optimizing the particle size
and concentration, 1.0 × 1010 AuNPs were incubated with increasing amounts of
target cells and the same amounts of control cells for comparison. The results
clearly showed that samples with the target cells present exhibited a distinct color
change, while non-target samples did not elicit any change in color. Even a con-
centration of cells as low as 1,000 could be readily detected by the naked eye. For
more complex samples containing variously colored species to confound the results,
this method was still able to rely on spectroscopic detection without any further
sample preparation steps. In addition, the assay was able to differentiate between
different types of target and control cells based on the aptamer used in the assay,
indicating the wide applicability of the assay for diseased cell detection.

Adapting a similar scheme, Liu et al. [39] transferred the reaction from solution
to lateral flow device and developed an Apt-AuNP strip biosensor (ANSB) for the
sensitive detection of circulating tumor cells (CTC), using Burkitt’s lymphoma
Ramos cells as proof of principle. The ANSB was prepared on a lateral flow device,
consisting of four components: a sample application pad, an aptamer-nanoparticle
conjugate pad, a nitrocellulose membrane, and an absorbent pad. A thiolated apt-
amer (thiol-TD05) was immobilized on the AuNPs, and a biotinylated aptamer
(biotin-TE02) was immobilized on the strip’s test zone. When a sample solution
containing Ramos cells was applied on the ANSB sample pad, the cells migrated by
capillary action, interacted with TD05-AuNPs to form Apt-AuNP-cell complexes
which could then be captured in test zones by the reaction between Ramos cells and
immobilized TE02 aptamers. The excessive Apt–AuNPs continued to migrate along
the strip and pass the control zone, after which they were captured by hybridization
events between the aptamer and immobilized DNA. The accumulation of AuNPs on
the test and control zone was visualized as a characteristic red band. Under optimal
conditions and 80 μL sample loading volume, 4,000 Ramos cells could be seen by
the naked eye, and as low as 800 Ramos cells could be detected by a portable strip
reader within 15 min. Moreover, the ANSB has been successfully applied in
detecting Ramos cells in human blood, thus showing great promise for rapid, high-
throughput, sensitive, and cost-effective point-of-care cancer diagnostics.

Similarly, Ray group reported a simple colorimetric and highly sensitive two-
photon scattering (TPS) assay for highly selective and sensitive detection of breast
cancer SK-BR-2 cell lines using an oval-shaped AuNP multifunctionalized with
antibody and aptamer both targeting HER2 receptors on cell membrane [40]. In the
presence of target cells, many nanoconjugates bound to HER2 receptors on the
cancer cell surface, resulting in nanoparticle aggregates. Therefore, a distinct color
change can be observed by naked eye and the TPS intensity increases of about
13-fold. The colorimetric assay can achieve sensitivity of 104 cells/mL, while as
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low as 100 cells/mL could be detected by using the TPS technique. Instead of
spherical AuNPs, oval-shaped AuNPs were introduced. During the aggregation, the
particle aspect ratio increased and TPS intensity change became higher, leading to
improved sensitivity.

10.2.2 Aptamer-Nanorods for Enhanced Detection

Although a group of aptamers can be selected against cancer cells by cell-SELEX,
not all of them have high binding affinity. Meanwhile, some biomarkers on the
cancer cell surface, especially those in the early stage of disease development, occur
in very low density. This would result in poor signaling and hinder cell targeting.
Under such conditions, multivalent binding is preferable to single binding events.
Huang et al. [41] were able to improve the detection efficiency by using Au–Ag
nanorods (NRs) as a nano-platform for multivalent binding by using multiple
aptamers on the rod to increase both the signal and binding strengths of these
aptamers in cancer cell recognition. The NRs were fabricated with 12 nm × 56 nm,
and a monolayer of PEG was assembled onto the NR surfaces to minimize
aggregation and protein nonspecific binding. Up to 80 fluorophore-labeled aptamers
can be attached on a NR surface through simple thiol linkage, resulting in a much
stronger fluorescence signal than that of an individual dye-labeled aptamer probe.
When incubated with target and control cells, the aptamer-NRs maintained their
selectivity and had a 26-fold higher binding affinity compared with that of single
aptamer probes as a result of simultaneous multivalent interactions with the cell
membrane receptors. As determined by flow cytometric measurements, an
enhancement in fluorescence signal in excess of 300-fold was obtained for the
NR-aptamer-labeled cells compared with those labeled by individual aptamer
probes. Consequently, the target cells could be clearly visualized through the strong
fluorescence under confocal microscopy. Overall, the molecular assembly of
aptamers showed high fluorescence signal, minimal nonspecific binding, and
enhanced binding affinity. Therefore, this conjugate has great potential for the
elucidation of cells with low density of binding sites, or with relatively weak
binding probes, and can greatly improve our ability to perform cellular imaging and
targeting. This is an excellent example of integrating aptamers with nanomaterials
to develop advanced molecular binders with greatly improved properties for cancer
cell targeting.

10.2.3 Aptamer-Nanoclusters for Cancer Cell Targeting

The large AuNPs can have strong surface plasmon resonance effect. Once reducing
the nanoparticle size to few atoms, the gold or silver nanoclusters exhibit strong,
robust, and tunable fluorescence emission, which have been developed as a new
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class of fluorophores for chemical sensing and biomedical imaging [42]. In
particular, oligonucleotide-template silver nanoclusters (AgNCs) have attracted
special attention, due to their outstanding spectral fluorescence property and bio-
compatibility [43–47]. Therefore, it is promising to prepare label-free one-step
aptamer/nanomaterial-based strategy for cancer cell detection by design of chimeric
oligonucleotides that contain one domain for luminescent nanomaterials formation
and one domain for recognition of target cancer cells. Based on this principle, Wang
and his coworkers reported a one-step engineering of intrinsically fluorescent Ag-
NCs-aptamer assemblies that exhibited specific binding to target cancer cells with
relatively high luminescence [48]. The sequence was optimized to contain aptamer
sequence, C-rich sequence, and a linker in between. Based on the template syn-
thesis of AgNCs, the aptamer sequence has been simply and inexpensively labeled
with intrinsically fluorescent AgNCs and applied for cancer cell analysis by flow
cytometry and confocal microscopy.

Although such a label-free strategy demonstrated effective recognition and
imaging of cancer cells with high specificity, the Apt-AgNCs are “always-on”
probes. Thus, extra washing and separation steps must be involved to reduce the
background signal. Moreover, the fluorescence intensity of AgNCs was greatly
diminished when the template contains extra aptamer portion. Meanwhile, as
reported by Werner et al. [49], the fluorescence of DNA–AgNCs could be enhanced
when AgNCs were in proximity to guanine-rich DNA sequences. Therefore, Wang
and his coworkers further improved the system by developing a label-free and
fluorescence turn-on aptamer strategy for cancer cell detection [50]. As shown in
Fig. 10.2, in their design, two tailored probes were prepared, signaling probe
(S-Probe) and recognition probe (R-Probe). The S-Probe contains a sequence for
dark AgNCs template synthesis and a link sequence complementary to the arm

Fig. 10.2 Schematic representation of the label-free and turn-on aptamer strategy for cancer cell
detection based on DNA-AgNC fluorescence upon recognition-induced hybridization. Reprinted
with the permission from Ref. [50]. Copyright 2013 American Chemical Society
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segment of R-Probe. The R-Probe is composed of an aptamer sequence for target
recognition, a G-rich sequence for AgNC fluorescence enhancement, and an arm
segment to form the hairpin structure with aptamer sequence. In the presence of
target cancer cells, the aptamer-cell recognition induced the structure change of
R-Probe that exposes the arm segment to hybridize with S-Probe and brings the
AgNCs to be in proximity of G-rich sequence for fluorescence enhancement.
Therefore, it provides a simple method to engineer a specific, conjugation-free,
facile, one-step, turn-on fluorescence molecular probe for bio-recognition and
analysis of cancer cells.

10.2.4 Au–Ag Bimetallic Nanoparticles with Special
Properties

In recent year, Au–Ag bimetallic nanoparticles have been developed with some
unique properties different from that of pure AuNPs or AgNCs. For example,
Ag–Au nanostructures are attractive surface-enhanced Raman spectroscopy (SERS)
substrates, because of the synergism of these metals, the tunability of the plasmon
resonance, and superior SERS activity [51, 52]. SERS is a useful tool for cell
detection and imaging given its low autofluorescence from biological samples and
no photobleaching. Wu et al. [53] has reported using aptamer-conjugated Ag–Au
nanostructures for the detection of breast cancer cells. The probes were synthesized
by first performing the DNA-templated AgNC on aptamer and then photoreducing
a layer of AuNPs on AgNC to form aptamer-Ag–Au nanostructure. The sensing
was realized by specific tagging of MCF-7 cells with Rh6G-labeled aptamer-Ag–
Au nanostructures, which displayed the characteristic peaks of Rh6G compared
with nontarget cells in the SERS spectrum.

Not only gold ions can be photoreduced and deposited as AuNPs onto AgNC, the
AuNPs could also serve as nucleation sites and automatically catalyze the chemical
reduction of silver ion into silver metal in the presence of a reducing agent [54].
Based on this phenomenon, various novel detection schemes have been developed.
Zhu et al. [55] designed hydrazine-AuNP-aptamer probe with silver enhancement
for ultrasensitive and selective electrochemical detection of HER2 positive breast
cancer cells (Fig. 10.3). Here, hydrazine acts as a reductant which has the capability
of reducing silver ion to silver metal, and it is attached to AuNPs to make a bio-
conjugate of hydrazine-AuNP-aptamer (Hyd-AuNP-Apt). Meanwhile, a sensor
probe was prepared by covalently immobilizing the monoclonal anti-HER2 onto the
nanocomposite. In the present of target cancer cells, the anti-HER2-immobilized
probe, cancer cells, and Hyd-AuNP-Apt make a sandwich-type structure. Then, the
silver ion is selectively reduced by hydrazine and specifically deposits onto AuNPs,
which can be observed using a microscope and analyzed by square wave stripping
voltammetry. Through such AuNP-promoted silver enhancement, as few as
26 cells/mL have been detected in human serum samples with high selectivity.
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10.3 Aptamer-Quantum Dot Conjugate
for Cancer Cell Detection

Fluorescent semiconductor nanocrystals, also known as Quantum dots (QDs), are
single crystals a few nanometers in diameter whose size and shape can be precisely
controlled by the duration, temperature, and ligand molecules used in the synthesis
[56, 57]. Due to its significant advantages over traditional fluorophores, including
size-dependent narrow photoluminescence with broad absorption, high quantum
yield, low photobleaching, and resistance to chemical degradation, QDs have been
increasingly utilized as biological imaging and labeling probes [58–63]. By mod-
ifying the QDs with cancer cell-specific aptamers, a wide variety of sensitive and
specific sensing methods have been developed for targeted imaging and diagnostics
of cancers. For instance, Xie and coworkers have developed QD-aptamer conju-
gates and used them to specifically recognize the mouse liver hepatoma cell line
BNL 1ME A.7R.1 [64]. Li et al. [65] used GBI-10 aptamer-conjugated CdSe QDs
for specifically targeting and imaging U251 human glioblastoma cells. In their
work, polyamidoamine dendrimers were used to modify quantum dots and improve
their solubility in water solution.

One of the significant features of QDs is their broad absorption with narrow and
tunable photoluminescence spectra, which is highly suitable for multiplexing
detection. Kim and coworkers conjugated the RGD peptide and AS1411 aptamer
on the surfaces of QDs with different emission wavelengths (605 and 655 nm),
enabling specific recognition of two putative cancer surface biomarkers, integrin
αvβ3, and nucleolin, respectively [66]. They used these QDs for simultaneous
fluorescence imaging of cellular distribution of nucleolin and integrin αvβ3 to study
the difference of separate targets in the various cancer cell lines and normal healthy
cells. Later, the same group further developed a multiplex cellular imaging system
to simultaneously target three different molecular markers in a single cancer cell
(Fig. 10.4). For the simultaneous evaluation of different genetic manifestations,
three different QDs with distinct emission wavelengths of 605, 655, and 705 nm

Fig. 10.3 Schematic representation of the immunosensor for detection of HER2 protein and
HER2-overexpresing SK-BR-3 breast cancer cells based on Apt-AuNPs with silver enhancement.
Reprinted with the permission from Ref. [55]. Copyright 2013 American Chemical Society
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were used and labeled with aptamer AS1411, TTA1, and MUC, targeting nucleolin,
tenascin-C, and mucin protein, respectively [67]. Simultaneous multiplex imaging
demonstrated the colocalization and co-expression of different molecular markers in
the cellular membrane of a single cancer cell. Therefore, QD-based multiplex
imaging can enhance the accuracy of cancer cell detection by simultaneously
evaluating the expression of different cancer markers in a single cancer cell.

In addition to its important role in the fluorescent field, QDs have also been
widely used to establish electrochemical or electrochemiluminescence (ECL)
sensing schemes. Ding et al. [68] reported the electrochemical detection of Ramos
cells using aptamer-modified AuNPs with multiple CdS QDs anchored for target
recognition and signal amplification, while the entire Au–CdS complex was
immobilized on magnetic beads (MBs) for easy separation. Upon the recognition of
target cancer cells by aptamers, the competitive disassociation of the Au-CdS
complexes from the MBs changed the concentration of Cd2+ in the solution, which
was reflected by the differential pulse voltammograms (DPVs). The DPV peak
current was proportional to the cell concentration, reaching a calculated LOD of 67
cells per mL under optimal conditions in cell culture media. Later, the same group
reported a reticular DNA-QD sheath constructed by self-assembly of DNA-modi-
fied CdTe QD probes and DNA nanowire frameworks functionalized with cell-
binding aptamers for fluorescence microscopy imaging and the electrochemical
detection of target cells with LOD of 10 cells per mL [69]. Moreover, they further
reported a novel dendrimer nanocluster (NC)/CdSe-ZnS-QD as an electrochemi-
luminescence (ECL) probe with aptamer as recognition element for versatile assays
of cancer cells. First, a large number of cDNA-modified CdSe-ZnS-quantum dots
(QDs) were labeled on the NCs. Without target cells, the NCs were maintained on

Fig. 10.4 Strategy for binding Apt-QDs to target molecules on cellular membrane. QDs were
conjugated with three types of tumor-targeting aptamers. Tumor cells were treated with QD-TTA1
(605 nm, green), QD-AS1411 (655 nm, red), and QD-MUC (705 nm, violet). Binding of Apt-QDs
to cells was different according to the target molecule expression on each cellular membrane
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electrode through DNA hybridization with aptamers conjugated on electrode,
resulting in high ECL signal. In the present of target cells, the competitive reaction
released the NCs away from electrode and decrease the ECL signal with LOD of
210 cells/mL. To further improve the sensitivity, they employed a DNA cycle-
amplifying technique on MBs in the signal-on ECL assay to achieve LOD of
68 cells/mL. These electrochemical- and ECL-based methods are, in general,
nondestructive and sensitive, but they are time-consuming, and the analytical
volume is usually small.

10.4 Aptamer-Silica Nanoparticle Conjugate for Cancer
Cell Detection

Various hybrid silica nanoparticles (SiNPs), such as dye-doped SiNPs, have been
prepared and used in many areas of bioanalysis [70, 71]. The well-developed Stöber
method [72] and water-in-oil reverse microemulsion method [73] enable simple,
convenient, and controllable synthesis of dye-doped SiNPs. The dye-doped SiNPs
possess several outstanding features, including small size, excellent photostability
with the protection from silica matrix, and easy surface modification through silica
surface conjugate chemistry [74]. Moreover, each SiNP can encapsulate hundreds
to thousands of dye molecules, which can greatly amplify the signal and improve
analytical sensitivity [75]. For example, compared with the traditional single-dye-
labeled molecular probe, hundreds of dye molecules can be trapped in a single silica
nanoparticle to produce a fluorescent signal approximately 104 times higher than
that of single-dye-labeled probe [76]. Jiang et al. [77] have conjugated aptamers to
near-infrared fluorescent SiNPs for sensitive leukemia cell detection by the fluo-
rescence anisotropy technique and applied them in whole-blood detection.

Tan and coworkers have developed a two-NP assay with aptamers as the rec-
ognition element for specific targeting of CCRF-CEM acute leukemia cells in
mixed cell and whole-blood samples [78]. The aptamer-modified magnetic nano-
particles (MNPs) were employed for the extraction of the target cancer cells, while
the aptamer-conjugated [Ru(bipy)3]

2+-doped SiNPs were simultaneously added for
signal amplified detection and imaging of cancer cells. By using different aptamer-
conjugated SiNPs, the Tan group has extended the use of the two-NP assay for
multiple cancer cell recognition and imaging [79]. As shown in Fig. 10.5, three sets
of MNPs were conjugated to aptamers targeting three different types of cancer cells,
respectively (CEM cells, Ramos cells, non-Hodgkin’s B cell lymphoma Toledo
cells). After targeted cancer cell extraction and enrichment, dye-doped SiNPs
conjugated with the same aptamer were added for imaging and detection by fluo-
rescence imaging and microplate reader spectrometry. To improve the selectivity
and sensitivity of such two-NP assay in a clinical setting, the Tan group system-
atically investigated several parameters, including nanoparticle size, conjugation
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chemistry, use of multiple aptamer sequences on the nanoparticles, and use of
multiple nanoparticles with different aptamer sequences [80].

Estévez et al. [75] reported the first example of using highly fluorescent SiNPs as
a fluorescent label to efficiently increase the signal in flow cytometry for cancer cell
detection. The fluorescein or Rubby dye-doped SiNPs were functionalized with
polyethylene glycol (PEG) to reduce nonspecific interactions and with neutravidin
to allow binding with biotinylated aptamers by neutravidin-biotin interaction.
Compared with standard methods, these SiNPs showed one to two orders of
magnitude increase in sensitivity. Later, Cai et al. [81] developed and compared
three types of MUC-1 aptamer-conjugated Rubby-doped SiNPs for the detection of
human breast carcinoma MCF-7 cells. The results showed that the prepared
NPs-PEG-avidin-biotin-aptamer conjugate has the highest aptamer loading effi-
ciency and best targeting performance compared with NPs–COOH–NH2-aptamer
and NPs-avidin-biotin-aptamer conjugates. Here, the PEG with flexible long chain
as the bridge between the aptamer and NP can greatly enhance the freedom of
aptamer. Therefore, the preparation method of SiNPs is highly important for its
biological targeting performance.

To further extend the use of dye-doped silica nanoparticles, fluorescence reso-
nance energy transfer (FRET) nanoparticles were developed by changing the
doping ratio of three different dyes. Single-dye-, dual-dye-, and triple-dye-doped
SiNPs were prepared according to this method [82]. These dyes possess appro-
priately overlapping excitation and emission spectra so that efficient energy transfer
among them can occur. In this way, different FRET-mediated emission signatures
can be obtained using a single wavelength to excite the SiNPs with varying ratio of
three doping dyes. As shown in Fig. 10.6, by conjugating these FRET SiNPs with
aptamers (T1, sgc8, and TD05) specific for different cancer cell lines (Toledo, CEM
and Ramos, respectively), simultaneous and sensitive detection of multiple cancer
cells has also been achieved [83].

Fig. 10.5 Schematic representation of the multiple extraction procedure with the MNPs being
added and extracted stepwise and the corresponding FNPs being added post magnetic extraction of
cell samples
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10.5 Aptamer-Magnetic Nanoparticle Conjugate
for Cancer Cell Detection

In recent years, researchers have developed various types of magnetic nanoparticles
(MNPs) [84, 85]. The composition of these MNPs ranges from metals and alloys to
metal oxides. The surface of MNPs can be modified through the creation of a few
atomic layers of organic polymer, metallic or oxide surfaces for further function-
alization with various bioactive molecules. One of the most outstanding aspects of
MNPs is their high-throughput separation capabilities. As mentioned above, the
aptamer-conjugated MNPs can be integrated with fluorescence SiNPs for cancer
cell extraction and detection. Another significant feature of MNPs is their mag-
netism that can enhance the magnetic resonance (MR) signal of protons from
surrounding water molecules [86]. Because most biological samples exhibit virtu-
ally no magnetic background, MNPs are highly suitable for ultrasensitive analysis
of cells, especially in a complex biological environment. Briefly, the aggregation of

Fig. 10.6 Confocal microscopy images of individual SiNP-aptamer conjugates with the three
different cells (Toledo, CEM, and Ramos): a NP (FAM)-T1, b NP (FAM-R6G)-sgc8, and c NP
(FAM-R6GROX)-TDO5. Reprinted with the permission from Ref. [83]. Copyright 2009
American Chemical Society
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MNPs can induce the coupling of magnetic spin moments and generate strong local
magnetic fields. Subsequently, local magnetic field inhomogeneities accelerate the
spin dephasing of surrounding water protons, resulting in a decreased transverse or
spin–spin relaxation times (T2). Thus, the target can be detected by a change in
proton relaxation time (DT2) using nuclear magnetic resonance (NMR), magnetic
resonance imaging (MRI), or relaxometry. Based on this principle, Bamrungsap
et al. [87] could detect as few as 40 cells per mL in fetal bovine serum (FBS)
containing buffer and 100 cells in a 250 µL whole-blood sample through the
accumulation of cell-specific aptamer-modified MNPs on cell membranes. More-
over, with an array of aptamer-conjugated MNPs, pattern recognition of various cell
types could be realized, and the expression level of different receptors on each cell
type could be elucidated (Fig. 10.7). Compared with other techniques, the aptamer-
conjugated MNPs provided robust and sensitive detection under different sample
conditions, with minimal detection time and instrumentation.

Fig. 10.7 Schematic
illustration of using the
magnetic nanosensor for
cancer cell detection and
pattern recognition. a The
aptamer-conjugated MNPs
have highly specific binding
to their target cells. b Distinct
recognition pattern generated
for various cell lines with
different receptor expression
level using the magnetic
nanosensors. Reprinted with
the permission from Ref. [87].
Copyright 2012 American
Chemical Society
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Recently, a wide range of studies using multifunctional detection probes have
provided more precise interpretation by overcoming the limitations of a single
detection modality [16, 88]. For instance, Hwang et al. [89] synthesized cobalt–
ferrite MNPs surrounding by fluorescent radamine with a silica shell matrix and
labeled with AS1411 aptamer targeting nucleolin. After particle synthesis, the
MNPs were further labeled with 67Ga-citrate. Therefore, the MNPs were success-
fully used to target cancer cells by fluorescence imaging, radionuclide imaging, and
MRI modalities in vivo and in vitro. This study illustrated that the aptamer-MNPs
conjugate provides a versatile targeting tool that can enhance the diagnosis and
therapy of cancer.

Zhao et al. [90] developed a novel dual-activatable fluorescence/MRI bimodal
nanoprobe for cancer cell detection based on physisorption of Cy5-labeled aptamers
on redoxable MnO2 nanosheets. In the absence of target cells, aptamers were
absorbed on MnO2 nanosheets, and Cy5 fluorescence has been quenched by MnO2

nanosheets. Neither fluorescence nor MRI signals of the nanoprobe were activated.
In the presence of target cells (Fig. 10.8), the binding of aptamers to target cells
induced the release of Cy5-labeled aptamers form MnO2 nanosheets, causing partial
fluorescence recovery to illuminate the target cells, and also facilitating the endo-
cytosis of nanoprobes into target cells. After endocytosis, the reduction of MnO2

nanosheets by intracellular GSH can generate large amounts of Mn2+ ions suitable
for MRI. They have used sgc 8 aptamer-modified nanoprobe to realize fluorescence
and MRI detection of CEM cells. Compared with “always-on” probe, the activat-
able probes would help to maximize the signal from the target cells and minimize
the background signal, thus improving the detection sensitivity and specificity.

Fig. 10.8 Activation mechanism of the MnO2 nanosheet-aptamer nanoprobe for fluorescence/MRI
bimodal tumor cell detection. Reprinted with the permission from Ref. [90]. Copyright 2014
American Chemical Society
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10.6 Aptamer-DNA Nanostructure Conjugate for Cancer
Cell Detection

Owing to the unique feature of Watson–Crick base-pairing, DNA is an excellent
structural building block for DNA nanotechnology [23, 91, 92]. The sequence
programmability, automated controllable synthesis, high stability, and intrinsic
functionalities make DNA nanostructures promising for applications in biomedicine
and biotechnology [93, 94].

Inspired by the self-assembly of amphiphilic block copolymers, the copolymer
that contains a hydrophilic DNA segment and a hydrophobic diacyllipid unit has
been synthesized. Under certain conditions, the DNA amphiphiles could self-
assemble into well-defined, homogeneous micelles with a desired size, and uniform
size distribution [95]. In order to endow DNA micelles with more applicable
properties and functions, Tan group have fabricated aptamer-functionalized
micelles and demonstrated their enhanced binding ability [96]. Aptamer TD05,
which selectively binds to IgG receptors on the surface of Ramos cells, was unable
to bind with Ramos cells at physiological temperature (37 °C). However, the TD05-
micelle conjugate displayed high affinity and selectivity for its target Ramos cells at
37 °C, as a result of a specific interaction-induced nonspecific insertion process
which, in turn, led to the fusion between Apt-micelles and the cell membrane with
extremely low off rate of aptamer (dissociation rate). Moreover, as shown in
Fig. 10.9, the tumor cells were immobilized onto the surface of a flow channel
device to mimic a tumor site in blood stream. By flushing the Apt-micelles through
the channel in human whole-blood sample, the dynamic specificity of Apt-micelles
in flow channel systems was demonstrated.

Inspired by the natural high packing efficiency of genomic dsDNA into a single
nucleus micro-particles without relying on Watson–Crick base-pairing, Tan and his
coworkers further fabricated hierarchical DNA nanoflowers (NFs) from the long
DNA building blocks with tunable size from 200 nm to a few micrometers in
diameter (Fig. 10.10) [97]. The long DNA building blocks were generated from a
low amount of two DNA strands (one template and one primer) via rolling cycle
replication (RCR), which is an isothermal enzymatic reaction involving the repli-
cation of many circular genomic DNAs. These assemblies were demonstrated to
have high biostability that resist to nuclease degradation, denaturation by heating or
urea treatment, or dissociation at extremely low concentration. By integrating
fluorophores for signaling, cancer cell-targeting aptamers for recognition and drug
loading sequences for delivery, the resultant multifunctional NFs have proven to be
useful for bioimaging, selective cancer cell recognition, and targeted anticancer
drug delivery. Furthermore, they have incorporated different fluorophores with
different ratios into NFs via chemical modified deoxynucleotides to construct
FRET-NFs for realizing single excitation multiplexed cellular imaging with mul-
tiple aptamers [98].

In another example, hybridization chain reaction (HCR) was employed for
fabricating aptamer-tethered DNA nanodevices (aptNDs) [99]. In HCR, aptamers
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were engineered with initiator sequences that could activate cascading alternative
hybridization of two partially complementary hairpin monomers to form a long
linear nanostructure. To construct aptNDs for specific cancer cell recognition,
aptamer sgc8, which can bind to target human protein tyrosine kinase 7 on CEM
cells, was selected as a model. The aptNDs could efficiently anchor or in situ self-
assemble on the target cell surfaces in cell mixtures, which enabled the loading of

Fig. 10.9 Simplified flow channel response to cell-staining assay. Stepwise immobilization
scheme of the flow channel (a). Representative images of the bright field and fluorescent images of
control cells (CEM) and target cells (Ramos) captured on the flow channel surface incubated with
FITC-TDO5-micelle (b), or FITC-library-micelle (c) or free FITC-TDO5 (d) spiked in human
whole-blood sample under continuous flow at 300 nL/s at 37 °C for 5 min. All the scale bars are
100 μm. Reprinted from Ref. [96] by permission of PNAS
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multiple fluorophores via either chemical conjugation or physical intercalation with
enhanced fluorescence signals for effective cancer detection. The ability of self-
assembling aptNDs in situ on target living cells could also be useful for cell surface
localized bioanalysis and regulation of biological activity. However, DNA-based
amplification methods usually require an extra 1–2 h of reaction time and washing
steps, thereby hindering the real-time monitoring.

10.7 Conclusion and Outlook

Aptamers as chemical antibodies have become increasingly important molecular
tools for cancer cell detection, because of their numerous merits, including high
affinity, high specificity, small size, minimal immunogenicity, stable structures, and
ease of synthesis. Moreover, aptamers can be readily modified with various func-
tional groups for their conjugation with nanomaterials. Meanwhile, the excellent
optical, electrochemical, magnetic, and mechanical properties of nanomaterials

Fig. 10.10 Schematic illustration of noncanonical self-assembly of multifunctional DNA NFs.
The linear DNA template was first ligated to form a circular template for RCR using Φ29 DNA
polymerase and a primer. RCR generated a large amount of elongated non-nicked concatemer
DNA with each unit complementary to the template. These DNAs then served as building blocks
to self-assemble monodisperse, densely packed, and hierarchical DNA NFs. NF sizes are tunable
with diameters ranging from ∼200 nm to several micrometers, as shown by the representative
SEM images. The multifunctional NFs can be generated by tailoring the template to carry multiple
complements of functional nucleic acids, e.g., aptamers and drug loading sites, or incorporating via
primers or modified deoxynucleotides, such as Cy5-dUTP, which can be applied for target cancer
cell recognition, bioimaging, and targeted drug delivery. Reprinted with the permission from Ref.
[97]. Copyright 2013 American Chemical Society
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make them good candidates for signal generation and transduction. Combining the
unique properties of aptamers and nanomaterials, the aptamer-nanomaterial con-
jugates can serve as smart biosensing system for cancer diagnostics. While the
specificity of aptamers can guarantee the targeted detection or binding of nanom-
aterials, the coupling of nanomaterials also enhance the binding ability of aptamers
with high loading capacity, good stability, and significant signal amplification,
leading to highly efficient cancer cell recognition.

While aptamer-nanomaterial conjugates have shown promise in their applica-
tions for cancer cell detection, most applications are still in the experimental stage
with many challenges ahead. For example, compared with buffer solutions, the
cellular environment is obviously much more complex. Proper attention is thus
required to nonspecific adsorption of nontarget biomolecules in living cells onto
nanomaterials, which might result in false signals. Therefore, the 3D nanostructures
and surfaces of nanomaterials must be engineered for reducing nonspecific binding
and maintaining aptamers’ affinity, such as introducing spacers into the scaffold and
changing the charge on the nanomaterial’s surface. Meanwhile, the potential tox-
icity and long-term health effects of some nanomaterials to the human body are still
not very clear [100–104]. To address this issue, surface charge, particle size,
coating, the biocompatibility, and biodegradability of conjugates need to be care-
fully considered. From a natural perspective, DNA nanostructures without inor-
ganic cores, such as DNA micelles and DNA nanoflowers, may be ideal platforms
for cellular assays with low cytotoxicity even at high concentrations.

In the future, much attention should be paid to the transformation of these
scientific achievements of aptamer-nanomaterial conjugates into clinical applica-
tions. It is necessary to strengthen the performance of the aptamers by developing
novel aptamers directed toward clinically relevant targets. Meanwhile, the creation
of novel nanomaterials suitable for clinical applications is also equally important.
Many nanomaterials not only have signal transduction ability but also possess
efficient therapeutic effect, which have been summarized in other chapters of this
book. Therefore, multi-modularity of aptamer-nanomaterial conjugates for targeted
cancer detection, image, and therapy is the trend for future clinical practicality of
aptamer-nanomaterial conjugate systems. Meanwhile, circulating tumor cells
(CTCs), which are the tumor cells identified in transit within the blood stream, are
important for understanding the biology of metastasis and regarded as a biomarker
for tumor genotype identification during treatment and disease progression
[105–107]. However, CTCs are admixed with blood components and are thus rare,
making their enrichment and detection a major technological challenge. The apt-
amer-nanomaterial conjugates with high sensitivity and high specificity have the
great potential to solve this problem by enriching and detecting CTCs in blood for
early cancer diagnosis.
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Chapter 11
Cell-Specific Aptamers for Molecular
Imaging

Jing Zheng, Chunmei Li and Ronghua Yang

Abstract Aptamers, single-stranded oligonucleotides, are an important class of
molecular targeting ligands. Since their discovery, aptamers have been rapidly
translated into bioanalytical practice. They have been approved as molecular
imaging and therapeutics tools. Aptamers also possess several properties that make
them uniquely suited to molecular imaging. This chapter aims to provide a sum-
mary of aptamers’ advantages as targeting ligands and their applications in
molecular imaging.

Keywords Aptamer � Molecular imaging � Optical imaging � Nanomaterials �
MRI imaging

11.1 Introduction

Molecular imaging has been defined as the in vivo characterization and measurement
of biological processes at the cellular and molecular level, or more broadly as a
technique to directly or indirectly monitor and record the spatiotemporal distribution
of molecular or cellular processes for biochemical, biological, diagnostic, or thera-
peutic application [1, 2]. To attain truly targeted imaging of specific molecules which
exist in relatively low concentrations in living tissues, the imaging techniques must
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be high sensitive. Imaging modalities in the clinic generally include optical imaging,
magnetic resonance imaging (MRI), sound, and positron emission tomography
(PET) or single-photon emission computed tomography (SPECT) [3].

Development of sensitive and specific molecular tools is one of the central
challenges in cell, tissue, and animal imaging. Aptamers are single-stranded RNA
or DNA oligonucleotides with unique intramolecular conformations that hold dis-
tinct binding properties to various targets, including small molecules, proteins, and
even entire organisms [4–6]. As a small, polyanionic, and nonimmunogenic type of
probe, aptamers may exhibit faster tissue penetration and uptake, shorter residence
in blood and nontarget organs, and higher ratio of target accumulation, thus
affording great potential for in vivo cancer imaging [7, 8]. Furthermore, aptamers
have inherent advantages as imaging agents, such as the ability to withstand high
heat and denaturants, rapid chemical synthesis, and nonimmunogenicity, thus
affording great potential for in vivo tumor imaging [9, 10]. In this chapter, we will
summarize cell-specific aptamers for molecular imaging including mice, tissue, and
cell combing with various aforementioned imaging modes.

11.2 Optical Imaging

Optical methods offer several significant advantages over the routine imaging
methods, including (a) noninvasiveness through the use of safe, nonionizing radi-
ation, (b) display of contrast between soft tissues based on optical properties of the
tissue, (c) a facility for continuous bedside monitoring, and (d) high spatial reso-
lution (less than 0.5-μm lateral resolution in the visible range) [11]. Optical imaging,
including fluorescence spectrum imaging and surface-enhanced Raman scattering
(SERS) imaging, has sensitivity and can be “targeted” if the signal output element is
conjugated to a targeting ligand. By virtue of being “switchable,” optical imaging
can result in very high target-to-background ratios. Switchable or activatable optical
probes are unique in the field of molecular imaging since these agents can be turned
on in specific environments but otherwise remain undetectable [12]. These advan-
tages must be balanced against the lack of quantitation with optical imaging due to
unpredictable light scattering and absorption, especially when the object of interest is
deep within the tissue. Combing with aptamers, which is small, polyanionic types of
probe, sensitive targeted-optical imaging could be realized.

First reported by Tyagi and Kramer in 1996, molecular beacons (MBs) are
oligonucleotide hybridization probes that can report the presence of specific nucleic
acids in homogeneous solutions [13]. This single-stranded DNA molecule consists
of a stem-and-loop structure doubly labeled with a fluorophore and a quencher
group on each end. In the absence of targets, MBs act like switches that are
normally closed by the stem part, and in the “off” position, little fluorescence
background is noted by the effect of quenching. However, upon binding with their
targets, conformational changes open the hairpin, and fluorescence is turned “on”
[14]. MBs are characterized by simple operation and high sensitivity and
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specificity. As such, they have become a class of nucleic acid probes. A novel
nucleic acid probe called molecular aptamer beacon (MAB) is developed by the
excellent combination of the high binding affinity of aptamers and the sensitive
signal transduction mechanism of MBs, thus, widely used in molecular imaging.
MAB exhibit faster tissue penetration and uptake, shorter residence in blood and
nontarget organs, and higher ratio of target accumulation, thus affording great
potential for intracellular biomolecule such as mRNA, ATP imaging or even in vivo
cancer imaging [15, 16]. Tan group designed a self-delivered MB for photoinitiated
real-time imaging and detection of mRNA in living cells via direct hybridization of
an extended internalizing aptamer and a MB. With this fluorescent aptamer as an
internalizing carrier, the MB can be efficiently delivered into the cytoplasm of
targeted cells, and its internalized amount as well as its intracellular distribution can
be tracked before photoactivation [17]. As further important in vivo cancer imag-
ing, Tan group firstly reported MAB probes with a fluorophore and a quencher
attached at either terminus for tumor imaging in a mouse, as shown in Fig. 11.1
[18]. The results showed that the MAB can effectively recognize tumors with high
sensitivity and specificity, thus establishing the efficacy of fluorescent MAB for
diagnostic applications. In the absence of a target, the MAB was hairpin structured,
resulting in quenched fluorescence. As expected, MAB could be activated by target
cancer cells with fast restoration of fluorescence achieved in the tumor site com-
pared to other areas. To further improve the serum stability and unabiding imaging
window in vivo, Wang et al. develop a novel locked nucleic acid (LNA)/DNA
chimeric aptamer probe through proper LNA incorporation and supplemented 3′-3′-
thymidine (3′-3′-T) capping. TD05, a DNA aptamer against lymphoma Ramos
cells, being used as the model and a series of modification strategies were designed
and optimized [19]. The results show this strategy might be of great potentials to
generate more aptamer probes that are stable and nuclease-resistant for tumor
imaging in real biological systems.

Fig. 11.1 a Schematic representation of the novel strategy for in vivo cancer imaging using
activatable MAB based on cell membrane protein-triggered conformation alteration. b In vivo
specific fluorescence imaging of the CCRF-CEM tumor with the activatable MAB. Reprinted from
Ref. [18] by permission of PNAS

11 Cell-Specific Aptamers for Molecular Imaging 241



The past few years have also witnessed many advances in the synthesis and
characterization of a variety of nanomaterials, such as metallic, carbon and silica,
magnetic, semiconductor quantum dots [20, 21]. These nanomaterials normally
have a large surface area coupled with unique size and shape, as well as compo-
sition-dependent physical and chemical properties, including surface plasmon res-
onance (SPR), fluorescence, magnetism, and/or loading ability [22]. Nanomaterial
modification is the key to target specificity. By combining the inherent features of
nanomaterials with the specific recognition ability of aptamers, a range of nano-
material-aptamer conjugates have proven their utility in optical imaging.

11.2.1 Gold Nanomaterials

It is well known that gold nanomaterials have unusual optical and electronic
properties, high stability and biological compatibility, controllable morphology and
size dispersion, and easy surface functionalization [23–25]. From the standpoints of
engineering and application, aptamer-conjugated gold nanomaterials provide a
powerful platform to facilitate targeted recognition, detection, and imaging. Gold
nanoparticles (AuNPs) used as a colorimetric reporter rely on their unique SPR
property, which causes color changes that result from both scattering and electronic
dipole–dipole coupling between neighboring particles [26]. Dispersed AuNPs
having interparticle distances substantially greater than their average particle
diameter appear red, whereas the color of the aggregates changes to purple as the
interparticle distance drops below the average particle diameter. Based on this
principle, there are two general types of target-induced colorimetric assays in
homogeneous solution using oligonucleotide-modified AuNPs: assembly and dis-
assembly. In assembly assays, the color of the AuNP solution changes from red
(dispersed particles) to purple (aggregates). A classical work from the Mirkin group
employed this assembly assay to detect DNA. Two designed pieces of DNA, which
were each complementary to part of the target DNA, were immobilized onto the
surfaces of the AuNPs. Target DNA acted as a cross-linker, leading to aggregation
of the AuNPs. With the introduction of aptamers, many more kinds of analytes can
be monitored using this platform, but on the basis of different mechanisms, to
realize molecular imaging [27]. Wang et al. developed a dot-blot assay for the
detection of thrombin based on aptamer–AuNP conjugates. They first immobilized
protein on the membrane. A color change from colorless to red was produced when
the aptamer–AuNPs bound to the active site of the protein. The aptasensor could be
observed by the naked eye and had a detection limit of 14 pM with silver
enhancement [28]. Medley et al. constructed a colorimetric assay for the direct
imaging of cancer cells. Aptamer–AuNPs were targeted to assemble on the surface
of a specific type of cancer cell through the recognition of the aptamer to its target
on the cell membrane surface, as shown in the schematic in Fig. 11.2 [29].
In another application, Liu and Liu [30] utilized a pair of aptamers capable of
specifically binding Ramos cells for a strip-based assay. A thiolated aptamer
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(thiol-TD05) was immobilized on the AuNPs, and a biotinylated aptamer (biotin
TE02) was immobilized on the strip’s test zone. When a sample solution containing
Ramos cells was applied to the sample pad, the solution migrated by capillary
action past the conjugate pad and then rehydrated the aptamer–AuNP conjugates.
Ramos cells interacted with aptamer–AuNPs and continued migrating along the
strip until captured on the test zone by a second reaction between Ramos cells and
the immobilized TE02 aptamers.

In addition to AuNPs, gold nanorods (NRs) have also been utilized as an
effective tool for multiple aptamer immobilization to achieve molecular imaging.
Through covalent linkages of fluorophore labeled aptamers on the nanorod surface,
Huang et al. were able to increase the binding affinity of otherwise weak-binding
aptamers by *26-fold compared to that of a single aptamer [31]. It was found
that *80 aptamer molecules were bound on each NR. Because the cell surface is
much larger than the aggregate of nanoparticles and, hence, contains more binding
sites, the performance of molecular recognition could be improved by synergy, in
which the combined effect of two or more like-acting components exceeds the sum
of the individual effects. In this case, multiple aptamers on each NR contributed to
the enhanced binding affinity.

Recent advances in fluorescent metal nanoclusters, especially gold and silver,
have attracted a lot of interest in bioimaging and bionanotechnology [32, 33]. It was
reported that nanoclusters had excellent photostability, subnanometersize, and low
toxicity, which complement the properties of organic dyes and semiconductor
quantum dots [34, 35]. Particularly, oligonucleotide-templated silver nanoclusters
(AgNCs) have attracted special attention due to their facile synthesis, tunable
fluorescence emission, and high photostability. Zhu et al. [36] present a strategy to
synthesize aptamer AS1411-functionalized AgNCs with excellent fluorescence
through a facile one-pot process, as shown in Fig. 11.3. Confocal laser scanning
microscopy and Z-axis scanning confirmed that the AS1411-functionalized AgNCs
could be internalized into MCF-7 human breast cancer cells and were able to
specifically stain nuclei with red color. Due to the facile synthesis procedure and

Fig. 11.2 Schematic representation of the ACGNP-based colorimetric assay. Reprinted with
permission from Ref. [29]. Copyright (2008) American Chemical Society
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capability of specific target recognition, this fluorescent platform will potentially
broaden the applications of AgNCs in biological imaging. In addition, Wang et al.
reported a one-step method for the synthesis of DNA-aptamer-templated fluorescent
AgNCs. The Sgc8c aptamer strands were immobilized onto AgNCs through
cytosine-rich sequence, and the resulting Sgc8c-modified AgNCs showed specific
targeting and fluorescent labeling capabilities to CCRF-CEM cancer cell over
control cells [37].

SERS is an ultrasensitive vibrational spectroscopic technique to detect molecules
on or near the surface of plasmonic nanostructures, greatly extending the role of
standard Raman spectroscopy [38]. Since its discovery in the 1970s, SERS has been
applied to many analyses, especially in biochemistry and life sciences [39, 40]. The
classic application is the direct sensing of various analytes attached to a metallic
SERS substrate, yielding both qualitative and quantitative information based on the
analytes’ SERS spectra. The SERS technique fulfills the requirements of live-cell
imaging in the following aspects. First, the use of low laser powers can produce
strong signals; therefore, SERS imaging avoids light-induced injury of the cells.
Second, the excitation laser spot of the Raman microscope can be focused in a
micrometer scale. Together with the nanosized SERS tags, the method can provide
high-resolution images that reflect the microenvironment in cells. Third, data
acquisition time are short when using the Raman system, enabling real-time and
dynamic monitoring of biological processes. Ray’s group used monoclonal anti-
PSMA antibody- and A9 RNA aptamer-conjugated-shaped Au nanopopcorn as a
heat nanogenerator and constructed a multifunctional system for targeted imaging,
nanotherapy, and in situ monitoring of photothermal therapy response [41], as
shown in Fig. 11.4. The localized heating that occurs during NIR irradiation can
cause irreparable damage to the targeted LNCaP human prostate cancer cells.
Interestingly, the data allowed linear plotting of percent cancer cell death an SERS
intensity change, enabling one to imaging photothermal nanotherapy response
during the therapy process. Encouraged by this work, this group also designed a
new hybrid nanomaterial using popcorn-shaped, gold nanoparticle-attached, carbon

Fig. 11.3 a Schematic representation of one-pot synthesis of aptamer-functionalized silver
nanoclusters for cell-type-specific imaging. b Intracellular distribution of internalized NC-
AS1411-T5-stabilized AgNCs. Reprinted with permission from Ref. [36]. Copyright (2012)
American Chemical Society
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nanotubes (CNTs) for diagnosis and selective photothermal treatment [42]. For
SERS imaging purposes, they directly incorporated Raman spectroscopic properties
(D-band at 1,340 cm−1 and G-band at 1,590 cm−1) in individual CNTs instead of
using an organic Raman reporter. After labeling with S6 aptamer, the hybrid
nanomaterial-based SERS assay is highly sensitive to imaging the targeted human
breast cancer cells (SK-BR cell line).

11.2.2 Carbon Nanomaterials

Since the discovery of fullerene in 1985, CNTs in 1991, and graphene in 2004,
various carbon nanomaterials (NMs) have been extensively studied [43–46]. The
huge application potentials of these promising NMs in diverse areas, such as
materials, electronic, environmental, and biomedical areas, have strongly stimulated
the production and consumption of carbon NMs. Single-walled carbon nanotubes
(SWNTs) and graphene oxide (GO) have powerful quenching capability for organic
dyes. A variety of complexes, including DNA strands, can be adsorbed noncova-
lently onto the surface of SWNTs and GO by virtue of π–π stacking [45, 46]. Thus,
traditional aptamer-based fluorescent systems can be prepared. In 2010, Li et al.
reported the demonstration of cellular delivery and in situ molecular imaging in
living cells by employing graphene oxide nanosheets (GO-nS) as DNA cargo and
imaging platforms. Due to the particular interaction between GO and DNA mole-
cules, an aptamer/GO-nS nanocomplex was designed and used as a real-time
imaging platform in living cell systems, as shown in Fig. 11.5 [47]. An aptamer is
an artificial oligonucleotide receptor derived from in vitro selection with high
specificity, and affinity for ATP was chosen as model, and results demonstrate that
uptake of aptamer-fluorescein/GO-nS nanocomplex and cellular target monitoring
were realized successfully. Tan group designed an ATP aptamer molecular beacon

Fig. 11.4 Schematic representation of the synthesis of monoclonal anti-PSMA antibody- and A9
RNA aptamer-conjugated popcorn-shaped gold nanoparticles. Reprinted with permission from
Ref. [41]. Copyright (2010) American Chemical Society
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(AAMB) which is adsorbed on GO to form a double quenching platform [48]. The
AAMB/GO spontaneously enters cells, and then released and opened by intracel-
lular ATP. The resulting fluorescence recovery can be used to perform ATP
live-cell imaging with greatly improved background and signaling.

Two-photon excitation (TPE) with near-infrared (NIR) photons as the excitation
source has the unique properties of lower tissue autofluorescence and self-absorp-
tion, reduced photodamage and photobleaching, higher spatial resolution, and
deeper penetration depth (>500 μm). Recently, Yang group combined the carbon
nanomaterials with the TPE technique to develop an aptamer-two-photon dye
(TPdye)/GO TPE fluorescent nanosensing conjugate for molecular imaging in
living cells and zebra fish [49]. This approach takes advantage of the exceptional
quenching capability of GO for the proximate TP dyes and the higher affinity of
single-stranded DNA on GO than the aptamer-target complex. Successful in vitro
and in vivo imaging of ATP was demonstrated with this sensing strategy.

11.2.3 Functional DNA Self-assembled Nanomaterials

DNA is naturally water-soluble and biocompatible, and it is relatively simple to
synthesize DNA with a commercial synthesizer. Recently, DNA has emerged as a
favorable material for constructing DNA nanostructures with promising applica-
tions in molecular imaging. For functional DNAs, multivalent interaction can result
in better affinity and selectivity in contrast to monovalent interaction in the design
of high-performance ligands. Inspired by amphiphilic block copolymers, which can
self-assemble into different morphologies, the copolymer that contains a hydro-
philic DNA segment and a hydrophobic organic polymer unit can form a DNA
micelle under certain conditions. Compared with other DNA-conjugated nanopar-
ticles, DNA micelles have no inorganic cores, which would be cytotoxic at high
concentrations, and the time required to synthesize DNA micelles can generally be
abbreviated. In order to endow DNA micelles with more applicable properties
and functions, we chose an aptamer to replace general DNA and conjugated it
with a hydrophobic lipid tail. Recently, we reported an MAB-micelle system for

Fig. 11.5 Schematic illustration of in situ molecular probing in living cells by using aptamer/GO-
nS nanocomplex. Reprinted with permission from Ref. [47]. Copyright (2010) American Chemical
Society
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intracellular molecular imaging. This MAB was modified with a lipid tail to form
the nanostructure of micelle flares. In the presence of ATP or mRNA, the con-
formation of the MAB containing the aptamer was altered, leading to the restoration
of fluorescence [50, 51]. Thus, it can indicate the presence of the analyte and show
exceptional promise for molecular imaging in bioanalysis, disease diagnosis, and
drug delivery.

Instead of conventionally used short DNA, long DNA building blocks generated
via hybridization chain reaction (HCR) and rolling circle replication (RCR) can also
form nanoarchitectures for molecular imaging. Tan group successfully built fluo-
rescent DNA nanodevices on target living cell surfaces by anchoring preformed
model nanodevices and by in situ self-assembly of nanodevices through specific
aptamer-target interaction [52]. These fluorescent DNA nanodevices consisted of
aptamer-tethered nanodevices formed by cascading polymerization of monomeric
building blocks. The features of multiple, repetitive, and alternating DNA building
blocks in the resultant aptamer nanodevices provide an excellent platform for
appropriate positioning of multi-chromophore arrays or multi-component nano-
factories, implicating the feasibility of target living cell imaging and pinpoint
biomolecular/pharmaceutical analysis or manipulation of biological activities.
Latterly, we also present a facile approach to make aptamer-conjugated fluorescent
resonance energy transfer (FRET) nanoflowers (NFs) through RCR for multiplexed
cellular imaging [53]. The NFs can exhibit multi-fluorescence emissions by a
single-wavelength excitation as a result of the DNA matrix covalently incorporated
with three dye molecules able to perform FRET. Combined with the ability of
traceable targeted drug delivery, these colorful DNA NFs provide a novel system
for applications in multiplex fluorescent cellular imaging, effective screening of
drugs, and therapeutic protocol development.

11.2.4 Silica Nanomaterials

Fluorescent silica nanomaterials represent an appealing class of nanosystems for
optical biosensing and imaging. The most prominent among these materials are
silica and organically modified silica, which have several attractive features such as
optical transparency, low toxicity, simple and robust synthesis, as well as rich
surface chemistry [54]. Functionalized silica nanoparticles (SiNPs) doped with
fluorescent dyes appear to be an ideal and flexible platform for developing fluo-
rescence imaging techniques used in living cells and the whole body. Since the
silica matrix protects dyes from outside quenching and degrading factors, this
enhances the photostability and biocompatibility of the SiNP-based probes. This
makes them ideal for real-time and long-time tracking. One nanoparticle can
encapsulate large numbers of dye molecules, which amplifies their optical signal
and temporal–spatial resolution response. Along with the endocytosis, functional-
ized SiNPs can be efficiently internalized into cells for noninvasive localization,
assessment, and monitoring. These unique characteristics of functionalized SiNPs
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substantially support their applications in fluorescence imaging in vivo. Integrating
fluorescent dye-doped SiNPs (FNPs) with targeting ligands such as aptamer using
various surface modification techniques can greatly improve selective recognition.
To fulfill specific recognition, our group immobilized the biotinylated aptamers
onto the surfaces of neutravidin-coated FNPs [55]. The FNPs are then functional-
ized with polyethylene glycol (PEG) to prevent nonspecific interactions with
neutravidin and to allow universal binding with biotinylated molecules. These
aptamer-conjugated silica NPs have demonstrated low background signal, high
signal enhancement, and efficient functionalization for molecular imaging. Multi-
plexed cancer cells can also be imaging by employing the combination of fluo-
rescence resonance energy transfer (FRET) of FNPs and the conjugation of different
aptamers [56]. In addition, Tan group combined fluorophore-doped silica and silica-
coated magnetic nanoparticles modified with highly selective aptamers to image
and extract CCRF-CEM targeted cells in a variety of mixtures [57]. They also
systematically studied the effect of nanoparticle size, conjugation chemistry, and
aptamer sequences on the selectivity and sensitivity of the dual-particle assays.

11.2.5 Upconversion Nanoparticles

Lanthanide-doped upconversion nanoparticles (UCNPs) are capable of emitting
light in the visible range following photoexcitation with NIR light, typically at a
wavelength of 980 nm. Among the various host materials for lanthanide ions (for
example oxides, oxysulfides, phosphates, and fluorides), sodium yttrium fluoride
(NaYF4) turned out to be among the most efficient ones [58–60]. UCNPs have
several outstanding features that make them highly attractive: their excitation is in
the NIR spectral range and thus does not generate any interfering background
luminescence (that is, in the visible), for example, by biomolecules. Obviously,
resonance scattering and Raman bands cannot interfere either. NIR light also pen-
etrates tissue much deeper than visible light but does not damage tissue, at least at the
intensity levels that are applied for upconversion. Yuan et al. combined UCNPs with
a DNA aptamer to image universal compound in fingerprints and provide a general
and easily performed strategy for latent fingerprint imaging under NIR light exci-
tation, as shown in Fig. 11.6 [61]. This approach also be applied to fingerprints on
different surfaces and from different people, thus indicating the great practicality of
this method. Recently, Tan group also combined the beneficial features of a DNA
aptamer with the intercalation of photosensitizer TMPyP4 within the G-quadruplex
DNA structure and NIR light-triggered upconversion nanomaterials to develop a
smart cancer-specific imaging and photodynamic therapy system [62]. Utilizing sgc8
as a model for targeting, selective cancer cell labeling and tracking is realized which
will possibly be useful for future imaging-guided therapy studies.
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11.2.6 Quantum Dots

Semiconductor quantum dots (QDs), typically prepared as (core) shell nanocrystals,
are a class of strained materials with novel optical and electronic properties. QD-
based research has opened new opportunities for imaging living cells and in vivo
animal models at unprecedented sensitivity and spatial resolution [63, 64]. With
large extinction coefficients and high fluorescence quantum yields, inorganic
semiconductor nanocrystals, or QDs, are a popular choice for fluorescence imaging
applications. QDs have broad absorption spectra that enable excitation by a range of
wavelengths, but narrow emission spectra, thus enabling simultaneous (multi-
plexed) imaging of multiple types of QDs, where different colors of QDs are used in
a single assay with only one excitation source something unattainable with con-
ventional fluorescent dyes.

An extracellular supramolecular reticular DNA-QD sheath was reported by
Zhang and co-workers for high-intensity fluorescence imaging [65]. At physio-
logical temperature, the DNA-QD sheath readily recognized and bound to Ramos
cells in a cell-specific manner and was used to accurately image the Ramos cells
within the range of 10–1,000 cells. Qin et al. reported a novel polymeric quantum
dot/aptamer superstructure with a highly intense fluorescence was fabricated by a
molecular engineering strategy and successfully applied to fluorescence imaging of
cancer cells [66]. The polymeric superstructure, which is composed of both mul-
tiple cell-based aptamers and a high ratio of quantum dot (QD)-labeled DNA,
exploits the target recognition capability of the aptamer, an enhanced cell inter-
nalization through multivalent effects, and cellular disruption by the polymeric
conjugate. Importantly, the polymeric superstructure exhibits an increasingly
enhanced fluorescence with recording time and is thus suitable for long-term
fluorescent cellular imaging. The unique and excellent fluorescence property of the
QD superstructure paves the way for developing polymeric QD superstructures that
hold promise for applications such as in vivo imaging. In addition, Ma et al. [67]
reported a new type of DNA-template heterobivalent QD nanoprobes with the

Fig. 11.6 a Strategy for latent fingerprint detection with UCNPs functionalized with a lysozyme-
binding aptamer nanoconjugates. b Photograph of the marble with three latent fingerprints in the
black circles

11 Cell-Specific Aptamers for Molecular Imaging 249



ability to target and image two spatially isolated cancer markers (nucleolin and
mRNA) present on the cell surface and in the cell cytosol. By passing endolys-
osomal sequestration, this type of QD nanoprobes undergo micropinocytosis fol-
lowing the nucleolin targeting and then translocate to the cytosol for mRNA
targeting. Fluorescence resonance energy transfer (FRET)-based confocal micros-
copy enables unambiguous signal deconvolution of mRNA-targeted QD nanop-
robes inside cancer cells.

11.3 Magnetic Resonance Imaging

Except optical imaging, MRI is another powerful molecular imaging model for
early clinical diagnosis of cancer and management of malignant tumors [68].
Especially, MRI is superior for deep tissue imaging as it provides tomographic
images with high spatial and temporal resolution in a noninvasive manner [69, 70].
The MRI signal arises from the variation in relaxation rates of the abundant number
of water protons (or lipids in some cases) in the tissues of interest, allowing for
visualization and discrimination between tissue types [69].

However, most of the traditionally used imaging agents are small molecules,
such as the gadolinium complexes used as longitudinal relaxation time (T1), MRI
contrast agents, and anticancer chemical drugs. These small molecules are usually
suffered from short blood circulation time and nonspecific bio-distribution, thus
leading to many unwanted side effects [71]. Additionally, traditional techniques of
MRI are hindered due to the lack of resolution at the cellular level, poor signal
penetration through tissues, and low sensitivity to detect small size tumors [72].
And delivering sufficient contrast agents such as gadolinium into a cancer cell may
cause serious toxicity [73]. With the rapid development of nanotechnology,
nanoparticles with the diameter ranging from 5 to 100 nm can be variously func-
tionalized on their surface, which are capable of multivalent conjugation to tar-
geting, imaging, and therapeutic agents. These nanoparticles have been widely
applied to molecular imaging to generate functional imaging nanoparticles.
Therefore, to overcome the drawbacks of traditional MRI techniques, lots of
nanoparticle contrast agents have been developed to produce sufficient contrast
enhancement for accurate diagnosis [71, 74]. These contrast agents are able to alter
T1 or transverse relaxation time (T2), hence producing significant contrast for
improved visualization of a tumor-affected region [75]. Among them, superpara-
magnetic iron oxide nanoparticles (SPIOs) and paramagnetic metal chelates (e.g.,
gadolinium (Gd)-, europium (Eu)-, neodymium (Nd)-, and manganese (Mn)-con-
taining materials) display the most efficient relaxation mechanism, thus becoming
the most clinically successful and safe contrast agents [69, 76, 77]. Several SPIO
and Gd-chelate-based contrast agents have been approved by the US Food and
Drug Administration (FDA) for different clinical uses [69].

SPIOs create a decrease in signal intensity on T2-weighted images (negative
contrast, dark signal) by shortening the traverse relaxation time (T2 and T2*) of
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surrounding water protons [78, 79]. To be effective MRI contrast agents, the blood
circulation time of SPIOs is a very important parameter to be considered, which is
greatly affected by the particle size and surface chemistry [80, 81]. SPIONs can be
prematurely removed from circulation through two pathways, either via uptake by
the reticuloendothelial system (RES) or through renal clearance mechanisms [80].
Particle size is regarded as the primary factor in determining which clearance
pathway will be followed. Normally, particles with a hydrodynamic diameter larger
than 200 nm are usually removed via the RES, whereas particles smaller than
5.5 nm (±10 %) can be cleared through renal filtration. Generally, particles in the
range of 10–100 nm have comparatively minimized space available for adsorption
of RES proteins, yet they can be large enough to evade renal clearance [80].
Therefore, to minimize the premature clearance from the bloodstream, particles
with diameter in the range of 10–100 nm are optimized to have the longest cir-
culation time when applying for molecular imaging.

In addition to the particle size, surface chemistry is also an important factor to
prolong the circulation time of SPIOs. For example, if unprotected SPIONs are
immersed in the blood stream, they may be recognized as invading agents and
immediately be adsorbed on the surface of various kinds of plasma proteins [81].
Subsequently, they are rapidly endocytosed by the RES cells, causing their removal
from blood stream and accumulation in organs with high phagocytic activity.
Especially, SPIONs with negatively charged surfaces can facilitate the attachment
of plasma proteins, thus leading to enhanced uptake and clearance via the RES [81].
On the other hand, SPIONs with positively charged surfaces can adhere to cells in
nonspecific manners such as electrostatic interaction or hydrophobic interaction.
Normally, hydrophilic and neutral surfaces interact the least with blood compo-
nents; hence, they are preferred to minimize opsonization and clearance [82]. It has
been reported that by coating with a dense packing of biocompatible polymers, the
circulation time of SPIOs in the blood can also be prolonged [75]. Since SPIONs
respond very strongly to a magnetic field, even at very low quantities, the resolution
of the images can be greatly improved. Generally, this molecular imaging technique
displays relatively low cytotoxicity, high magnetic signal strength, and longer-
lasting contrast enhancement, hence possesses significant advantages over tradi-
tional contrast agents [80, 83, 84]. In addition, it is reported that the iron released
from degrading SPIONs can be metabolized by the body, decreasing the potential
for long-term cytotoxicity [80].

On the other hand, para-magnetic gadolinium chelates, such as the widely used
Gd3+ or the recently introduced Mn2+, usually have a large number of unpaired
electrons [69]. They work by shortening the T1 of surrounding water protons,
causing an increase in signal intensity on T1-weighted images (positive contrast,
bright signal) [77, 85]. Compared to T2-weighted images, T1-weighted images show
remarkable feature on signal-enhancing positive contrast ability, which can be
clearly distinguished from other pathogenic or biological conditions. Additionally,
since T1 contrast agents are basically paramagnetic, they do not disrupt the mag-
netic homogeneity and other anatomic backgrounds [86, 87]. However, the limi-
tation is that Gd-contrast materials may induce severe adverse effects, including
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compromising renal function and subsequent deposition in different organs/tissues,
and nephrogenic systemic fibrosis (NSF) caused by release of Gd3+ [81].

To achieve specifically targeting cancer cell imaging, various targeting agents
such as folic acids [88], peptides [79], antibody [89], and, of particular interest,
aptamers [90, 91] are commonly incorporated into the contrast agents. These new
biomolecule-conjugated nanoparticles provide a chance to develop specific-targeted
molecular imaging agents. Due to the remarkable features of long-term stability,
rapid tissue penetration, and ease of synthesis and surface modification, aptamer-
functionalized nanoparticles have been widely applied as molecular imaging agents
for cell imaging and diagnosis [18, 78, 92–95]. Molecular imaging with cancer
biomarkers has become an essential element of cancer diagnosis. Till now, various
aptamers targeting cancer-specific biomarkers, such as nucleolin [96], platelet-
derived growth factor (PDGF) [97], vascular endothelial growth factor receptor
(VEGFR) [98], protein tyrosine kinase (PTK 7) [99, 100], and prostate-specific
membrane antigen (PSMA) [101, 102], have been selected and applied for diag-
nostic studies of cancers.

11.3.1 Single Modality of MRI

By using these strategies, SPIONs have been functionalized with various kinds of
aptamers to act as molecular imaging probes, which can specifically recognize
different biomarkers located on malignant cells, thus distinguishing cancer cells
from the healthy cells. Since the binding and concentration of molecular imaging
agents enhances the contrast between cancer-affected and nonaffected cells, it
greatly improved the accuracy of diagnosis [75].

Aptamer sgc8 was identified to well-recognized cancer cell CCRF-CEM (acute
lymphoblastic leukemia T-cells) by specifically bind to the cell membrane receptor
PTK 7 with high affinity and selectivity [99, 100]. To develop precise molecular
imaging for targeted CCRF-CEM cells, Tan group has reported a smart multi-
functional nanostructure (SMN) constructed from a porous hollow magnetite
nanoparticle (PHMNP), a heterobifunctional PEG ligand, and a sgc8 aptamer. The
hollow interior of the PHMNPs enables the high efficient loading of the anticancer
drug doxorubicin (DOX), which can be released at lysosome pH. Moreover, T2
relaxation measurements and T2*-weighted MRI images demonstrated that this
nanostructure showed great potential to be used as a T2 contrast agent, which may
enable real-time monitoring of the cancer treatment progress [78].

PSMA has been recognized as a biomarker for prostate cancer (PCa) [102]. A10
RNA aptamer, which can specifically bind the extracellular domain of the PSMA,
was conjugated on the surface of thermally cross-linked SPION (TCL-SPION) by
standard coupling chemistry of EDN/NHS reaction, as shown in Fig. 11.7. Then, a
novel multifunctional TCL-SPION-Apt bioconjugate with diagnostic and thera-
peutic capabilities was synthesized and explored for the potential as an MRI
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contrast agent and as a therapeutic carrier for selectively targeting PSMA on PCa
cells with high sensitivity [101, 102].

Integrin, a well-known important transmembrane molecule, participates in cell–
cell and cell–matrix interactions. The ανβ3 subunit of integrin plays an important
role in the regulation of diverse intracellular signaling pathways which modulate
cell migration and invasion during angiogenesis [103, 104]. By modifying integrin
ανβ3-targeting aptamer (Aptανβ3) to magnetic nanoparticles, integrin-targeting
magnetic nanoparticles (Aptανβ3-MNPs) were developed to enable precise detection
of integrin avb3 expression in cancer cells during angiogenesis using MRI. The
nanoparticles with good cytocompatibility, efficient targeting ability, and high
magnetic sensitivity through in vitro/in vivo studies were demonstrated to have the
potential to be used for accurate tumor diagnosis and therapy [105].

Vascular endothelial growth factor receptor 2 (VEGFR2) was identified as one
of the key angiogenic factors. Hence, precise molecular imaging of VEGFR2,
which is overexpressed on angiogenic vessels, will benefit the treatment of glio-
blastoma. An ultrasensitive MR imaging contrast agent, MNC, was synthesized by
the thermal decomposition method and enveloped using biocompatible carboxyl
polysorbate 80. After surface modification with a VEGFR2-targetable aptamer,
Apt-MNC exhibited good cytocompatibility, high magnetic resonance signal, and
efficient VEGFR2-targeting ability. The orthotopic glioblastoma mouse model was
used to investigate the potential of the aptamer-conjugated magnetic nanocrystal for
targeted MR imaging of angiogenic vasculature from glioblastoma. It is proved to
be a novel biomarker-detecting nanoprobe with high selectivity and sensitivity
in vitro and in vivo [98].

11.3.2 Dual- or Multi-modality Molecular Imaging

The above examples exhibited the great potential of aptamer-conjugated SPIONs as
excellent MRI contrast agents for highly selectively cancer cell-targeting detection
ability. Even through, each imaging modality has its own advantages and intrinsic
disadvantages in terms of sensitivity, spatial resolution, and complexity [3]. For

Fig. 11.7 Schematic representation of the preparation of Apt-hybr-TCL-SPIONs and Dox@Apt-
hybr-TCL-SPIONs
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instance, this single modality of MRI with a depth insensitive technique can be used
for deep tissue imaging, yet suffers from poor sensitivity and cannot be used in real
time. To overcome the limitation of sensitivity of MRI, an unrecommended
increase in the dose of the imaging agent can be used to enhance the imaging signal,
while the application may be limited in humans due to the health risks resulting
from the larger doses [106]. Even the imaging signal sensitivity can be improved by
the development of imaging analysis software, it is still difficult to satisfy the
accurate diagnoses of small size of tumors.

To achieve early accurate cancer cell imaging and provide additional informa-
tion regarding the pathology of the tumor, other imaging moieties can be incor-
porated into the MRI contrast agents to integrate multimodality imaging systems
[107]. Therefore, to acquire complementary information for accurate diagnosis, it is
possible to rationally design a common imaging agent which can combine the
imaging modalities with high sensitivity (PET, optical, etc.) and other modalities
with high spatial resolution [computed tomography (CT), MRI, etc.] [81]. Hence,
by synergistic combination of two or more imaging techniques, the multimodal
imaging approach covers several advantages like high spatial resolution, high
sensitivity, and high tissue penetration ability and tends to eliminate the limitations
of individual imaging modalities, thus ensures enhanced visualization of biological
materials and better reliability of collected data [3, 81, 107].

In terms of dual-modality imaging, MRI/optical imaging are the most well
developed and have been significant increased to be applied in biomedical research
and clinical practice [107]. Once fluorophores are attached to the MRI contrast
agents to create dual-modal contrast agents, it can offer both the high spatial and
temporal resolution and deep tissue penetration of MR imaging and rapid response
and sensitivity of optical imaging.

Tan and co-workers have developed a gold-coated iron oxide (Fe3O4@Au)
nanorose with five distinct functions, which integrates aptamer-based targeting,
MRI, optical imaging, photothermal therapy, and chemotherapy into one single
probe of about 70 nm in diameter [90]. As shown in Fig. 11.8, in this platform, the
inner Fe3O4 core functions as an MRI agent, while coating by the gold shell,
obvious NIR absorption at 805 nm was observed. Upon laser irradiation, a rapid
rise in temperature can be achieved, resulting in a facilitated release of the anti-
cancer drug doxorubicin carried by the nanoroses. The location of doxorubicin
released is released can be monitored by its fluorescence. This paper demonstrated
that the combination of dual-modality MRI and optical imaging has the potential to
improve the specificity of cancer cell diagnosis and facilitate therapeutic drug
monitoring. To perform each function effectively, the amounts of imaging agent,
photothermal agent, or drug loaded into the system need to be adjusted to syner-
gistically. This versatile theranostic system shows great advantages in multimo-
dality and may be particularly useful for cancer therapy.

AS1411, a 26-mer guanine-rich oligonucleotide DNA aptamer, shows high
binding affinity to the nucleolin in the plasma membrane, which is a cellular
membrane protein highly expressed in continuously proliferating cells. AS1411 has
been in phase II clinical trials for relapsed or refractory acute myeloid leukemia and
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for renal cell carcinoma [108]. It has been widely used as an example for molecular
imaging. Qu et al. [108] have designed a multifunctional platform for simultaneous
magnetofluorescent imaging and targeted cancer photodynamic therapy using
photosensitizer-incorporated G-quadruplex DNA-functionalized magnetic nano-
particles. To prepare this platform, Fe3O4 and tris(2,2′-bipyridyl)-dichlororutheni-
um(II) hexahydrate (Ru(bpy)3

2+) were first incorporated into the silica matrix. Then,
anticancer aptamer AS1411 was conjugated on the surface of this nanoparticle for
specifically recognize the nucleolin expressed in cancer cells. In this case, the
multifunctional platform with excellent optical properties and cytocompatibility
could be used as predominant contrast agents for targeting tumor cells with fluo-
rescence and MRI simultaneously. This cell-type-specific aptamer was further used
as caps to prepare a novel gadolinium-doped luminescent and mesoporous stron-
tium hydroxyapatite nanorods (designated as Gd:SrHap nanorods) system [109]. In
this system, aptamers were employed not only as a lid but also as a targeted
molecular which can enable an effective way for therapeutically special cancer
cells. This Gd-doped SrHap-aptamer system was demonstrated to be an ideal tar-
geting contrast agent for fluorescence and MRI bioimaging simultaneously.

In addition, Yang and co-workers conjugated AS1411 on Mn3O4@SiO2 core–
shell nanoprobes and evaluate the quantitative biodistribution and toxicity of these
core–shell nanoprobes (NPs) in human cervical carcinoma tumor-bearing mice. In
this paper, aptamer-conjugated Mn3O4@SiO2 core–shell nanoprobes have been
successfully employed as a promising T1-MRI probe for targeting both in vitro
fluorescence confocal imaging (cancer cells) and in vivo MRI (animal tumor model)
[87]. Except Gd-and Mn-containing paramagnetic metal chelates, multifunctional
lanthanide-doped porous nanoparticles are also prepared for the first time via a
facile one-step solvothermal route by employing aptamers as the biotemplate. The
nanoparticles feature excellent aqueous dispersibility and biospecific properties and
could work as effective nanoprobes for targeted dual-modal cancer cell imaging and
drug delivery with DNA aptamer as hydrophilic ligands [110].

This dual-modality imaging of MRI/optical imaging can be further incorporated
with other imaging modalities such as CT imaging or radionuclide imaging to
provide multimodal imaging probes. AS1411 aptamer-functionalized target-specific

Fig. 11.8 Illustration of five-function Fe3O4@Au nanorose for cancer cell targeting, MRI, optical
imaging, photothermal, and chemotherapy
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Gd2O3:Eu nanoparticles (A-GdO:Eu nanoparticles) were synthesized with good
biocompatibility. This multifunctional nanoparticles exhibited strong fluorescence
in the visible range, excellent T1 contrast and strong CT signal, thus behaving as a
trimodal molecular contrast agent for CT, MR, and fluorescence imaging [111].
Kim and co-workers develop a multi-modal imaging system which is capable of
concurrent radionuclide imaging, MRI, and fluorescence imaging in vivo. This
system is consisted of magnetic cobalt ferrite cores protected by a silica shell and
coated by fluorescent rhodamine. The particles with carboxyl group and Fmoc-
protected amine moiety on the surface were then coupled with amine-terminated
AS1411 aptamer using EDC and further labeled with 67 Ga-citrate for radionuclide
imaging [96].

Single biomarker imaging of cancer might cause low rate of cancer diagnosis,
because it is not enough to acquire the complementary information about the various
mechanisms and phases of neoplastic pathogenesis caused by multiple genetic
changes [106]. A multitude of cancer biomarkers imaging by targeting different
epitopes expressed in the cancer cells will help for accurate diagnosis. Kim et al.
reported a Simultaneously Multiple Aptamers and RGD Targeting (SMART) cancer
imaging probe whichwas conjugated to amultimodal nanoparticle with the capability
of concurrent fluorescence, radionuclide, and MRI [106]. This multimodal SMART
cancer probe can simultaneously target nucleolin, integrin ανβ3 and Tnc proteins in
five different cancer cell lines, C6, NPA, DU145, HeLa, and A549, resulting in
enhanced targeting efficacy and signals sensitivity. They claimed that this strategy has
the potential for more selective identification of diseased cells than normal cells; thus,
it can reduce the side effects and improve the patient’s quality of life.

However, most of these aptamer probes for molecular imaging follow the
“always on” strategy, in which the reporter-bearing aptamers are accumulated on
the cancer site, resulting in an enhanced signal with reference to the surrounding
environment [18, 112]. Since it is difficult to completely wash away the nonspecific
binding aptamer probes, these “always on” probes with constant signals may cause
a poor target-to-background signal ratio, thus critically limiting the image contrast
[91]. Therefore, ideal aptamer probe for cancer imaging is that it always keeps
quenched signal and can only be activated after specifically binding to the target
cancer sites. Based on the target-triggered conformation alteration, this kind of
activatable aptamer probe can greatly reduce the background signal and improve
the sensitivity and specificity, thus enhancing the contrast imaging.

Inspired by this, Tan group developed a novel dual-activatable fluorescence/MRI
bimodal platform via a MnO2 nanosheet–aptamer nanoprobe [91]. As illustrated in
Fig. 11.9, MnO2 nanosheet behaves not only as an intracellular GSH-activated MRI
contrast agent, but also as a quencher to quench the fluorescence of Cy5 labeled on
aptamers. Both the fluorescence signaling and MRI contrast of the nanoprobe are
quenched in the absence of target cells. In the presence of target cells, aptamers
specifically bind to the target cells and then can be released from the MnO2

nanosheet, resulting in fluorescence recovery and illuminating the target cells.
Endocytosed MnO2 nanosheets can be reduced by intracellular GSH, thus causing
the further recovery of fluorescence signal and generating large amounts of Mn2+
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ions for MRI. This MnO2 nanosheet–aptamer nanoprobe exhibited great potential to
be used as a target-cell-activated fluorescence and intracellular GSH-activated MRI
contrast agent with low background and high sensitivity.

11.4 Other Imaging Modalities

Aptamer-based molecular probes have also been used in CT imaging. Kim et al.
conjugated the A10 aptamer, targeted against PSMA, to gold nanoparticles [113].
Gold nanoparticles, because of their high atomic number, can act as CT imaging
contrast agents. The investigators showed that A10-targeted nanoparticles can bind
to PSMA-expressing PCa cells with high sensitivity and specificity. More impor-
tantly, they showed that the A10-gold nanoparticle conjugate can be used as a
molecular probe for the imaging of PSMA-expressing cancer cells by CT imaging.

Ultrasound is also one of the most commonly used clinical imaging modalities.
Nakatsuka et al. engineered a novel aptamer-cross-linked microbubble as a
molecular ultrasound imaging agent [114]. These microbubbles are designed to
show ultrasound activation only at levels of thrombin associated with clot forma-
tion. To accomplish this, the microbubbles are coated with polymer–DNA strands
and aptamers that can bind to thrombin. The aptamers also contain sequences that
can bind to the DNA in a polymer–DNA complex, enabling cross-linking on the
microbubble surface. However, the binding of thrombin to aptamer will displace the
aptamers from the polymer–DNA complex. The investigators demonstrated that the
semicrobubbles can act as a stimulus-responsive contrast agent and generate
ultrasound signal in response to only the levels of thrombin. Such an aptamer-based
ultrasound contrast agent can be useful for imaging thrombosis.

Fig. 11.9 Activation mechanism of the MnO2 nanosheet–aptamer nanoprobe for fluorescence/
MRI bimodal tumor cell imaging. Reprinted with permission from Refs. [91]. Copyright (2014)
American Chemical Society
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Nuclear imaging holds the highest potential for the clinical translation of apt-
amer-based molecular imaging probes. The very first report of an aptamer-based
imaging probe was a radiolabeled (99mTc) aptamer targeted against human neu-
trophil elastase to identify sites of inflammation [115]. When compared with a
radiolabeled IgG, the aptamer probe achieved a higher target-to-background ratio
(fourfold) than that of IgG (threefold). This difference was attributed to the more
rapid clearance of unbound aptamer probes than IgG probes. The study on radio-
labeled TTA1 best demonstrated the potential of aptamers as nuclear imaging
probes [115]. The investigators radiolabeled the aptamer TTA1 (38b, Kd is 5 nM)
with 99mTc. TTA1 is targeted against the extracellular matrix protein tenascin-C,
which is expressed during tissue remodeling processes including angiogenesis and
tumor growth. Tenascin-C is also known to be overexpressed by a wide range of
tumors, including lung, breast, and prostate. Radiolabeled TTA1 was evaluated in
mouse xenograft models of brain and breast cancer. The investigators showed that
TTA1 has a rapid clearance profile, with a blood half-life of 2 min. The aptamers
penetrated tumors quickly, with 6 % of injected dose in tumor at 10 min. At 60 min
after injection, there is still 3 % of the injected dose in tumor. The tumor-to-blood
ratio was 50 within 3 h, highlighting its high potential for clinical translation.

11.5 Conclusions and Perspective

Because of these properties and combing with various nanomaterials, aptamers are
studied in a wide range of applications in molecular imaging. There continues to be
high interest in developing aptamer-based probes in preclinical research. These studies
will improve the technology and identify the potential applications for aptamers in
molecular imaging. The successful clinical translation of aptamer-based molecular
imaging probes will also require the development of aptamers against biomarkers
that have high clinical significance. In summary, aptamers are excellent molecular
targeting ligands, and they hold great promise in improving molecular imaging.
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Chapter 12
Discovery of Biomarkers Using Aptamers
Evolved in Cell-SELEX Method

Prabodhika Mallikaratchy, Hasan Zumrut and Naznin Ara

Abstract The knowledge of biomarkers relevant to diseases has a significant
impact on the diagnosis, the prognosis, and the fundamental understanding of the
disease. In the context of biomarker discovery in cell-SELEX, the definition of a
biomarker referred to a molecular entity overly expressed in an immortalized cell
line in which the origin of this cell is a diseased patient. This chapter focuses on an
extensive discussion on how biomarkers can be discovered using aptamers evolved
from cell-SELEX technology, with a particular emphasis on the systematic steps
needs to follow to discover a biomarker. A comparison is made underlining current
challenges of existing “omic”-based technologies of biomarker discovery. The
utility of chemical versatility of aptamers in transforming aptamers evolved from
cell-SELEX as a proteomic tool is discussed. Feasibility of post-proteomic target
validation studies employing variety of biochemical techniques is highlighted with
selected examples. The significant progress of aptamer-aided biomarker discovery
is emphasized with six examples of aptamer-based biomarker discovery leading to
the identification of novel marker or already established biomarker molecules.
Chapter concludes with a discussion on current challenges that hinders the success
of the field of aptamer-based biomarker discovery, and a discussion with potential
solutions that could accelerate the progress of the field.
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12.1 What Is a Biomarker?

According to the National Institute of Health, USA, a biomarker is defined as a
“characteristic that is objectively measured and elevated as an indicator of normal
biological processes, pathogenic processes or pharmacologic response to a thera-
peutic intervention” [1]. Under this broad definition, for a particular disease such as
cancer, the definition of a biomarker is “a biological molecule found in blood, other
body fluids, or tissues that is a sign of a normal or an abnormal process, or of a
condition or a disease such as cancer” [2]. Based on the aforementioned definition,
a biomarker molecule usually assists in differentiating what is a “normal” cell or
condition from an “abnormal” cell or condition. Thus, a biomarker could be used in
diagnostic or prognostic evaluations in a clinical setting or could be used to dis-
cover underlying biochemical mechanisms of the origin and progression of a dis-
ease using an immortalized cell line related to cancer. Currently, the established
molecular markers include serum proteins, nucleic acids, antibodies, peptides, and
small molecules such as sugars, steroids, or any other molecule present in cells,
tissues, or biological fluids [3].

12.2 Relevance of Biomarker Discovery

The relevance of biomarker discovery directly aims at early detection in a clinical
setting. Early detection is identifying a disease at an early point by detecting
molecules specific for a disease or abnormal pathological changes of a cell due to a
disease, so that a cure is probable. In cancer, in particular, the prognosis is directly
related to the stage of the cancer, which is how far the cancer had spread at the point
of diagnosis; thus, early detection plays a crucial role in survival rate [4, 5]. For
example, though contradictory, prostate-specific membrane antigen levels are
commonly used as a marker for prostate cancer [6] and routine mammograms are
advisable for women of 40 years or older to detect early signs of malignancy with
no other observable significant signs of the disease [7]. However, these types of
methods have shown only a limited success due to the lack of sensitivity needed to
reliably detect the disease at an early stage. Therefore, implementation of methods
that could successfully detect biomarker proteins relevant to a disease or stages of a
disease is in great demand. For this reason, investigations and investments related to
discovery of biomarkers have been significantly high both in academic and
industrial communities. In a clinical setting, clinicians make an extensive use of
existing validated biomarkers to screen patients, diagnose the severity of the dis-
ease, and assess patient’s response to a treatment and possibility of a recurrence, or
to derive prognostic predictions [4–6]. To name a few, plasma troponin is being
used to assess patient with chest pain for possible cardiovascular conditions [8],
lipoprotein levels are important in prognosis of metabolic and cardiovascular
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disease [9], and levels of carcinoembryonic antigen are being assessed to monitor
patients with gastrointestinal cancer [2, 4]. In addition, the knowledge of bio-
markers can be used to determine the risk of an individual in developing a particular
disease and might be helpful in risk reduction steps prior to occurrence of the
disease. For example, genetic screening of BRCA1 gene for women with strong
family history of ovarian and breast cancer is being used to predict the risk of
developing breast cancer, and this approach is clinically validated and often used as
a preliminary step in preventative medicine [10, 11]. The traits of biomarker dis-
covery are therefore very important both in a clinical setting to introduce effective
treatments and in an academic setting to expand the fundamental understanding of
diseases in a molecular level. Such basic understanding will also make grounds for
developing new and effective therapeutic molecules.

In the context of biomarker discovery in cell-SELEX, the definition of a bio-
marker referred to a molecular entity overly expressed in an immortalized cell line
in which the origin of this cell is a diseased patient, i.e., a cancer patient [12]. In
addition to cancer cell lines, cell-SELEX has been utilized in identifying molecular
markers over-expressed on a cell as a result of transfection of a gene or over-
expression of a molecule as a result of an infection with a pathogen [13]. The
biomarker discovery using cell-SELEX consists of following systematic steps:

1. Identification of a target cell pertaining to a disease model
2. Cell-SELEX followed by identification of aptameric sequences.
3. Post-cell-SELEX screening assays to identify unique binding patterns of each

aptamer sequence
4. Identification of unique aptamers sequences followed by aptamer-aided protein

capture and proteomic identification.
5. Post-proteomic target validation using biochemical techniques and assays.

The hypothesis of biomarker discovery by cell-SELEX is that the biomarker
proteins that are overly expressed in an immortalized cell line or in a cell upon
treatment of a gene, or a virus particle. Cell-SELEX against these types of cells will
lead to the discovery of new aptamer sequences that could specifically recognize the
overly expressed molecules on the target cell line. Then, the identification of
the target molecule of the aptamer will lead to finding new molecular signatures of
the target cell relevant to a respective disease. This new acquired information will
likely correlate with expression patterns of the same proteins in a patient primary
cell samples obtained in a clinical setting with the same type of disease. This
hypothesis could be justified since any disease originates from the differential
expression patterns of molecules leading to alteration of biological process of cells.
The altered biological processes of cells will then lead to diseases including
malignancies. In addition to discovering biomarkers, if the protein target is an
already established biomarker, a new targeting molecule based on aptamers will be
introduced.
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12.3 Existing Methods of Biomarker Discovery

The methods of biomarker discovery can vary based on the classification of the
biomarker. For example, gene expression analyses are being used to detect differ-
ential expression of genes in a diseased cell and in a healthy cell [14, 15]. Based on
the expression of patterns of a single gene or a cluster of genes, conclusions are being
derived. Also, further investigations are conducted to identify potential abnormal
expression patterns of one or clusters of genes and its relation to the disease state or
origin of the disease. Most common methods of gene expression analysis include
whole-genome expression array [15], serial analysis of gene expression [16],
expressed sequence tag analysis [17], and gene expression profiling based on
alternative RNA splicing [18] ]. Also, individual sequences are being analyzed using
real-time RT-PCR [19] and competitive quantitative RT-PCR [20]. In addition,
epigenetic technologies are used to determine DNAmethylation sites, when and how
genes are switched “on” and “off” leading to differential expression of genes, that
eventually act as triggering points to alter biochemical mechanisms [21]. While
genetic testing has shown much promise in distinguishing expression patterns of
genes in relation to diseases, biochemical alterations at the posttranslational levels,
changes of folding of the proteins, and other biochemical modifications such as
phosphorylation, acetylation, and glycosylation, capable of altering the function of
the protein leading to disease development cannot be predicted. Also, gene
expression analysis might not reflect the alteration of expression levels of proteins.
Therefore, the analysis of proteome is better suited due to the fact that over-expres-
sion of a protein accounts for the over-expression of genes as well as changes in the
posttranslational modifications of proteins, leading to the transformation of a healthy
cell into a diseased cell. Here, the detailed focus of the discussion of existing methods
will be aimed at identification of cell membrane proteins expressed on a disease cell
compared to a “healthy” cell and what are the existing methods available to recognize
such patterns. In this regard, two-dimensional gel electrophoresis followed by mass
spectroscopy is a technique widely used to discover biomarkers [22]. Utilization of
the two-separation strategy for a mixture of proteins through a first dimension
separation based on the charge of the protein, and a second dimension based on the
molecular mass of the protein, offers high resolution separation of a complex mixture
of proteins. This method has been used to successfully identify expression patterns of
protein of normal and tumor tissues obtained from liver, bladder, lung, esophageal,
prostate, and breast [23]. At its highest resolution, 2-D gel electrophoresis can
distinguish distinct as many as 10,000 spots of proteins and peptides [24]. However,
due to technical limitations of protein sequencing, even with a highest achievable
sensitivity, number of detectable spots is limited [25]. Another disadvantage is that
this method requires a large amount of proteins to be analyzed and the technique is
unable to identify low-abundance proteins [23].

Direct identification of proteins using tissue samples of a “normal” and an
“abnormal” tissues using mass spectrometric (MS) methods to verify expression
levels, location in the cell, and information on protein–protein interactions is
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well known, and this method is well accepted in identifying biomarkers.
Typically, in MS methods, what is observed is a spectrum of mass-to-charge ratio
of ions as a function of abundance of each ion of the analyte. Subsequent interpre-
tation of the data is done using bioinformatics approaches using large database
of sequences of proteins and peptides. Due to the high-throughput capabilities, res-
olution, and precision, matrix-assisted desorption–ionization–time-of-flight–MS
(MALDI-TOF-MS) and closely related surface-enhanced laser desorption–ioniza-
tion–time-of-flight (SELDI-TOF) are two well-known approaches used in biomarker
discovery [26–28]. For example, it has been reported that direct analysis of tissue
samples using MALDI-TOF-MS can detect hundreds of proteins with molecular
weights ranging from 2000–70,000 Da in one analysis [27, 29]. Profiling data
obtained from analyzing tissues frommouse brain to human glioma had been analyzed
using MALDI-TOF-MS that could successfully correlate to disease state, drug
resistance patterns, and prognosis [27]. SELDI-TOF-MS also shows a substantial
potential in biomarker discovery due to its versatility [28]. One of the key uses of this
technique is its use in detecting proteins in biological fluids. For example, levels of
serum prostate-specific membrane antigen in prostrate cancer patients and biomarker
identification for breast cancer using nipple aspirate fluids had been done using
SELDI-TOF-MS method [30]. SELDI-TOF-MS is effective in detecting low
molecular weight proteins, usually proteins with molecular weight < 20,000 Da [28].
While both MALDI-TOF-MS and SELDI-TOF-MS are effective in identifying
biomarkers, these methods are well suited for the detection of most abundant serum
proteins and peptides [23]. Apart from proteomic and genomic approaches, one of
the emerging fields of biomarker discovery is the field of metabolomics, i.e., it is the
rapid in vivo screening of pathophysiological processes in response to drug inter-
actions [31].

12.4 Cell-SELEX Method in the Context of Biomarker
Discovery

The method of aptamer selection, i.e., SELEX (“Systematic Evolution of Ligands
by EXponential enrichment”) involves a repeated incubation with a specific target,
separation, and amplification of DNA or RNA libraries to evolve aptameric
sequences toward a specific target [32]. Therefore, the initial aptamer candidate
libraries contain a large number of DNA/RNA sequences folded into unique three-
dimensional structures. Some of these unique structures are able to specifically
recognize epitopes of proteins or “trap” small molecules with high affinity or high
specificity [33]. While binding affinity is an important parameter of a ligand, one of
the most important features of an aptamer is the high target specificity. The short
aptameric sequences are folded into 3-D fold and binding with an epitope in non-
covalent fashion with affinities ranging from micro- to picomoles [34]. Due to the
high specificity of aptamers, one of the proven hypotheses is that the aptamers can
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be used to detect biomolecules with high precision. Therefore, aptamers in the
context of biomarker discovery are most ideal candidates. While SELEX method is
successful in developing aptameric sequences toward a purified protein, peptides,
and small molecules, due to the unique specificity of aptamer–epitope interaction,
most of the interaction could only be mimicked in conditions that used for aptamer
selection, i.e., aptamer selected using purified protein may not recognize the same
protein at its endogenous levels or conditions in a cell. The method cell-SELEX is
designed to target a whole cell and uses a subtractive strategy to enrich sequences
specific for the target cell [35]. Therefore, the aptamers developed could be used as
molecular probes to discover its targeting entity.

To discover biomarkers using cell-SELEX, a prior knowledge of the diseases is
important, but prior knowledge of biomarkers is not required. However, upon
selection of the target cell line, the choice of the negative cell line will predefine the
nature of the molecular differences between the cell lines; thus, the aptamers will be
evolved accordingly. For example, (1) Shanguan et al. selected aptamers using
CCRF-CEM, a human ALL, T-cell line as the target cell [35], and human Burkitt’s
cell line Ramos cells as the negative cells to emphasize unique expression levels of
molecular entities on CCRF-CEM cells and discovered a new biomarker expressed
in CCRF-CEM cells. (2) Tang et al. discovered aptamers specific toward a human
lung carcinoma cells infected with vaccinia virus and used uninfected human lung
carcinoma cells as a way to emphasize differential expression patterns of vaccinia
virus-infected cells with respect to uninfected cells [13] (3) Sefah et al. discovered
aptamers toward cell line HL60, an acute myeloid leukemia cells using closely
related acute promyelocytic leukemia as the negative cell line [36] Aforementioned
selections were designed such that desired molecular differences are emphasized to
evolve aptamer molecules that uniquely identify a molecular patterns on the target
cell of interest. In order to discover biomarkers uniquely expressed in a given cell,
these types of predefined conditions are important to minimize the preexisting
complexities of the cellular membrane itself leading to false-positive aptamers.
However, cell-SELEX has been used to discover aptamers without using a sub-
tractive strategy; for example, Tang et al. selected aptamers toward human Burkitt’s
lymphoma cells without using a subtractive strategy and discovered aptamers
identified to be interacting with proteins already established as biomarkers for non-
Hodgkin’s lymphoma [37]. Therefore, based on the need, the cell-SELEX tech-
nology could be employed to discover aptamers toward predefined biomarkers or to
discover new biomarkers.

Once the target cells are identified, and a negative cell line is defined, a library of
DNA/RNA molecules consisting of approximately a 1016 number of uniquely
folded DNA sequences is incubated with target cells, and following the incubation,
washing, and elution, the eluted pool of DNA molecules is incubated with negative
cell line to perform a subtractive cell-SELEX. Subtractive step is the most important
step in cell-SELEX in the context of biomarker discovery. The hypothesis of
introducing a subtractive step is to remove nonspecific DNA/RNA interacting with
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cell membrane or to remove aptamers binding to cellular receptor commonly
present in a cell not necessarily relevant to specific diseases. While finding a new
biomarker is significant, cell-SELEX is also capable of generating aptamers toward
receptor molecules expressed in abnormally high levels on a cell due to an
underlying biological phenomenon. Therefore, if introducing a negative step will
assist in removing aptamer sequences binding to epitopes, then those are not
considered biomarkers in terms of either its expression levels or distinctive
expression. Thus, aptamer sequences specific for targets uniquely expressed on the
target cell line are enriched. Since an aptamer sequence is specific toward one target
epitope, a library of molecules consisting of potential aptamer candidates should
identify epitopes on a given cell unique to that cell. In this regard, cell-SELEX
strategy exploits this key feature of aptamer specificity to identify aptamers toward
a single cell type. The simplicity of cell-SELEX method in generating aptamers is
also an advantage. On the other hand, closely related phage display techniques [38]
require meticulous biological manipulation strategies to discover biomarkers. Even
with meticulous biological manipulations, it is challenging to use whole cells as
target to discover new antibody fragments specific for biomarkers.

12.5 Aptamers in Biomarker Discovery

Aptamers selected using cell-SELEX is better suited for biomarker discovery than
methods based on peptide aptamers or antibodies. The most important parameters
of aptamers are specificity and stability as well as simplicity of selection strategies.
Due to the simplicity of selection and ease of handling the aptamer, significant
number of aptamers is introduced toward number of cancer cell lines.

Aptamers are directly compared with antibodies; antibodies are inherently
multivalent and show higher affinity than aptamers. Antibody-based biomarker
identification is mainly focused on identifying overly expressed proteins and
employs sandwich type of assays. In particular, enzyme-linked immuno sorbant
assays (ELISA) had shown high sensitivity and specificity [39]. However, non-
specific protein–protein interactions, batch-to-batch variations of antibodies, high
cost of production, and low stability of an antibody are the challenges when anti-
bodies are used as molecular probes [40]. Furthermore, ELISA techniques cannot
be multiplexed due to nonspecific interactions [41]. Generation of monoclonal
antibodies toward a single cell line to distinguish molecular-level differences is not
possible due to the nature of monoclonal antibody production technology.

Ease of synthesis and structural homogeneity due to chemical nature of the
aptamer allows them to be modified without compromising its specificity and
affinity. Also, in biomarker discovery, variety of structural manipulations have been
introduced into an aptamer that allow the efficient capturing process.
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12.6 Protocols/Methods

The typical method of target protein isolation using aptamers generated by cell-
SELEX is depicted in Fig. 12.1.

12.6.1 Isolation of Aptamer–Protein Complex

12.6.1.1 Chemical Modification of Aptamers

Since the interaction of aptamer with its protein target is non-covalent, the fold of
the protein and the fold of the aptamer are important in stabilizing the quaternary
structure of aptamer–protein complex.

Due to the synthetic nature of aptamers, a precise chemical modification by
incorporating different functionalities to improve their performance as molecular
probes is feasible. Following is a list of chemical modifications in aptamers that has
been shown to improve and aid in isolation of aptamer–protein complex.

Modification of aptamers with biotin: Aptamers used in biomarker discovery
are modified with a biotin tag, which allows the isolation and enrichment of the
aptamer–protein complex. Typically, aptamer–protein complex is enriched by
incorporating a biotin tag at one of the ends of the aptamer. The biotin modification
of the aptamer is most common due to the availability of streptavidin beads with or
without magnetic properties to separate and enrich the protein–aptamer target prior
to get electrophoresis. Since the cell lysate is a complex mixture with high con-
centration of DNA/RNA binding proteins, enrichment of the aptamer–protein
complex is important to avoid false-positive analysis. Also, the proteins are being
captured in its endogenous levels typically low in abundance, adding a significant
challenge in capturing aptamer–protein complex.

Photocrosslinkable agents: Chemical cross-linking of the aptamer with its
target will enable precisely isolating the complex without disrupting the quaternary
structure. Also, chemical cross-link will avoid loss of target protein due to dis-
ruptions introduced during cell lysis keeping aptamer–protein complex intact.
Moreover, chemical cross-linking modification of the aptamer with photocros-
slinkable phosphoramidites is done without comprising the specificity to covalently
attach the aptamer with its target [42] One way of modifying the structure of the
aptamers is the incorporation of 5-iododeoxyuridine (5-dUI), which allows
the covalent cross-linking of the aptamer–protein complex leading to enhance the
stability of the aptamer–protein complex [42]. Aptamer–protein complex can also
be covalently cross-linked using the cross-linking agent called formaldehyde.
Formaldehyde had been used in variety of biological assays to cross-link proteins
and protein–DNA/RNA complexes [43]. The use of formaldehyde to cross-link
aptamer–protein complex further simplifies the aptamer-based biomarker discovery,
and post-SELEX structural modification of the aptamer could be substantially
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avoided [43] Covalent cross-linking of the aptamer–protein complex also aid in
sustaining harsh washing conditions in extraction, an important step in purification
and enrichment of targeted proteins from a cell lysate sample.

Fig. 12.1 Schematic of the discovery and the validation of biomarkers with aptamers evolved
from cell-SELEX method. Upon generating aptamers by cell-SELEX, individual aptamer
sequences are evaluated for unique binding patterns. Aptamers with unique binding patterns
against cultured cells or clinical samples are then modified with chemical entities that facilitate the
biomarker discovery. Typically, 400–500 million cells are used for incubation of the aptamer, and
after optional chemical cross-linking step, cells are lysed using a lysis buffer. Aptamer bound
membrane is solubilized in an appropriate detergent solution, and aptamer–protein complex is
isolated using magnetic beads containing streptavidin. Isolated complex is released from the beads
and subjected to protein gel electrophoresis followed by visualization of proteins using
commercially available protein staining reagent. Bands corresponding to protein specific for
aptamer sequence are excised and subjected to appropriate proteomic analysis. The post-proteomic
validation with number of methods is used to confirm the target, and upon clinical sample
evaluation, a new biomarker is established
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Disulfide linkers: The cleavable linker such as disulfide linkers can also be
introduced to improve the separation of the complex [42]. Efficient removal of
aptamer–protein complex after washing could be done either by dramatically
changing the pH and heat or appending a readily cleavable disulfide bond between
the aptamer and biotin tag.

Radioactive tracers: Finally, aptamers can be modified with radioactive tracers
either 32P or 3H for the sensitive detection [42].

These modifications have successfully been used to increase the separation
efficiency or detection. Unlike antibodies, which the modification site is preselected
based on the functional side chains of amino acids often leads to disruption of the
stability, one of the advantages of DNA aptamers is that easy modification can be
done to increase the desired features without altering the probe binding ability nor
significantly disrupting the stability.

12.6.1.2 Separation of Aptamer–Protein Complex

Typically, the separation of the aptamer–protein complex following the extraction
from the rest of the cell lysate is done by protein gel electrophoresis followed by
staining of the protein using commercially available protein stain such as coomassie
blue. Also, the aptamer–protein complex could be traced during the isolation or
separation by incorporating radioactive beta particle emitter 32P at the 5′ end of the
aptamer, and aptamer–protein complex could be visualized by gel imaging software
prior to excising the band. Following the gel electrophoresis using a 10 % tris-bis-
PAGE precast gel, aptamer–protein complex is digested in situ and the resulting
peptides are analyzed using mass spectrometry.

12.6.1.3 Criteria for Selection of Target Protein

Upon generation of a list of potential protein hits based on the peptides identified
during MS analysis, usually, probable targets are narrowed down based on the
nature of the protein target itself. The criteria of selection of the protein are as
follows:

1. It is common to observe a significant number of DNA/RNA binding proteins as
potential hits due to nonspecific interaction between aptamer and DNA/RNA
binding proteins. Therefore, most DNA/RNA binding plasma proteins are
eliminated.

2. Elimination of common housekeeping proteins: Transport proteins are com-
monly present in a cell membrane and can lead to false-positive targets.

3. In the observed size of the protein–aptamer band excised in gel electrophoresis,
the protein candidates with significantly higher or lower molecule weights are
eliminated.
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Typically, these criteria narrow the list of protein candidates, that is, 3–4 can-
didates for post-proteomic validation assessments.

12.6.1.4 Post-proteomic Validation of Target

Upon determination of the probable target, post-proteomic validation of the target
protein is done by a number of methods.

Antibody and aptamer screening with target cells: The first step in target
validation is done by comparing the binding patterns of the aptamer and its
respective antibody against cells expressing target of interest. For example,
Shanguuan et al. evaluated the binding patterns of anti-PTK7 antibody and aptamer
Sgc8 in both cultured cells and clinical samples to investigate the similarity of
binding patterns [44] (Fig. 12.2).

Similarly, Mallikaratchy et al. evaluated the anti-IGHM antibody binding and
aptamer TD05 binding with number of cell lines known to express or not known to
express target protein IGHM [42], and Dimitri Van Simaeys et al. used anti-STIP1
antibody and cell lines known to express the target protein [43]. Ara et al. used anti-
troponin antibody against target cells, and Yang et al. used anti-Siglec5 antibody
against target cell lines [45].

Competition assays with the antibody and aptamer: Following the initial
validation, in order to further validate the target, competition assays between the
aptamer and antibody are investigated. If the antibody displaces the aptamer upon
binding to its epitope, then the target is most likely the protein target of antibody
[42, 45].

Validation using biochemical techniques: If the competition is not observed, it
is most likely that the aptamer and the antibody binding to two different sites of the
protein. Therefore, further validation studies biochemical techniques such as
transfection of the protein in a cell line not known to express the target protein [44],
Western blot analysis [46], knockdown of the target protein using siRNA followed
by binding analysis using flow cytometry [43], proximity assays such as Alpha-
Screen assay to investigate how close the aptamer and antibody interacting with
target entity [47] is performed. These types of biochemical techniques and assays
further validate the target in the post-proteomic validation step.

12.7 Examples of Biomarker Discovery

Examples of biomarker discovery were selected based on the post-proteomic val-
idation steps employed in validation of the protein target.
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Fig. 12.2 Post-proteomic validation of biomarker target of aptamer Sgc8 was done by flow
cytometry. A flow cytometric assay conducted with biomarker candidate anti-PTK7 antibody
labeled with PE and Sgc8 labeled with FITC against cultured leukemia cells. a Acute
promyelocytic leukemia, NB-4; b human acute lymphoblastic leukemia (T-cell line), Molt-4;
c human acute T cell leukemia, Jurkat; d human lymphoblastic leukemia (T-cell line), Sup-T1.
FITC-labeled random DNA library (Lib) and IgG-PE were used as negative control. Reprinted
with the permission from Ref. [44] Copyright 2008 American Chemical Society
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12.7.1 Discovery of Expression of PTK7 on T-Cell Acute
Lymphoblastic Leukemia (T-ALL) Cell Line,
and CCRF-CEM

The discovery of expression of PTK7 on CCRF cells is one of the first examples of
aptamers generated using cell-SELEX that could be utilized in discovering bio-
markers expressed on cells used as targets in cell-SELEX. The initial hypothesis of
cell-SELEX was to discover the molecular differences between two cell types [48].
In doing so, the cell-based SELEX was conducted with T-cell acute lymphoblastic
leukemia (T-ALL) cell line, i.e., CCRF-CEM utilizing as a target cell line and as a
negative cell line a non-Hodgkin’s lymphoma cell line, i.e., Ramos cells as a
negative cell line [35]. Following the post-SELEX validation and the screening
studies with selected aptamer candidates against cultured cells and clinical samples,
one particular sequence, Sgc8, showed high affinity and specificity toward a surface
target molecule on T-ALL, acute myeloid leukemia (AML), and B-cell acute
lymphoblastic leukemia (B-ALL) suggesting that Sgc8 might be recognizing a
specific protein unique to T-ALL, AML, and B-ALL [49]. It was also found that
Sgc8 did not bind to normal bone marrow or lymphoma, further confirming that
Sgc8 is specific to leukemia.

Since there is no prior knowledge on the nature of the binding entity of Sgc8,
initial validation of target of Sgc8 was done by a simple trypsin digestion assays. It
was hypothesized that the partial digestion of cell membrane with trypsin to cleave
extracellular proteins would shed light on nature of the binding entity on the
membrane of CCRF-CEM. Loss of binding ability upon treatment of trypsin and
proteinase K revealed that SgC8 does indeed interact with a protease cleavable
binding entity suggesting that aptamer Sgc8 might be binding to a protein. A
truncated version of Sgc8 was designed and synthesized incorporating a biotin
molecule as a capturing moiety to capture Sgc8-target protein.

Proteomic discovery of the target Sgc8 was done by first incubation, lysis, and
resolubilization with PBS containing 5 mM MgCl2 and 1 % Triton X-100 buffer to
solubilize the membrane proteins using a modified version of Sgc8: Biotin-Sgc8c
(Biotin-S-S-S-S-ATCTAACTGCTGCGCCGCCGGGAAAATACTGTACGGTT-
AGA, where S denotes an 18-atom ethylene glycol spacer). The biotin–Sgc8c–
protein complex was separated from the bulk mixture of cell lysate using strepta-
vidin-coated magnetic beads. The magnetically enriched Biotin-Sgc8c-protein
complex was washed to remove nonspecific binders followed by denatured utilizing
heat and subjected to SDS-PAGE. Extra protein bands appeared in the coomassie
stained gel compared to controls were excised from the gel and analyzed by
standard proteomic analysis using LC-MS/MS QSTAR. The MS results revealed
that the target of the aptamer could be one of the proteins among 25 hits, which
included keratins, ribonucleoproteins, DNA binding proteins, and cell membrane
proteins. Justifiably, according to the criteria of protein selection outlined in the
method section, the post-proteomic validation was focused on the protein hits that
are expressed on the cell membrane. This is due to the experimental observations of
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initial validation studies utilizing trypsin/proteinase K suggested that the protein
target of Sgc8 might be an extracellular membrane protein. Based on the score
obtained in MASCOT database, on the correlation between molecular weight of the
band excised from the gel for analysis and due to the fact that PTK-7-5 (an isoform
of protein tyrosine kinase 7) is a membrane protein, post-proteomic validation
experiments were aimed at confirming PTKC-7-5 as the target of Sgc8 aptamer.

Competition experiments with anti-PTK7 antibody and unlabeled Sgc8 showed
no substantial reduction of binding when Sgc8 bound CEM-CCRF cells. However,
binding of fluorescently tagged Sgc8 and anti-PTKC7-5 showed a linear relation-
ship when the binding was analyzed using flow cytometry and loss of linearity
when control antibodies or control sequences were used. This observation sug-
gested that both Sgc8 and anti-PTK7-5 antibody might be binding to the same
protein but two different epitopes. Furthermore, microscopic studies using fluo-
rescently tagged Sgc8 and anti-PTK7-5 antibody showed clear colocalization of the
aptamer and the antibody and loss of co-localization when either a control antibody
or random aptamer sequences were used. Next, further validation experiments using
negative cells used in the initial screening of the aptamer were conducted by
transfecting PTK7-5 gene into Ramos cells, followed by flow cytometric analysis of
binding of anti-PTK7-5 antibody and Sgc8 aptamer. The binding analysis suggested
that both anti-PTK7-5 and Sgc8 aptamer indeed binding to Ramos cells that were
transfected and expressed with PTK7-5 (Fig. 12.3).

Further validation of the target was conducted by investigation of internalization
of PTK7-5 upon binding with anti-PTK7-5 and Sgc8 and further confirmed that
both the antibody and the aptamer show identical colocalization in the endosome
confirming that the target of aptamer Sgc8 was indeed PTK-7-5 [50].

The discovery of over-expression PTK7-5 on CCRF-CEM cells and observed
over-expression of clinical samples have demonstrated that the upregulated mem-
brane proteins could be identified using aptamers generated by cell-SELEX. PTK-
7-5 has been identified as an overly expressed protein in number of tumors but not
an established marker for T-ALL or AML [44]. The exact function of PTK7-5 is not
clear; however, it has been shown that PTK7-5 plays an important role in metastatic
melanoma and other cancers [51]. Finding of PTK7-5 exemplifies that the approach
of cell-SELEX followed by biomarker discovery is feasible and can discover new
marker molecules expressed in cultured cells.

12.7.2 Discovery of Expression of Membrane IgM
in Burkitt’s Lymphoma Cells

Modified version of cell-SELEX without employing negative selection has also
been used to generate aptamers against immortalized cell lines [37]. In particular,
the cell-SELEX carried out against Ramos cells, a Burkitt’s lymphoma cell line,
eliminating the negative selection, resulted multiple sequences against Ramos cells.
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Among the sequences identified, one particular sequence, TD05, showed unique
specificity against the target Ramos cells. Partial digestion of cell membrane using
proteinase K followed by cell binding assays confirmed that the TD05 binds to a
moiety on a membrane receptor [37]. Modified version of TD05 incorporating
5-iododeoxyuridine and biotin and disulfide linkages and 32P, i.e., 5′-ACCGGG
AGGAUAGTUCGGTGGCTGTTCAGGGUCTCCUCCCGGTG-S-S-T-PEG-bio-
tin was employed in aptamer-aided receptor isolation experiments. The detailed
description of probe modifications can be found under methods. Following incu-
bation with target Ramos cells, and the lysis, streptavidin-coated magnetic bead was

Fig. 12.3 Post-proteomic validation assays against PTK7-negative Ramos cells nucleofected with
cDNA of PTK7. a Ramos cells nucleofected with plasma containing cDNA of PTK7: left, stained
with anti-PTK7-PE; right, stained with anti-PTK7-PE and Sgc8-FITC. The elliptical area
represents the cells that expressed PTK7. b Negative control cells stained with anti-PTK7-PE and
Sgc8-FITC: left, Ramos cells without plasmid with nucleofection program; right, Ramos cells with
plasmid without nucleofection program. Reprinted with the permission from Ref. [44], Copyright
2008 American Chemical Society
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used to isolate the aptamer–receptor complex. Finally, the isolated aptamer–
receptor complex was cleaved from the beads and separated from the nonspecific
protein using gel electrophoresis. Here, Mallikaratchy et al. reported the utilization
of ability of 32P labeling of the DNA aptamer, which allowed the sensitive detection
of the complex based on the radioactive emission of the beta particles. Excised gel
was analyzed using mass spectrometry. Based on the molecular weight of the
excised band, and the fact the aptamer should be binding to a membrane target, four
candidates were identified as a potential target of TD05 from the list of proteins
generated based on the analyzed peptide sequences from the MASCOT database.

Out of these candidates, authors focused on post-proteomic validation of IGHM
as the most probable target of TD05. This is due to the fact that IGHM protein is
known to be expressed specifically on B cells [52]. Target validation of IGHM was
done by first comparing the binding of corresponding antibody with number of cells
lines that are known to express and do not express IGHM.

In doing so, studies were carried out investigating the correlation of binding
patterns of anti-IGHM antibody and TD05 aptamers by utilizing a B-cell line
known to express IGHM, a B-cell line that does not express IGHM, and a number
of T-ALL cell lines. Binding analysis of these cell lines revealed that both the
aptamer and the corresponding antibody exhibit similar binding patterns. In par-
ticular, the lack of binding of both aptamer and the antibody with Toledo cells, a
cell line that closely resembles with Burkitt’s lymphoma cells, but does not express
cytoplasmic or membrane immunoglobulins due to absence of chromosomal
translocations of Burkitt’s lymphoma, strongly suggested that IGHM is the protein
target of TD05 (Fig. 12.4).

Second validation study was focused on demonstrating that the anti-IGHM apt-
amer competes with TD05 aptamer. The competition assay was performed based on
the hypothesis that if both TD05 and anti-IGHMbind to a similar epitope, the antibody
against IGHMmight be able to replace the aptamer. Thus, the competition experiment
between anti-IGHM antibody and aptamer TD05 revealed that anti-IGHM antibody
can replace TD05, suggesting that both probes bind to same target entity with different
affinities further confirming the target of TD05 is IGHM (Fig. 12.5).

One unique observation reported was the investigation of aptamer and antibody
binding in response to the protease treatment by trypsin. The IGHM is resistant to
partial trypsin digestion. An investigation of binding of IGHM and TD05 upon
trypsin treatment revealed that both the anti-IGHM antibody and aptamer showed
similar binding upon partial digestion of trypsin. These series of post-proteomic
validation analysis led the authors to conclude that target of TD05 is IGHM protein.

The most important finding reported is that an aptamer generated using cell-
SELEX against Ramos cells, with no prior knowledge of expression levels of IGHM
on Ramos cells, led to discover an aptamer that binds to endogenous levels IGHM on
Burkitt’s lymphoma cells. Since IGHM is one of the major components of B-cell
receptor complex expressed in mature Burkitt’s lymphoma cells, the discovery of
IGHM using TD05 on Ramos cells validates the initial hypothesis of cell-SELEX-
aided biomarker discovery [42]. It has also been known that lymphoma development
is closely related to IGHM expression on premature B lymphocytes [52].
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Furthermore, IGHM is a receptor that has a role in development of Burkitt’s lym-
phoma, and this protein is a marker for Burkitt’s lymphomas [52]. Accordingly,
these findings demonstrate the applicability of the approach of cell-SELEX followed
by the identification of cell membrane receptors that have altered expression levels in
tumor cells as one of the best methods to discover biomarkers. In this example, the
elimination of the counter selection shows that even with no negative selection, it is
feasible to identify upregulated protein candidate in a cell line.

Fig. 12.4 Post-proteomic
validation studies to confirm
the biomarker: Flow
cytometric analysis with anti-
IGHM labeled with Alexa
Fluor 488 binding with
IGHM-negative Toledo cells
and CEM cells and IGHM-
positive Ramos cells,
similarly, binding of FITC-
labeled TD05 against Toledo,
CEM and Ramos cells was
conducted. This research was
originally published in
Molecular and Cellular
Proteomics [42] © the
American Society for
Biochemistry and Molecular
Biology
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12.7.3 Aptamers Recognize Glycosylated Hemagglutinin
Expressed on the Surface of Vaccinia Virus-infected
Cells

Third example of utilizing cell-SELEX technology for biomarker discovery is
aimed at identifying biomarker proteins upon infection of virus on an immortalized
cell line published by Parekh et al. [47]. Cell-SELEX against vaccinia virus-
infected HeLa cells generated aptamer probes targeting specifically against vaccinia
virus (VV)-infected cells. Vaccinia virus has been chosen for this study because it is
an established model to study variola virus, which causes smallpox [53]. The
method known as “infected cell-SELEX” takes the advantage of the modification of
cell surface due to a virus infection to generate aptamer-based molecular probes
against infected cells and to discover proteins expressed on the cell surface upon
infection using the aptamer molecules as capturing agent.

During selection, in order to minimize the loss of DNA due to porosity resulted
in the infected cells in later stages of infection, the infection time was optimized
using VV strain expressing GFP in HeLa cells and concluded that the 15 hour post-
infection as the optimized infection time to be utilized in the “infected cell-SE-
LEX.” Infected cell-SELEX was performed against HeLa cells treated with VV and
uninfected HeLa cells. The counter selection with uninfected HeLa cells was
introduced after the first five rounds of selection. Progress of the selection was
monitored using flow cytometric assays, an enrichment of aptamer candidates
obtained at round 12; however, the selection was continued up to the 20th round.
Aptamer pools from 12th, 14th, and 20th rounds are cloned and sequenced.

To test the specificity of the obtained aptamers against a virus-infected cells,
authors used 3 additional cell lines (CV1, PK15, and RK13) infected with VV and
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Fig. 12.5 Post-proteomic validation analysis by competition between TD05 and anti-IGHM
antibody. After incubation with the antibody, the binding of FITC-labeled TD05 shifts back,
compared to FITC-TD05 binding in absence of Alexa Fluor 448 anti-IGHM antibody. This
research was originally published in molecular and cellular proteomics [42] © the American
Society for Biochemistry and Molecular Biology
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showed that all the aptamers binding to cells infected VV but not with uninfected
cells. This observation suggested that tested aptamers were binding to target mol-
ecule expressed due to virus infection and the expression of this protein is cell
independent.

Following the initial observation, a competition assay was performed among
discovered aptamer sequences in order to determine if the aptamers from different
families binding to the same or different target protein. Competition assays con-
firmed that all four aptamers bind to same protein target and competing among each
other. The screening assays using aptamer PP3 (ATCCAGAGTGACGCAGCA
CGAGCCAGAC ATCTCACACCTGTTGCATATACATTTTGCATGGACACG
GTGGCTTAGT), in particular, against HeLa cells infected with additional ortho-
pox viruses, namely cowpox, vaccinia IHD-j, vaccinia IHD-W and rabbitpox virus,
non-orthopox virus, and myxoma virus as a control revealed that aptamer PP3 binds
to cells infected with all viruses except rabbitpox virus suggesting that the aptamer
PP3 might be interacting with a protein entity unique to specific strain of virus
infection (Fig. 12.6). Analysis of the binding patterns of aptamer PP3 and the
existing literature of families of virus used in the investigation suggested that
aptamer PP3 did not bind to any of the target cells infected with a virus that lacks
the expression of hemagglutinin (HA) protein upon infection, even if they are from
orthopox family, indicating that HA might be the target. A proximity-based assay
known as “AlphaScreen” (amplified luminescent proximity homogenous assay)
was used to investigate the biomolecular interactions of aptamer PP3 and HA which
are binding to a molecule in close proximity, confirming HA as the target of PP3
(Fig. 12.7).

The target epitope of the generated aptamers is identified as a glycosylated
hemagglutinin, which is expressed on virus-infected cells but not on uninfected
cells. This study shows that cell surface alterations during viral infection can be
distinguished with aptamers evolved utilizing cell-SELEX, and novel biomarkers
could be discovered using identified aptamers. Since HA is known to be heavily
glycosylated, and glycosylation is important for its activity [54], further investi-
gations were carried out to determine whether the glycosylation pattern is important
for aptamer binding. The infected cells are incubated with aptamer PP3 in the
presence of glycosylation inhibitors subsequently evaluating the binding of apta-
mers using flow cytometry. Authors observed a decreased fluorescence signal upon
treatment of glycosylation inhibitors, demonstrating that the glycosylation of HA is
important in aptamer recognition of HA on infected cells.

Finding of expression of HA using an aptamer discovered using infected cell-
SELEX technology demonstrates that the aptamers could be utilized to identify the
differential expression of target cell surface proteins due to a viral infection. Once
the target is identified, it can be used as a biomarker for that type of infection. The
findings also showed that different virus strains could show the same result pro-
vided that they express same viral protein.

12 Discovery of Biomarkers Using Aptamers Evolved in Cell-SELEX Method 283



25
6

0

100 101 102 103 104 100 101 102 103 104

Lib

FITC fluorescence

E
ve

nt
s

PP3

12
8

0

Lib

FITC fluorescence

E
ve

nt
s

PP3

(a) (b)

100 101 102 103 104

12
8

0

Lib

FITC fluorescence

E
ve

nt
s

PP3

(c)

100 101 102 103 104

12
8

0
Lib

FITC fluorescence

E
ve

nt
s

PP3

(d)

100 101 102 103 104

25
6

0

Lib

FITC fluorescence

E
ve

nt
s

PP3

(e)

100 101 102 103 104

25
6

0

Lib

FITC fluorescence

E
ve

nt
s

PP3

(f)

Fig. 12.6 Aptamer PP3 binds HeLa cells infected with different viruses. HeLa cells infected with
hemagglutinin (HA)-expressing strains such as a VV WR, b VV IHDJ, d cowpox virus. Non-HA
expressing strains c VV IHDW; e rabbitpox virus; and f myxoma, a leporipoxvirus. Reprinted with
the permission from Ref. [47] Copyright 2010 American Chemical Society
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12.7.4 Identification of Cell Membrane Protein
Stress-Induced Phosphoprotein 1 (STIP1)
as a Potential Ovarian Cancer Biomarker Using
Aptamers Selected by Cell-SELEX

Fourth example of the discovery of biomarker using aptamers generated by cell-
SELEX reported by van Simaeys et al. [43] using an aptamer TOV6 selected
against ovarian cancer cell line TOV-21G [55]. Initial screening assays of aptamer
TOV6 (5′-ATCCAGAGTGACGCAGCACGGCACTCACTCTTTGTTAAGTGGT
CTGCTTC TTAACCTTCATCGACACGGTGG CTTA-3′) revealed that it is
binding to TOV-21G which is an ovarian adenocarcinoma cell line but not with
cervical cancer cell line HeLa or ovarian serous adenocarcinoma CAOV3 [55].

In order to identify the protein target of aptamer TOV6, the authors used a novel
cross-linking strategy by using formaldehyde to induce cross-linking between DNA
aptamer and the target protein. Upon cross-linking of aptamer to its target, the
extraction of the membrane protein–aptamer complex from the cell lysate was done
using streptavidin-coated magnetic beads and the identification of target was done
by mass spectrometry (MS). Based on the MS analysis, post-proteomic target
validation aimed at STIP1 as the target, which is a part of the cell peripheral
complex with heat-shock protein 90 [56]. HSP 90 activates metalloproteases, and
an HSP 90 complex is an important marker suggesting that discovery of STIP1

Fig. 12.7 Post-proteomic validation assays using a proximity base assay AlphaScreen™
confirming Hemagglutinin (HA) as the target of PP3. a CV 1 cell lysates infected with VV T7
and over-expressing myc-His-tagged proteins GFP (control), SPI-3, HA, and B5 were probed
using biotinylated aptamer PP3 and a control DNA library. The control DNA library did not show
a signal for any sample. b AlphaScreen™ with cell lysates from BSR T7 cells, which express T7
RNA polymerase infected with RPV at moi = 5.0, transfected with plasmids to overexpress myc-
His-tagged VV HA and SPI-3. RPV-infected only cells and SPI-3 samples show a nonspecific
background signal with aptamer PP3 and DNA library. Reprinted with the permission from Ref.
[47] Copyright 2010 American Chemical Society
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further confirms the feasibility of detecting biomarkers using aptamers evolved
from cell-SELEX.

In order to confirm the target STIPI, a number of post-proteomic validation
experiments were conducted: First, a siRNA silencing of STIP1 in TOV-21G cells
and screening of the aptamer and STIP1 antibody against TOV-21G cell lines were
conducted. Silencing of STIP1 using siRNA revealed that STIP1 indeed is the
target of TOV6 aptamer (Fig. 12.8). In parallel, a positive control analysis was
conducted by evaluating the binding of ant-STIP1 antibody on TOV-21G cells used
in silencing experiments. Anti-STIP1 did not recognized cells due to lack of STIP1
expression as a result of silencing experiments suggesting that both TOV6 antibody
and anti-STIP1 antibody show similar binding patterns (Fig. 12.9).

Further validation studies were performed using an aptamer blot on rhSTIP1 and
showed that aptamer clearly recognized the recombinant protein but not control

Fig. 12.8 a Post-proteomic validation of STIP1 as the target of aptamer TOV6 on TOV-21G cells
by silencing of STIP1 in TOV-21G cells followed by flow cytometric analysis. The cells were
tested for TOV6 binding after 72 h of siRNA treatment. b Absence of PTK7 silencing with STIP1
siRNA treatment in TOV-21G cells. The cells were tested for Sgc8 binding after 72 h of siRNA
treatment. c Silencing of STIP1 in A172 cells. The cells were tested for TOV6 binding after 72 h of
siRNA treatment. d Absence of PTK7 silencing with STIP1 siRNA treatment in A172 cells. The
cells were tested for Sgc8 binding after 72 h of siRNA treatment. Red A172 cells incubated with
Streptavidin-Alexa 488 only; Green Library-incubated cells; Black Scrambled siRNA-treated
cells; Dark blue STIP1 siRNA 5; Orange STIP1 siRNA 6; Light blue STIP1 siRNA 10; Magenta
STIP1 siRNA 11. Reproduced from Ref. [43]
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BSA. Finally, post-proteomic validation screening with different ovarian cancer cell
lines against TOV6 showed that the aptamer was able to bind all the cell lines that
express STIP1, including serous-type ovarian adenocarcinoma cell lines (SKOV3
and OVCAR3).

STIP1 (stress-induced phosphoprotein 1) that is also named as Hop (Hsp70/
Hsp90 organizing protein) mediates the association of Hsp70 and Hsp90 heat-shock
proteins and forms a molecular chaperone complex [56]. STIP1 is shown to have a
role in cell invasion in pancreatic cancer since inhibition of STIP1 decreased
invasion by downregulating matrix metalloproteinases-2 (MMP-2), an enzyme that
is important for metastasis [56]. The invasiveness of TOV-21G cells has been tested
in this report by using STIP1 silencing, and results showed that STIP1 silencing
decreased the invasion ability [43]. To investigate the ability of aptamer TOV on
cell invasiveness by blocking Hsp90-STIP1 interaction, a cell invasion assay was
conducted and showed a reduction in invasion ability similar to that observed upon
STIP1 silencing, suggesting that binding of the aptamer inhibits biological function
of STIP1.

In an independent study, STIP1 is identified as a potential serum biomarker for
ovarian cancer, by serum proteomics analysis [57]. The discovery of STIP1 using
aptamer TOV6 generated utilizing cell-SELEX shows that cell-SELEX method is a
feasible technique for biomarker discovery. This report also introduces novel
crosslinking agent to crosslink aptamer-protein complexes utilizing formaldehyde
as a crosslinking agent. Use of formaldehyde as a crosslinking agent further sim-
plifies the aptamer aided biomarker discovery. Since the targets of the aptamers
generated by cell-SELEX are normally membrane proteins, the aptamer TOV6 has
inhibitory effects on cell invasiveness upon binding to its target and might be a
potential drug candidate against ovarian cancer.

12.7.5 Identification and Expression of Troponin T,
a New Marker on the Surface of the Cultured Tumor
Endothelial Cells

Fifth example shows that aptamer-mediated identification of troponin T marker on
the cultured tumor endothelial cells using aptamer AraHH001 (5-CGTAGAATT
CATGAGGACGTTACGTACCGACTTCGTATGCCAACAGCCCTTTATCCAC
CTCAGCTAAGCTTACCAGTGCGAT) discovered using cell-SELEX [46]. The
cell-SELEX approach was employed against primary cultured tumor endothelial
cells (mTECs). Due to the fact that a single tumor endothelial cell can support many
tumor cells, tumor endothelial cells from all tumor types are very similar, and also,
tumor blood vessels have been shown to differ from their normal counterparts due
to leakiness, uneven thickness, and the target cell line mTEC was chosen to dis-
cover novel molecules using aptamers discovered using cell-SELEX against mTEC
[58]. A 12-round cell-SELEX selection was performed against mTECs to obtain
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high-affinity aptamer AraHH01. The aptamer AraHH01 has shown to bind selec-
tively to mTECs, it also showed the similar binding affinity against cultured human
tumor endothelial cells [58] (Fig. 12.10). In addition, this aptamer has shown to be
internalized into the tumor endothelial cells and aptamer–PEG–liposomes nano-
particles enhanced the uptake into mTECs in vitro as well as in vivo [59].

Due to observed binding with human tumor endothelial cells and uptake, the
molecular target of the aptamer AraHH01 investigated in a subsequent study [46].

To isolate the molecular target of AraHH01, typical aptamer–protein techniques
were followed. The desired protein band following gel electrophoresis was excised
and analyzed by the peptide mass fingerprinting (PMF). The PMF analysis showed
that the target of aptamer AraHH001 as slow skeletal muscle troponin T (TNNT1)
exhibited similarity to cardiac troponin T. There are no reports of TNNT1 surface
expression on primary cultured tumor endothelial cells to date. The post-proteomic
validation experiments for validating the target was first done by a flow cytometry
binding assay and confirmed that the surface expression of troponin T using FITC-
conjugated anti-troponin T cardiac antibody on mTECs and skin-ECs. Troponin T
was expressed on mTECs, but not on skin-ECs (control normal endothelial cells)
(Fig. 12.11). In addition, binding of FITC-tagged anti-troponin T monoclonal
antibody using cells partial digested by the protease enzyme trypsin was evaluated
by flow cytometry. Flow cytometric analysis showed that anti-troponin T antibody
looses its binding ability when the cells are treated with trypsin compared to
untreated cells suggesting that the mTECs express troponin T protein. Second
validation study was aimed at a quantitative RT-PCR to measure troponin T mRNA

Fig. 12.9 Effect of STIP1 silencing on STIP1 antibody binding. Red TOV-21G cells incubated
with Streptavidin PE-Cy5.5 only; Green Biotinylated IgG Streptavidin PE-Cy5.5; Black
Biotinylated M33 antibody on scrambled siRNA-treated cells; Blue Biotinylated M33 antibody
on STIP1 siRNA 5. Reproduced from Ref. [43]
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level on mTECs and skin-ECs normalized to GADPH. The total relative troponin T
mRNA levels on mTECs were found higher than normal endothelial cells, skin-
ECs. These high expression levels of mRNA encoding troponin T in mTECs
suggested that the molecular target of AraHH001 might be troponin T (Fig. 12.11).
Third validation was done with electrophoretic mobility shift (EMSA) analysis,
using a fixed concentration of Cy5-tagged aptamer AraHH001 with series con-
centration of recombinant troponin T and analyzed binding using EMSA. A sub-
stantial shift of aptamer–protein binding was detected under Luminescent image
analyzer, indicating that aptamer AraHH001 binds to purified troponin T. The
binding results for a gel shift assay of the aptamer with cardiac troponin T also
provided strong evidence that troponin T is the molecular target of ARAHH001
(Fig. 12.11).

Finally, Western blot (WB) experiment was done, using mTECs cellular lysates
containing protein sample was separated by SDS-PAGE and transferring to nitro-
cellulose membrane. The membrane was stained with primary anti-troponin T
monoclonal antibody. A recombinant cardiac troponin T was used as a positive
control. Western blot experiment also recognized troponin T near 60 kDa as a
dimer, which was identical in size of the protein band observed in gel

Fig. 12.10 Aptamer araHH01 binding with a series of cells and cell lines by a flow cytometric
assay. a Normal skin-ECs, b OS-RC-2, c RFP-SM, d HUVEC, e HMVEC, f m OS-RC-EC, and
g hTEC. In all cases, the results show non-treated, treated with 200 pmol FITC-labeled zero cycle
ssDNA pools, treated with 200 pmol and 1,000 pmol FITC-labeled DNA aptamer AraHH001.
Reproduced from Ref. [58]
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electrophoresis during biomarker discovery confirming that troponin T is the pro-
tein target of AraHH001 (Fig. 12.12).

Further validation studies were performed with immune-staining experiments
using clinical patient samples obtained from excised renal cell carcinoma tissues of
3 patients at the Hokkaido University Hospital, Japan. Human sections were dou-
ble-stained with Alexa Fluor 647-anti-human CD31 antibody and FITC-conjugated
mouse anti-cardiac troponin T antibody to assess troponin T colocalization in
hTECs. Expression of troponin T in hTEC was observed based on confocal laser
scanning microscopic imaging analysis suggesting that troponin T might be novel
biomarker for tumor endothelial cells.

Biologically, troponin is a complex of 3 units of troponin I, C, and T along with
tropomyosin and is located on actin filaments, which are essential for the calcium-
mediated regulation of skeletal and cardiac muscle contraction [60]. Generally,
troponin T is well recognized as a cardiac marker for cardiac injury [8]. The
discovery of troponin T expressed on mTECs and the molecular target of aptamer
AraHH001 clearly demonstrate the ability of cell-SELX-generated aptamers to
discover novel biomarkers that was not known expressed before. Although the
exact reason and the mechanistic role of troponin T on mTECs is unknown, novelty
demonstrated in this study is that the discovery of a biomarker was not known to
express in tumor endothelial cells.

Fig. 12.10 (continued)
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12.7.6 Developing Aptamer Probes for Acute Myelogenous
Leukemia Detection and Surface Protein Biomarker
Discovery

Yang et al. recently discovered a panel aptamers against NB4 cell, acute myelog-
enous (AML) cell line {45}. A significant improvement of this work is that the
authors designed a pipeline approach for biomarker discovery including cell-based
SELEX technique to select high-affinity aptamer pools against live leukemia cells
and to test selected aptamers by phenotyping normal human bone marrow cells or
clinical specimens followed by to identify target proteins on the leukemia cell
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Fig. 12.11 Post-proteomic validation assays to confirm aptamer AraHH001 target protein
troponin T. a Troponin T expressed on mTECs. flow cytometric assay of a FITC-conjugated
cardiac troponin T (cTnT) antibody with mTECs and skin-ECs. The blue and red curves represent
non-treated and treated mTECs with a FITC-conjugated cTnT antibody. The green and red curves
represent non-treated and treated skin-ECs with the FITC-conjugated cTnT antibody. b Relative
expression of troponin T mRNA level in mTECs and skin-ECs. RT-PCR analyses of the relative
expression of troponin T in mTECs as well as in skin-ECs, compared with standard GAPDH.
c Electrophoretic mobility shift assay (EMSA) of an AraHH001 aptamer with its target protein
troponin T. EMSA result represents the binding of 10 nmol/L AraHH001 with 0, 5.33, 16, 80, 400,
and 2,000 nmol/L cTnT. Reproduced from Ref. [46]
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surfaces using aptamer-based proteomic approach. Aptamer selection was per-
formed against NB-4 cells using cell-SLEX method, and after 8–20 rounds of
selection, high-affinity aptamers were identified. Authors focused on three apta-
mers, namely JH6, JH19, and K19 and evaluated their ability to recognize different
types of leukocytes from human bone marrow specimens. All three aptamers
showed binding with mature and immature granulocytes and monocytes but not
with lymphocytes suggesting that three aptamers recognize myeloid-specific sur-
face markers. Out of the three aptamer K19 (showed higher binding with granu-
locytes, monocytes, and cultured NB4 cells and due to the unique binding pattern of
K19), the identification of the molecular target was done. First, a biotin-labeled
aptamer K19 designed and synthesized and was incubated with cultured NB4 cells.
Aptamer–protein complex was captured using streptavidin-coated magnetic beads,
separated by SDS-PAGE, and finally stained with commercially available protein
staining agent silver stain. The band corresponding to aptamer–protein complex
was excised for trypsin digestion, subsequently analyzed by mass spectrometry.
The target of K19 was identified as Siglec-5, sialic acid-binding Ig-like lectin

Fig. 12.12 Post-proteomic
validation of target using
Western blot analysis from
mTECs cellular extracts
contains membrane proteins.
In WB analysis, cardiac TnT
in first lane recognized by
anti-cardiac troponin T
(cTnT) antibody. In the
second and third lane, non-
recognized prestained protein
marker and recognized
troponin T from mTECs
cellular lysates by anti-cTnT
antibody. Reproduced from
Ref. [46]
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protein. Post-proteomic validation was done to confirm the target protein of aptamer
K19. In doing so, a competition assay with fluorescein-conjugated anti-human anti-
Siglec 5 antibody was performed against aptamer K19 using NB4 and observed that
the aptamer K19 and Siglec 5 antibody can compete against each other on the
cultured NB4 cells. Thus, authors confirmed that the aptamer k19 recognizes the
target protein Siglec-5 and that the binding sites of aptamer K19 and antibody on
Siglec-5 might be in close proximity (Fig. 12.13).

The expression of Siglec-5 on granulocytes was reported [61]. However, their
expression during granulocytic or monocytic maturation was not well characterized
[61]. In order to further investigate the target protein, in particular to determine the
binding site of Siglec-5 varies with respect to maturation levels of granulocytes, a
series of analysis was done against three subsets of granulocytes, i.e., early,
intermediate, and mature. An increase in binding of K19 was observed with
increasing maturity of granulocytes suggesting that Siglec-5 upregulated in mature

Fig. 12.13 Post-proteomic validation assays to confirm the target protein of aptamer K19 by
competition assays of aptamer K19 and anti-Siglec-5 antibody. For blocking aptamer binding with
antibodies, NB4 cells were preincubated with anti-Siglec-5 or isotype control antibodies before
binding to biotin-labeled aptamers K19 (a) or E10 (b). The fluorescence intensities of bound
aptamers were determined by flow cytometry. Similar approaches were employed with aptamers
K19 (c) or E10 (d) used to block binding of the FITC-anti-Siglec-5 antibody on NB4 cells. The
FITC-isotype control (IgG1) was used as a negative control for specific antibody binding.
Reproduced from Ref. [45]
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granulocytes. This report successfully exemplifies the use of cell-SELEX against
cultured cells followed by proteomic identification which could successfully be
used in molecular recognition in primary cells.

12.8 Challenges and Future Work

There are two important parameters of aptamer binding to it targets is that it is
specific three-dimensional fold of the aptamer and three-dimensional fold of the
protein and its posttranslational modifications. Therefore, when using whole cells as
the target, measures are needed to be taken to avoid introducing differential protein
expression patterns due to bias of the cell culture techniques employed. Because
such bias with cell culture technique can lead to changes of protein folding, changes
of posttranslational modifications and changes in expression levels of certain pro-
teins. Since aptamer recognition is very specific, and aptamers are able to recognize
the subtle differences of molecular expression patterns, the maintenance of cell lines
with meticulous care is necessary to discover novel marker molecules with clinical
relevance. For example, a presence of dead cells in the sample has been an issue
with cell-SELEX and new method based on cell-SELEX called FACS-cell-SELEX
was introduced to avoid interference from dead cells in culture [62]. Another
challenge of aptamer-based biomarker discovery is low signal of the fluorescence
tag of the aptamer itself. Due to high heterogeneity of clinical samples, the clinical
samples might not express the same protein in question in the levels compared to
that of cultured samples. Failure to identify low levels of proteins can lead to false-
negative validation results of the biomarker. Methods were introduced and
enhanced the signal of an aptamer by incorporating dye-coated silica particles [63].
However, use of particles especially with complex clinical sample can further
complicate the process. Therefore, measures needed are taken to design better
fluorophores or nanoparticles with enhanced signaling capability to be used against
clinical samples. Also, overgrown cells in culture tend to express protein may not
necessarily over-expressed in a clinical samples leading to false-positive aptamers.
Also, improper techniques of cell culture from the type of plasticware used to how
the media is prepared and composition of the cell media, and quality of the incu-
bator could introduce posttranslational modification that might not be present in the
same type of disease obtained from primary clinical samples. Maintenance of the
three-dimensional structure of the aptamer is important by carefully balancing salt
composition. However, during the selection, cells in culture with same salt com-
position may implicate the folding of proteins. Therefore, these compositions
needed to be maintained in exact amounts when clinical samples are screened
during biomarker validation step.

One way of avoiding the bias introduced during cell culture procedure is to use
clinical samples of the same type of disease during cell-SELEX process. However,
it is commonly known that the accessibility to clinical samples from academic
laboratories is nearly impossible and requires an extensive amount of regulatory
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procedures. Limited access to clinical samples for both during the validation phase
and selection phase has a significant impact on aptamer-based biomarker discovery.
Discovery of biomarkers using aptamers evolved using cell-SELEX method has
shown significant success. So far, number of reports already shown that it is pos-
sible to discover biomarkers using this method. However, in order to expand the
biomarker discovery using cell-SELEX, a systematic approach of cell-SELEX first
with cultured cells and clinical specimens would be more ideal to avoid bias
introduced during cell culture in protein expression levels. The success of aptamer-
based biomarker discovery will be most likely determined by investigations led by
cross-disciplinary collaborative teams consisting of clinicians and aptamer
researchers with basic science research capabilities. These types of cross-disci-
plinary teams will be able to merge technical expertise to propose systematic
approaches to address current issues of biomarker discovery.
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Chapter 13
Cell-Specific Aptamers for Targeted
Therapy

Yue He, Andrea del Valle and Yu-Fen Huang

Abstract Aptamers provide several advantages such as efficient and widely
applicable selection technology, reproducible chemical synthesis and modification,
generally impressive target binding selectivity and affinity, as well as relatively
rapid tissue penetration and low immunogenicity, making them as emerging probes
that rivals antibodies in biomedical applications. Recent studies showed that the
development of aptamer–drug conjugates and aptamer-conjugated nanoparticles
(e.g., gold and magnetic nanoparticles) offers new theranostic opportunities for
cancer treatment with better efficacy and lower side effects than traditional che-
motherapeutic methods. In this chapter, we discuss the current progress in aptamer-
mediated targeted delivery for chemotherapy, phototherapy (e.g., photodynamic
therapy and photothermal therapy), and combinational therapy. Conjugation strat-
egies operative through a variety of chemical reactions or physical interactions are
also highlighted.

Keywords Aptamer � Aptamer–drug conjugates � Gold nanoparticles � Magnetic
nanoparticles � Targeted cancer therapy

13.1 Introduction

Cancer is a complex disease involving numerous tempo-spatial changes in cell
physiology. Six biological capabilities, which can be described as sustaining pro-
liferative signaling, evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, and activating invasion and
metastasis, are considered essential progressions during the development of
malignant tumors [1, 2]. Although the origin of cancer is far from settled, unspecific
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factors, including radiation, chemicals, viruses, inflammation, and carcinogens, can
initiate the disease [3]. The processes underlying the transformation of normal cells
to cancerous cells have been the focus of intense research efforts [4–6]. Unfortu-
nately, despite decades of basic and clinical studies and a multitude of trials of
promising therapeutic strategies, cancer remains a major cause of morbidity and
mortality, as well as the top public health problem worldwide [7]. As of 2014,
cancer has been reported to be the second major cause of mortality in the USA with
1,665,540 new cases and 585,720 deaths [8]. A skyrocketing level of investment
has been devoted to the battle against cancer, which has become one of the top
priorities for biotechnological research and pharmaceutical innovation worldwide.

Cancer treatments commonly employed by clinicians include surgery, radio-
therapy, and chemotherapy. The choice of therapy depends upon the type of cancer,
its location, and its state of advancement [9]. Optimal tumor control sometimes
requires a combination of different modalities. For patients with systemic cancers,
such as leukemia or lymphoma, or advanced cancers with a high risk of spreading,
chemotherapy is considered the most effective anticancer treatment [10]. The drugs
adopted in chemotherapeutics are toxic compounds designed to target and disrupt
actively dividing cancerous cells. Many of these drugs interfere with the synthesis
of precursor molecules needed for DNA replication. These agents include anti-
folates (e.g., methotrexate), pyrimidines such as 5-fluorouracil, and purines such as
6-mercaptopurine and 6-thioguanine, which can damage cells during the S phase of
the cell cycle. Other drugs, such as nitrogen mustards and platinum compounds
belonging to a class of alkylating agents, can cause extensive DNA damage and
therefore prevent the cancerous cells from reproducing. Several other categories of
medications including anti-tumor antibiotics (e.g., anthracyclines) and mitotic
inhibitors, such as taxanes and topoisomerase inhibitors, are currently available for
cancer treatment via various mechanisms of action [11].

Although the aim of traditional chemotherapy regimens is to target rapidly
dividing cancerous cells, cytotoxic medicines also affect certain normal cells (e.g.,
hair, gastrointestinal epithelium, and bone marrow), which ultimately leads to
adverse side effects including alopecia, gastrointestinal symptoms, and myelosup-
pression. Targeted therapy has therefore become the focus for the development of
modern medications [12]. Among the new anticancer drugs approved by the US
Food and Drug Administration (FDA) since 2000, fifteen have been targeted
therapies, while only five have been traditional chemotherapeutic agents [13].
Targeted therapy nowadays includes two major classifications comprised of
monoclonal antibodies and small-molecule inhibitors [14]. In spite of their distinct
mechanisms of action and toxicities targeted, the distinctive function of these
therapeutic agents is to block the proliferation of cancer cells by interfering with
specific molecules (molecular targets) that are involved in tumor development and
growth. Targeted therapy is currently a component of treatment modality for var-
ious types of cancer, including breast, colorectal, lung, and pancreatic cancers, as
well as lymphoma, leukemia, and multiple myeloma [13]. The concept of tailored
cancer treatment has been further expanded to individual patients, which has paved
the way to a new era of personalized medicine [15].
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A particularly successful event in the targeted therapy revolution has been the
discovery and development of monoclonal antibodies directed against molecules
that are either unique to, over expressed in, or mutated in cancer cells. A broad
array of targets, such as epidermal growth factor receptor (EGFR), vascular
endothelial growth factor (VEGF), and human epidermal growth factor receptor 2
(HER2/neu), have garnered attention as potential molecular signatures associated
with malignant tumor progression. Bevacizumab (Avastin) and trastuzumab (Her-
ceptin) are representative candidates approved by the FDA for antibody-based
therapeutics applicable to solid tumors [16]. Monoclonal antibodies can be used
either alone or conjugated with radioactive isotopes or other toxic agents for tar-
geted delivery. Once the antibody binds to a specific tumor antigen expressed on a
carcinoma, toxins are delivered to the tumor site without damaging nearby healthy
tissue. Numerous preclinical efficacy studies have demonstrated that antibody–drug
conjugates (ADCs) present a beneficial combination of selectivity and potency to
reduce the risk of systemic toxicity. Recent advances in conjugation technology
have also greatly improved the therapeutic effectiveness of ADCs for carcinoma
patients. So far, the FDA has approved four ADCs for market, and more ADCs are
currently being evaluated in clinical trials [17–19].

In addition to antibodies, aptamers comprise another class of molecular probes
for selective disease tissue recognition in targeted therapy. Aptamers are single-
stranded oligonucleotides that fold into unique three-dimensional structures [20].
Through structural recognition, these probe elements demonstrate a particularly
high binding affinity for their targets, which include small organic molecules,
proteins, and live cancer cells [21–23]. Aptamers applicable to a specific target can
be identified using the systematic evolution of ligands by exponential enrichment
(SELEX) process. In this process, aptamers are selected from a random library of
DNA or RNA and, via multiple selection cycles, are enriched by repetitive binding
to their target molecules. Presently, several kinds of aptamers have been developed
for cancer-related proteins, such as VEGF, platelet-derived growth factor (PDGF),
human epidermal growth factor receptor 3 (HER3), nuclear factor kB (NF-kB), and
prostate-specific membrane antigen (PMSA) [24]. Aptamer selection appropriate
for complex targets, in particular, for entire cells, has also been successfully
demonstrated using a cell-based SELEX technology [25]. Recent reports indicate
that panels of new aptamer probes have been generated for various types of cancer
cells, such as lymphocytic leukemia, myeloid leukemia, liver cancer, and colon
cancer, as well as small cell and non-small cell lung cancer. These aptamers exhibit
high specificity and binding affinity (Kd values in the nanomolar to picomolar
ranges) for the targeted cells, thus increasingly arising as an alternative to con-
ventional antibody treatment [26].

As an emerging probe that rivals antibodies in both therapeutics and diagnostics,
synthetic aptamers possess a number of beneficial properties over those of natural
antibodies. Aptamers are easy to synthesize and manipulate with high reproduc-
ibility at low cost. Their inherent stability makes them suitable for long-term storage
and allows for reversible denaturation. Additional advantages, such as biocom-
patibility, lack of toxicity and unwanted immunogenicity, and rapid tissue
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penetration, also make aptamers ideal candidates for applications in molecular
medicine [23]. Similar to antibodies, certain aptamers themselves have been
exploited as macromolecular drugs [24, 27]. For instance, pegaptanib (Macugen,
Pfizer) was the first therapeutic aptamer approved by the FDA in 2004 for anti-
VEGF treatment of neovascular age-related macular degeneration. Another exam-
ple is AS1411, a well-known aptamer that recognizes nucleolin, a BCL-2 mRNA-
binding protein involved in cell proliferation. Once bound, the AS1411 aptamer can
be internalized by the target cell, and then interferes with intracellular pathways.
AS1411 is currently in phase II clinical trials for the potential treatment of a broad
range of cancers including acute myelogenous leukemia (AML) [28].

In addition to the therapeutic modulation of protein activities implicated in
pathological conditions, aptamers that can differentiate ex vivo and in vivo tumor
cells from healthy cells also enable selective delivery of therapeutic cargos (e.g.,
siRNA, chemotherapeutics, or toxins) in targeted cancer therapy. Considerable
effort has also been applied for developing a variety of aptamer-mediated delivery
vesicles [29–32]. With the increasing enthusiasm for nanotechnology, nanoparticle-
based drug delivery systems have received extensive attention among researchers
over the past decades [33–36]. Nanoparticles, owing to their small size, particularly
from 10 to 200 nm, can extravasate across the leaky endothelium barrier and
become concentrated preferentially in tumors and inflamed tissues by virtue of the
enhanced permeability and retention (EPR) effect of the vasculature [37–39]. The
drug of interest is typically entrapped, encapsulated, adsorbed, or attached in or
onto the nanocarrier to reduce drug leakage, to protect the drug against enzymatic
degradation, and, ultimately, to improve their bioavailability for systemic delivery.
Moreover, the physicochemical characteristics, including the drug release profile
and pharmacokinetic and pharmacodynamic behaviors of the delivery vesicles, can
also be tailor-made with respect to their materials and surface chemistry. To date,
various inorganic nanoparticles, such as gold nanoparticles [40], iron oxide nano-
particles [41], carbon nanotubes [42], and mesoporous silica nanoparticles [43], as
well as organic nanoparticles, including liposomes [44], micelles [45], and poly-
mers [46], have been developed as effective delivery platforms. Although the
approach based on EPR effects, called passive targeting, can enhance drug accu-
mulation in a tumor area, the approach does suffer from certain limitations such as
the limited control of the process owing to the random diffusion of drugs inside
tumor tissue. In addition, this strategy is further restricted because certain tumors do
not exhibit EPR effects, and the permeability of vessels may not be equivalent
throughout a single tumor [47, 48]. To overcome these limitations, active and
tumor-specific targeting of nanomaterials has begun to develop into a potentially
powerful technology in cancer treatment. In combination with cell-specific apta-
mers, nanovesicles could be directionally transported to tumor sites, leading to an
increased accumulation of therapeutic agents to specific cells or tissues while
minimizing harmful toxicity to non-targeted cells. In addition, the ability of some
aptamers to be internalized into cells also allows for an efficient intracellular
delivery of nanocarriers as well as for selective drug accumulation at target sites.
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In this chapter, we summarize recent advances in the use of cell-specific apta-
mers as recognition moieties for targeted cancer therapy. Promising strategies for
targeted delivery using aptamer-based conjugates can be divided into two major
categories: (1) aptamer-tethered therapeutic agents and (2) aptamer-functionalized
nanoparticles including gold nanoparticles and magnetic nanoparticles. Current
progress in aptamer-mediated targeted delivery for chemotherapy, phototherapy,
and combined therapy is highlighted. Conjugation strategies operative through a
variety of chemical reactions or physical interactions will also be discussed.
Importantly, aptamer-based conjugates have demonstrated high efficacy and low
side effects for cancer treatment in targeted therapy, making them promising can-
didates for advanced applications in future cancer therapy.

13.2 Aptamer-Conjugated Chemotherapeutic Drugs
for Specific Cancer Cell Therapy

13.2.1 Aptamer–Drug Conjugates in Targeted Chemotherapy

The lack of specificity of traditional chemotherapeutic agents for tumor cells often
results in adverse and even life-threatening effects for patients [49]. To overcome
this drawback, new therapeutic approaches based on aptamer-mediated specific
drug delivery have been explored [50]. Aptamers have been designed as targeting
moieties and, when linked with anticancer drugs, have enabled the selective
delivery of therapeutic compounds to diseased sites. The chemical stability and ease
of manipulation of oligonucleotides also provides tremendous opportunities for
scientists to design various aptamer linkage strategies [30]. Some of the represen-
tative aptamer–drug conjugates in which aptamer is directly conjugated to drug
molecules via either a chemical cross-linker or physical intercalation will be
described in the section below. These studies have revealed the numerous advan-
tages offered by aptamer technology, which is poised to play an important role in
the targeted delivery of therapeutics.

13.2.1.1 Covalent Conjugation of Aptamers to Chemotherapeutic
Agents via Chemical Linkages

Site-specific modifications of aptamers with different functional groups, such as
thiol, amino, or azide, can be readily synthesized using a solid-phase method. These
modifications enable further derivatization of aptamers to various drug compounds
through stable chemical bonds. Huang et al. [29] succeeded for the first time in the
covalent attachment of the DNA aptamer sgc8c to the anti-tumor drug doxorubicin
(Dox) through a hydrazone linkage (Fig. 13.1). The aptamer sgc8c, which was
selected for human T-cell acute lymphoblastic leukemia (T-ALL), CCRF-CEM cell
lines, binds to its target, protein tyrosine kinase 7 (PTK7), with a high binding
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Fig. 13.1 Sgc8c–Dox conjugates for targeted drug delivery. a Schematic diagrams depicting the
covalent conjugationbetweenaptamers sgc8c andchemotherapeutic agentsDoxvia acid-labile linkages.
b Distribution of sgc8c–Dox conjugates inside CCRF-CEM cells after incubation with cells for
(a) 30 min, (b) 1 h, and (c) 2 h, respectively. From left to right, the fluorescence confocal images were
monitored for sgc8c–Dox, transferrin–alexa633, overlay of these two channels, and brightfield channel,
respectively. c Flow cytometry assay for the binding of biotin-labeled TDO5 and sgc8c with three
different cell lines: CCRF-CEM, NB-4, and Ramos cells. Cells (105/mL) were incubated with biotin-
labeled TDO5 and sgc8c at 37 °C for 20 min in 100 μL culture medium without FBS. After washing
twice, cells were mixed with streptavidin-(R-phycoerythrin) (20 min on ice), and the fluorescence was
determined by flow cytometry. Reproduced from Ref. [29] by permission of John Wiley & Sons Ltd
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affinity (Kd approximately 1 nM) and high specificity. PTK7, a transmembrane
receptor that is highly expressed on CCRF-CEM cells, has been recently recognized
as a new potential biomarker for leukemia [51]. After specific binding to PTK7, the
sgc8c–Dox conjugate undergoes efficient uptake by the target cell and accumulates
inside the endosomal compartment. The acidic environment (pH 4.5–5.5) of en-
dosomes leads to a specific cleavage of the acid-labile hydrazone linker, allowing
the rapid transport and function of Dox molecules in the nucleus. Analysis of cell
viability demonstrated that the sgc8c–Dox conjugate possesses a potency similar to
the unconjugated parent Dox, but with minimal toxicity toward non-targeted cells.
Therefore, the molecular assembly of Dox to the aptamer probe through a simple
conjugation strategy is highly promising for target-specific intracellular drug
delivery. When compared to the less effective reported Dox immunoconjugates
[12], the beneficial properties of the developed sgc8c–Dox conjugate also make
targeted chemotherapy more feasible with drugs having various potencies.

To achieve high-capacity targeted drug delivery, a novel dimeric aptamer
complex (DAC) has recently been developed by Boyaciogul et al. [52]. In the DAC,
two individual aptamers, termed SZTI01, are linked together through the comple-
mentary overhang added to the 3′-end of each DNA strand (Fig. 13.2a). The duplex
bridging is designed to be sufficiently stable under physiological conditions to
achieve a prolonged half-life (approximately 8 h) for optimal in vivo activity. The
SZTI01 used herein is a new DNA aptamer identified after SELEX processing
directed at the PSMA. PSMA expression is elevated in prostate epithelial cells;
thus, the antigen can be considered as a potential prognostic marker for lethal
prostate cancers [53]. Because PSMA is expressed as a dimer on the apical plasma
membrane of tumor cells [54], a DAC with the dimeric aptamer construct suggests
an improved activity toward PSMA targeting relative to monovalent ligands [55].
To promote multiple drug loading, CpG sequences that reveal a preferential binding
for Dox were also appended to the duplex-forming counterpart. The covalent
attachment of Dox to DAC using formaldehyde results in a complex, denoted as
DAC-D, which presents a high payload capacity with a stoichiometry of four
equivalents of Dox per complex. DAC-D has been used to selectively deliver Dox
to PSMA-positive C4-2 cells with minimal uptake into PSMA-null cells. After
cellular internalization, Dox is readily released from the DAC-D and translocated to
the nucleus upon acid-mediated dissociation in endosomes. As a result, the complex
exhibited cytotoxicity to a similar extent as free drug molecules of an equivalent
amount. Overall, the specificity and stability features of DAC-D are highly useful
for improved delivery of Dox selectively to malignant tissue in vivo.

A more efficient strategy to enhance the drug-loading capacities of aptamer–drug
conjugates has been proposed by our group (Fig. 13.2b) [56]. A phosphoramdite
monomer, called a therapeutic module (D), was first designed and synthesized to
contain an anticancer drug moiety (fluorouracil, 5-FU) and a photocleavable linker
(a nitrobenzene derivative). The aptamer–drug conjugate, ApDC, was then inte-
grated from module D as well as the other phosphoramidite building blocks A, T,
C, and G in a stepwise manner using an automated DNA synthesizer. Multiple drug
moieties could also be successfully incorporated into one aptamer at predesigned
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positions during the process of solid-phase synthesis. For the present work, aptamer
sgc8 was chosen as a model for the automated and modular synthesis of ApDCs
tethered with a high drug molecule capacity. Analysis of flow cytometry and
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Fig. 13.2 Schematic diagrams of covalent conjugation between aptamers and chemotherapeutic
agents via a intercalation at multiple GC sites, followed by formaldehyde fixation, and
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confocal microscopy images displayed a specific binding and internalization of the
resultant ApDCs by targeted HCT116 colon cancer cells. The photocleavable
linkage also allows a spatiotemporal controllability of intracellular drug release by
light irradiation. Compared with traditional ADCs, this new generation of ApDCs
provides unique advantages, including economy, procedural simplicity, as well as
site-specific and multiple drug-loading capabilities. The highly controllable syn-
thesis method is capable of generating a broad panel of molecular ApDCs and is
particular beneficial for targeted drug delivery.

13.2.1.2 Non-covalent Conjugation of Aptamers to Chemotherapeutic
Agents Through Intercalation

In addition to the direct association of drug copies to an aptamer through stable
chemical bonding, physical conjugation of aptamers and chemotherapeutic agents
represents another attractive synthesis strategy developed for targeted therapy. Some
anticancer reagents, such as Dox and its closely related analog daunorubicin, are
well-known to intercalate within the double helix of DNA owing to the presence of
flat aromatic rings in these molecules. Professor Farokhzad and his colleagues were
the first group to claim that tertiary conformations comprised of short double-
stranded regions of aptamers can form a physical complex with drug molecules
requiring no covalent modifications (Fig. 13.3a) [57]. In their study, an RNA apt-
amer–Dox physical conjugate was contrived as a novel targeted drug delivery
platform. The RNA aptamer, A10, which had been selected to inhibit PSMA
enzymatic activity, is a potential candidate for the targeting of prostate cancer cells
[58]. To circumvent the vulnerability of RNA to nuclease degradation, 2′-fluoro-
pyrimidine-modified RNA aptamers were used to improve the treatment outcomes.
The fluorescence quenching study demonstrated that approximately 1.2 Dox were
physically intercalated into the A10 aptamer with a dissociation constant value of
600 nM. The resultant aptamer–Dox physical conjugate retains its binding activity to
the target antigen, leading to a selective cytotoxicity against PSMA-positive cells. In
a similar manner, another aptamer–Dox complex was explored by Liu et al. [59] for
delivering Dox to breast cancer cells. A new aptamer, HB5, was developed to target
human EGFR 2 (HER2), which is overexpressed by multiple malignancies including
breast cancers [60, 61]. A complex of this newly developed aptamer and Dox could
specifically target HER2-positive breast cancer cells, minimizing the non-specific
drug uptake by negative control cells. This result suggests a measure for the
application potentials of aptamers that target HER2 in targeted chemotherapy.

To achieve a high drug-loading capacity for in vivo cancer treatment, a dimeric
aptamer conjugate that concurrently carries multiple copies of anticancer drugs in a
single platform has been described. The oligonucleotide TLS11a used in this study is
the first aptamer to be identified as specific for human liver cancer cells [62]. A long
GC tail was appended to the 5′-end of TLS11a to form a dimer structure through
base-pairing. The resultant carrier of the TLS11a–GC dimer was shown to inter-
calate up to 56 Dox molecules (Fig. 13.3b), in sharp contrast to the original TLS11a
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that was able to bind only two Dox molecules. The in vitro study demonstrated the
selective toxicity of the drug-loaded aptamer conjugates, indicating that the dimeric
structure retained its specific binding affinity to the target cells. The simultaneous
release of multiple drug copies to the site of action upon internalization also suggests
a significant in vitro and in vivo inhibition of tumor cell proliferation.

Owing to the fact that a single type of aptamer cannot recognize all clinical
samples from different patients, even for patients having the same type of cancer, a
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Fig. 13.3 Schematic diagrams of non-covalent conjugation between aptamers and chemother-
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bispecific aptamer-based drug carrier was therefore investigated to facilitate apt-
amer applications for heterogeneous cancer subtypes [63]. Similar to the strategy
described previously, this carrier, sgc8c–sgd5a (SD), was designed to be self-
assembled from two individually modified aptamers through a double-stranded
linker with preferential Dox loading sites (Fig. 13.3c) [64]. After the physical
intercalation of multiple copies of Dox, the SD-mediated drug carrier was able to
recognize two distinct target cells, leading to a respective cytotoxicity in a mixed
cell environment. Whereas the recognition ability of monovalent aptamers is nec-
essarily limited, the development of mutispecific, aptamer-based drug carriers
allows drug cytotoxic effects to be directed to multiple types of target cells.
Development of aptamers capable of recognizing a broader range of target cells is
expected to overcome many diagnostic and therapeutic complications for future
clinical applications.

Despite the promising outlook, the majority of these approaches still suffer from
restrictions regarding the limited drug-carrying capacity and the attendant disad-
vantages of high cost. From this perspective, an innovative design called aptamer-
tethered DNA nanotrains (aptNTrs) was introduced by Zhu et al. [65] to address
these issues. In this study, the structure of the sgc8 aptamer, which targets PTK7,
was modified by adding a DNA trigger probe on the 5′-end. A relatively long chain
of dsDNA was then self-assembled from two partially complementary short hairpin
monomers upon initiation by an aptamer-tethered probe through a hybridization
chain reaction (Fig. 13.4). Consequently, the modified aptamer acted as a loco-
motive for targeting, while the reaming dsDNA nanoconstructs containing
numerous Dox intercalation sites acted as boxcars to deliver the drug. The resultant
sgc8c–NTrs displayed high cargo-loading capacity with a Dox/sgc8–NTr molar
ratio of 50:1. The use of short DNA monomers in aptNTrs also contributed to a
high DNA synthesis yield compared to that with the use of long monomers. Sig-
nificantly, this delivery platform allowed for efficient targeting in cancer therapy
and demonstrated a potent anti-tumor efficacy with minimized side effects in a
mouse xenograft tumor model. With basic substitution of aptamers and drugs, this
applied DNA technology will have broad implications for targeted drug delivery.

The generation of long single-stranded DNA scaffolds with repetitive aptamer
units has also been realized by the rolling circle amplification (RCA) reaction
(Fig. 13.3d) [66]. The duplex drug-loading domains in this multivalent drug
delivery system were then constructed by hybridizing the spacer regions between
aptamers and complementary strands. It has been determined that the Dox payload
capacity of this polyvalent aptamer increased approximately tenfold, as compared
to the monovalent sgc8 aptamer. Moreover, the greater binding affinity (40-fold)
also makes poly-aptamer–drug conjugates more effective than their monovalent
counterparts in targeting and killing leukemia cells. In accord with previous studies
[67], the polyvalent interactions involving the simultaneous binding of multiple
aptamers to the multiple receptors of a target results in a stronger binding property,
which provides higher target selectivity as well as a more rapid internalization by
their target cells. Undoubtedly, engineered multivalency has become a powerful
emerging approach to improve targeting efficacy and selectivity in drug delivery.
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Fig. 13.4 Aptamer-tethered DNA nanotrains (aptNTrs) for transport of molecular drugs in
theranostic applications. a Schematic diagram depicting the self-assembly of aptNTrs from two
partially complementary short hairpin monomers upon initiation by an aptamer-tethered probe
through a hybridization chain reaction. AFM images (1–3) showed the morphologies of the
corresponding nanostructures. b The drugs were specifically transported to target cancer cells via
aptNTrs, unloaded, and induced cytotoxicity to target cells. c Potent anti-tumor efficacy and
reduced side effects of drugs transported via aptNTrs. Tumor volumes of subcutaneous CEM
xenograft mouse tumors were measured after drug administration up to date 10 (n = 5). Asterisk on
day 10 represents significant differences between tumor volumes of free Dox- and sgc8–NTr–Dox-
treated mice (*P < 0.05, n = 5; Student’s t test). d Survival percentage of mice after treatment
initiation. Reprinted from Ref. [65] by permission of PNAS
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13.2.2 Aptamer–Drug Conjugates in Targeted Photodynamic
Therapy

Photodynamic therapy (PDT) is a promising modality that destroys target cells in
the presence of oxygen when light irradiates a photosensitizer (PS), generating
highly reactive oxygen species (ROS). ROS, including singlet oxygen (1O2), then
attacks cellular targets, causing destruction through direct cellular damage, vascular
shutdown, and activation of an immune response against target cells [68, 69].
Current clinical applications of PDT include treatment of superficial cancers in the
skin, head, neck, esophagus, bladder, bronchus, etc. [70]. PDT has several
advantages over conventional therapies because of its noninvasive nature, high
spatial–temporal resolution with regional light irradiation, and minimal associated
side effects [71]. However, the lack of targeting specificity of most PS reagents
results in an indiscriminate release of ROS, thereby causing damage to surrounding
normal tissue. Additionally, because 1O2 has a limited lifetime and diffusion dis-
tance [72], controllable 1O2 generation with high selectivity and localization would
lead to more efficient and reliable PDT. New approaches to achieve site-specific
drug delivery for PDT are therefore highly desirable [73–75]. In the following
section, we provide an overview of recent achievements in aptamer-mediated PS
delivery, which has been applied for targeted PDT in cancer treatment.

13.2.2.1 Aptamer–Photosensitizer Conjugates for Targeted
Photodynamic Cancer Therapy

One of the commonmethods to improve the specific accumulation of PS at a diseased
site has been accomplished with aptamers via direct covalent coupling. For example,
a PS agent, chlorin e6 (Ce6), has been chemically linked to a highly selective apt-
amer, TDO5, which very specifically targets Burkitt’s lymphoma Ramos cells [76].
The introduction of TDO5-Ce6, followed by light irradiation, can effectively destroy
the targeted Ramos cells. Toxicity observed in control CCRF-CEM cells and other
myeloid leukemia cell lines was over 50 % less than that of targeted cells. It is also
worth noting that in conjugation with an oligonucleotide, aptamer greatly increases
the aqueous solubility of Ce6, resulting in an enhanced bioavailability of this PS for
increased cellular toxicity [77]. In another example, Ce6 was chemically bound to a
human interleukin-6 receptor (IL-6R)-binding RNA aptamer, AIR-3A, through an
EDC coupling reaction. The resultant conjugate, AIR-3A-Ce6, was capable of rapid
and specific internalization by IL-6R presenting cells. Followed by light irradiation,
the targeted cells were selectively killed, while free Ce6 demonstrated no toxic effect
[78]. Together, the selective cytotoxicity of these aptamer–PS conjugates demon-
strates that the use of aptamers for targeted PS delivery is a promising therapeutic
strategy to overcome the aforementioned issues with PDT.

G-quadruplex, composed of four guanines (also known as a G-quartet) by
Hoogsteen hydrogen binding, is a specialized G-rich DNA structure. This structure
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can be stabilized by monovalent cations such as potassium or sodium [79]. Several
important G-rich genomic regions, including telomeres and promoters, were found
to potentially form G-quadruplex structures and play many important regulatory
roles at an intracellular level [80, 81]. Owing to its aromatic and cationic properties,
the porphyrin-derived compound, TMPyP4 (5, 10, 15, 20-tetrakis (1-methylpyrid-
inium-4-yl) porphyrin), is a G-quadruplex ligand. TMPyP4 can bind to and stabilize
the G-quadruplex in human telomere sequences, resulting in inhibition of telome-
rase activity. In addition, porphyrins in general have been used in PDT for their
ability to produce ROS. These species have been widely explored as possible anti-
cancer agents owing to their intrinsic capability to cause cellular senescence [82, 83].
However, TMPyP4 is poorly selective, and toxic to some normal cell lines, particu-
larly in normal fibroblast and epithelial cells upon light exposure [84]. An innovative
delivery platform for TMPyP4 has been developed by Shieh et al. [85] for photo-
dynamic cancer treatment. In this work, an aptamer, AS1411, which tends to form an
intramolecular G-quadruplex, was able to carry six molecules of TMPyP4 by means
of intercalation and electrostatic attraction (Fig. 13.5a). The resultant aptamer–
TMPyP4 physical complex was resistant to degradation and digestion by the enzyme
DNase I. It was further identified to recognize the overexpressed nucleolin in breast
cancer cells, thus delivering a greater quantity of PS into target MCF7 cancer cells
than into normal M10 epithelial cells. Consequently, the use of light irradiation to
activate TMPyP4 results in selective photodamage to diseased cancer cells.
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Fig. 13.5 Schematic diagrams of non-covalent conjugation of aptamers with photosensitizer (PS).
a A G-quadruplex Apt–PS physical complexion via intercalation and electrostatic attraction. b A
bifunctional DNA drug carrier constructed by utilizing the G-quadruplex as the drug carrier and
the aptamer as the targeting molecule
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Notably, not all aptamers need to be guanosine rich for a preferential G-quadruplex
conformation.With careful designon thebasis ofDNAself-assembly, a novel delivery
platform,whichcombinesthetargetrecognitionfunctionofaDNAaptamerandthedrug-
loading ability of aG-quadruplex, was constructed in a predictable and programmable
manner (Fig. 13.5b) [86]. Briefly, the aptamer sgc8c was tethered with a guanine-rich
segmentcapableofformingintermolecularG-quadruplexesafterannealing.Themodified
aptamer formed adimer structure,whichhas been denoted asG-quadruplex–sgc8. The
resultantcarriermodulegeneratedhightoxicityfortargetcellsandlowcellulardamageto
control cellsupon irradiation. In addition,G-quadruplex–sgc8achievedhigher cellular
accumulationandcytotoxicitytotargetCEMcellsthantheTMPyP4itself.Theassembly
strategydescribedhereinmayserveasauniversalmethodforjoiningtwofunctionalgroups
ofDNAintoawell-definedgeometry,whichwouldgreatlyenableafutureofaptamer-based
therapeutics.

13.2.2.2 Aptamer–Photosensitizer Conjugates for Activatable
Photodynamic Cancer Therapy

In addition to controlling the spatial localization of PS reagents as well as the
position for optimal light delivery, a new direction for improving PDT selectivity is
to exert additional control of the conditions under which the PS will produce ROS
[87]. At this level of control, the probe remains in a non-toxic state and can only be
activated when it interacts with its corresponding trigger, e.g., tumor-associated
biomarkers at specific sites. For example, an artificial molecular switch has been
developed to achieve molecular mediation of 1O2 generation upon the binding of an
aptamer with its target [88]. In this work, a PS and a quencher moiety are linked in
close proximity through a DNA switch that comprises an aptamer, a partial com-
plementary DNA, and a polyethylene glycol (PEG) linker uniting these two com-
ponents (Fig. 13.6a). The resultant photosensitizer aptamer switch remains
photodynamically inactive until target binding, leading to a conformation restora-
tion that activates its PS function. Thus, incorporating molecular activation allows
the PS to more readily distinguish diseased cells from healthy cells, resulting in a
significant improvement in PDT selectivity.

The manipulation of 1O2 production for targeted PDT could further be con-
ducted in a programmable catalytic manner to achieve amplified therapeutic effi-
cacy. Oligonucleotides, which have been considered as promising building blocks
for self-assembly, can generate a well-regulated amplification circuit via simple
nucleic acid hybridization such as hybridization chain reaction [89], entropy-trig-
gered hybridization catalysis [90], and DNA hairpin fuel catalysis [91]. By intro-
ducing the aforementioned concept, an aptamer-based circuit was developed for
activatable PDT in targeted therapy [92]. As displayed in Fig. 13.6b, the aptamers
can selectively recognize target cancer cells and bind to the specific receptors on
cell membranes. Then, the overhanging catalyst sequence on the aptamer can
trigger a toehold-mediated catalytic strand displacement to continually activate the
PS. The specific binding-induced activation allows the DNA circuit to distinguish
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between diseased and healthy cells, thus reducing damage to nearby healthy cells.
Moreover, the catalytic amplification reaction occurs close to the target cancer cells,
resulting in a high local concentration of 1O2 for selective destruction. By com-
bining the recognition and amplification abilities of these oligonucleotides, a more
specific, controllable, and efficient PDT method was successfully demonstrated.

13.3 Aptamer-Conjugated Nanomaterials for Cancer
Therapy

13.3.1 Aptamer-Conjugated Gold Nanoparticles for Targeted
Cancer Therapy

As the most common and stable metallic nanomaterials, gold nanoparticles
(AuNPs) have received substantial attention over the past decades owing to their
unique features and properties [93]. AuNPs possess a large surface area and afford a
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high capacity for surface manipulation through simple, stable Au:S bonds. These
thiolated ligands can be used to introduce diverse molecules, such as targeting
ligands, polymer linkers, or drug molecules, enabling AuNPs to incorporate mul-
tiple functionalities [94]. Although AuNPs are relatively inert and chemically
unreactive, surface modification is required to assure high biocompatibility for
future biomedical applications. The most widely applied coating polymer is PEG,
which is neutral in charge and highly hydrophilic. These characteristics prevent
non-specific protein adsorption on the nanoparticle surface, as well as the uptake of
nanoparticles by the reticuloendothelial system, and finally, providing a lengthened
blood circulation time [95, 96]. Recent in vitro studies suggest that AuNPs are non-
toxic to human cells, which makes AuNPs an excellent candidate as a drug delivery
carrier [97, 98].

AuNPs of different size and shape (e.g., nanospheres, nanorods, nanoshells, and
nanocages) can be precisely controlled through a variety of synthetic methods [99–
102]. The resultant nanostructures exhibit unusual and tunable optical properties
owing to localized surface plasmon resonance (SPR) [103]. Light is most strongly
absorbed and/or scattered at the resonant frequency of the individual AuNP, with
their absorption cross sections being orders of magnitude greater than those of
typical absorbing organic molecules. In addition, photon energies that have been
absorbed by AuNPs can be efficiently converted into heat on a picosecond time
scale via a series of non-radiative processes. Collectively, AuNPs are considered a
highly potent therapeutic agent in photothermal therapy (PTT) [104]. PTT is a
relatively noninvasive and benign alternative for cancer treatment. This treatment
modality exposes biological tissues to higher-than-normal temperatures to promote
the destruction of abnormal cells [105]. For sufficient heating, continuous laser light
in the near-infrared region (NIR) is generally used to achieve deep-tissue pene-
tration with high spatial precision. Among all types of AuNPs, gold nanorods
(AuNRs) are more feasible for future clinical PTT for the following reasons.
AuNRs can be readily synthesized with various aspect ratios, which enable selec-
tive absorption in the NIR region. They also support a higher absorption cross
section at NIR frequencies per unit volume than nanoshells and nanocages. A
number of recent studies have demonstrated the feasibility of AuNRs for successful
tumor remission in mice via PTT treatment [106, 107].

13.3.1.1 Aptamer-Conjugated Gold Nanoparticles for Targeted
Photothermal Therapy

To achieve effective hyperthermia specific to target cancer cells, Huang et al. [108]
demonstrated the conjugation of aptamer sgc8c to Au–Ag NRs for selective PTT
in vitro. Au–Ag NRs have been utilized as a nanoscaffold for covalent linkage of
multiple aptamer copies, leading a simultaneous multivalent ligand–receptor
interaction. The binding affinity of the resultant sgc8c–NR conjugates for targeted
CCRF-CEM cells was found to be approximately 26-fold greater than that of a
single sgc8c probe [109]. In addition, the high absorption efficiency and superior
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photothermal transfer capability of Au–Ag NRs further make this novel platform
highly promising for selective cell recognition and targeted PTT. Consequently,
under a specific laser intensity and duration of laser exposure, about (50 ± 1) % of
targeted CCRF-CEM cells were severely damaged, while more than (87 ± 1) % of
the control cells remained intact in a suspension cell mixture. AuNRs modified with
two different aptamers were also used to destroy different cancer cells simulta-
neously [110]. Aptamers targeting DU145 prostate cancer cells (aptamer CSC1)
and their subpopulation of cancer stem cells (aptamer CSC13) were linked to the
surface of AuNRs, and the resulting conjugates were successfully used to target and
kill both cancer cells and cancer stem cells using NIR laser irradiation.

13.3.1.2 Aptamer-Conjugated Gold Nanoparticles for Combinational
Therapy: Photothermal and Chemotherapy

In addition to the role as hyperthermia agents in PTT, AuNPs have emerged as
attractive candidates for further exploration in combinational therapy: PTT and
chemotherapy [111]. The large surface area permits AuNPs to accommodate a high
capacity of payload attachment, which makes them ideal candidates for drug
delivery [112]. It has also been reported that, with mild hyperthermia (39–45 °C),
cancer cells become sensitized to cytotoxic agents as a result of increasing mem-
brane permeability and decreasing hydrostatic pressure [113]. Under these cir-
cumstances, smaller drug doses may be sufficient for the desired therapeutic
outcome. The synergistic effect of toxicity and hyperthermia presents an advantage
of combinational therapy, providing for more efficient destruction of cancer cells.
Therefore, it may be the most effective way to improve treatment efficacy and
conquer resistance in oncotherapy.

Hollow gold nanospheres (HAuNS) are a novel class of AuNPs composed of an
Au shell with a hollow interior. It has been reported that for HAuNS and AuNPs of
similar size, similar surface charge, and an equivalent Au concentration, the drug-
loading capacity of HAuNS is 3.5-fold greater than that of AuNPs [114]. By
utilizing the superior drug-loading capacity of HAuNS and the high specificity of an
RNA aptamer for targeting CD30, a novel delivery vehicle has been explored for
targeted chemotherapy in lymphoma cells (Fig. 13.7a) [115]. Through the aptamer-
mediated guidance, the resultant Apt–HAuNS–Dox demonstrated the selective
destruction of lymphoma tumor cells with minimal effect on the growth of the off-
target cells in the cell mixtures.

The coating of AuNRs with mesoporous silica (AuMPs) has attracted increasing
attention as a potential drug delivery system owing to the large pore volume and
high surface area for effective drug loading [116]. To enable successful in vivo
delivery, guest molecules are entrapped inside the mesoporous cavities; the mole-
cules are released as required in the affected tissues during circulation. To facilitate
this goal, nucleic acids have been used as molecular gates on the pore outlets to
close and open the pore system in smart response to external stimulus. Specifically,
aptamer AS1411 grafted onto the surface of an AuMP can form a dimeric structure
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of G-quadruplex, which is sufficiently large to cap the pores (Fig. 13.7b) [117].
Upon irradiation by NIR light, the photothermal effect of AuNRs encapsulated
within the mesoporous silica framework leads to a rapid rise in the local temper-
ature. This results in the dehybridization of the linkage DNA duplex that anchors
the capping molecules, herein G-quadruplex DNA, allowing the specific release of
the loaded cargo. More importantly, the use of a DNA aptamer, as both the capping
and targeting agent, makes this AuNR-based porous nanocarrier widely useful for
targeted delivery of drugs with remote control capability by laser-induced thermal
stimulus [118].

In addition, by taking advantage of the non-covalent interactions between oli-
gonucleotides and various therapeutics, AuNPs assembled with multiple copies of
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DNA containing consecutive C-G base pairs have been developed to accommodate
a high level of drug loading (Fig. 13.7c). Under optimal conditions, about 25 sgc8c
aptamers and 305 Dox molecules were successfully loaded, and the resultant na-
noconjugates provided an ideal platform to simultaneously deliver heat and anti-
cancer drugs in a laser activation process [119]. Moreover, Kang et al. [120] have
proceeded to coat DNA cross-linked polymeric shells onto the surface of Au–Ag
NRs and developed a thermosensitive nanogel (Fig. 13.7d). When illuminated with
plasmon-resonant light, the thermal energy generated from Au–Ag NRs heats the
surrounding gel, facilitating a rapid release of the encapsulated drug with spatio-
temporal controllability. Moreover, in vivo studies confirmed that the aptamer-
functionalized nanogels developed herein are suitable carriers for targeted and
noninvasive remote drug delivery. A superior therapeutic efficacy could be
observed upon NIR light irradiation. Because the NIR region lies between the
“biological window” (700–1,300 nm), defined as the wavelength where absorption,
scattering, and autofluorescence by tissues, blood, and water are minimized, it is
extremely useful for future in vivo applications [35].

13.3.1.3 Aptamer-Conjugated Gold Nanoparticles for Combinational
Therapy: Photothermal and Photodynamic Therapies

The efficient photothermal response of gold nanomaterials has also promoted recent
investigation on combinational PTT/PDT dual therapy [121, 122]. Based on the
strong surface plasmon absorption in the NIR region, AuNRs can be utilized as
ultra-efficient energy quenchers to control the selective action of PS reagents by
manipulating the distance between the donor and acceptor [123–125]. For example,
aptamer switch probes (ASP), which comprise three components—aptamer, poly-T,
and 8bt-cDNA—have been designed and assembled onto AuNRs to bring the PS
molecule, Ce6, into close proximity with the gold surface. No phototoxicity was
observed as a consequence of an effective energy transfer quenching from the
excited Ce6 to the AuNR. However, in the presence of target cancer cells, the ASP
changes conformation to drive the Ce6 away from the gold surface, thereby pro-
ducing 1O2 for PDT upon light irradiation (Fig. 13.8a) [126]. In another study,
aptamers were conjugated to AuNRs through simple thiol–Au linkages and then
hybridized with a Ce6-labeled oligonucleotide to form a DNA double helix
(Fig. 13.8b). During NIR irradiation, AuNRs were able to convert the absorbed
photoenergy into heat to accelerate the release of Ce6 from their surface. The
quenching of the PDT effect was therefore recovered in a selective manner by
regional irradiation to minimize phototoxic tissue damage of non-targeted cells. The
therapeutic outcomes of the aforementioned AuNR–PS nanoconjugates were fur-
thermore greatly enhanced by the additional PTT effect using AuNRs. Overall, the
strategy of utilizing a highly selective aptamer combined with the synergistic effect
of PTT and PDT promises to be a more efficient therapeutic regimen against cancer
cells than non-specific methods using either PTT or PDT alone [127].
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13.3.1.4 Aptamer-Conjugated Gold Nanoparticles for Theranostics

Cancers by their nature are immensely heterogeneous, and all existing clinical
treatments face limited effectivity for restricted stages of the disease. In conse-
quence, a close marriage of diagnosis and therapeutics may provide a therapeutic
paradigm that is more specific to individuals and, therefore, pave the way toward
the goal of personalized medicine [128, 129]. AuNPs with multiple functionalities
have emerged as one of the most actively investigated nanoparticle-based thera-
nostic agents. With further integration of aptamers, the resulting nanoplatforms
become targeted specific, offering a great opportunity for simultaneous diagnosis,
drug delivery, and monitoring of therapeutic response.

X-ray computed tomography (CT) is a commonly used diagnostic tool for
medical imaging [130]. The ability of CT to visualize different tissues is based on
the variable attenuation of the X-ray beam as it passes through tissue. It has been
reported that PEG-modified AuNPs are an appealing CT contrast agent for in vivo
angiography and hepatoma detection [131–133]. The in vivo measurement of the
X-ray absorption coefficient also reveals that the attenuation of PEG–AuNPs is 5.7
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times higher than that of the conventional iodine-based CT contrast agent [131].
Recently, a multifunctional drug-loaded aptamer-conjugated AuNP agent has been
presented by Kim et al. [134] for combinational CT imaging and chemotherapy of
prostate cancer cells. In this study, an extended A10 aptamer, the extension of
which was complementary to an oligonucleotide sequence attached to the surface of
AuNPs, was devised to achieve a high level of drug loading. Through the specific
aptamer guidance, the resulting aptamer–AuNP nanoconjugates displayed more
than fourfold greater CT intensity for PSAM-positive prostate cancer cells than that
for non-targeted cell lines. Moreover, the drug-loaded nanoplatforms also exhibited
targeted cell-specific cytotoxicity, suggesting a new perspective for tumor treatment
by targeted theranostic agents employing aptamer-based multifunctional AuNPs.

Magnetic resonance imaging (MRI) is another powerful diagnosis tool for
obtaining functional and anatomic information with high temporal and spatial res-
olution [135]. MRI records magnetization changes, which in turn affect the relax-
ation rates of nuclear spins, particularly the hydrogen protons, under different
environments in the human body [136]. Superparamagnetic iron oxides that are
capable of shortening the T2 transverse relaxation time are predominantly used as
negative contrast agents for MRI in clinical practice [137]. To fulfill the multimo-
dality needed for accurate diagnosis and targeted therapy, a core–shell nanostructure
that consists of a magnetic nanorose core coated with gold shells was developed by
Li et al. After aptamer grafting, the resulting nanocomposties, Fe3O4@Au, offer
tremendous potential for integrating distinct functions, including aptamer-based
targeting, optical imaging, and MRI capability as well as PTT and chemotherapy,
into a single platform. For in vitro tests, it enables efficient target cell binding and
selective drug delivery as well as a desirable synergistic anticancer effect with
minimum non-specific toxicity and side effects. The combination of dual-modality
MRI and optical imaging further suggests an enhanced specificity toward tumor
diagnosis; this is followed by the tailored guidance of therapeutic treatment. It is
expected that this novel theranostic system will have wide biomedical applications,
and it may be particularly promising for future cancer therapy [138].

13.3.2 Aptamer-Conjugated Magnetic Nanoparticles
for Targeted Cancer Therapy

Iron oxide-based magnetic nanomaterials such as magnetite (Fe3O4) and maghemite
(γ-Fe2O3) have attracted broad attention in the biomedical field owing to their
unique magnetic properties, inherent biocompatibility, and low cost [139–141]. For
example, superparamagnetic iron oxide nanoparticles (SPIONs), including bowel
contrast agents (such as Lumiren® and Gastromark®) and liver/spleen imaging
agents (such as Endorem® and Feridex IV®), are MRI contrast agents currently
used in clinical diagnostics [142]. The success of SPIONs in MR imaging has paved
the way for the development of iron oxide NPs as novel nanomedicines to combat
cancer [143].
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Most FDA-approved SPION contrast agents are synthesized by an aqueous
coprecipitation method in the presence of stabilizing agents (e.g., dextran) [144].
Unfortunately, the typical synthetic route presents several disadvantages, particu-
larly the broad particle size distribution and low degree of crystallinity. Accordingly,
non-hydrolytic approaches have been intensively pursued toward high-quality iron
oxide nanocrystals. The thermal decomposition method was firstly introduced by
Alivisatos et al. [145] and was latterly developed by Sun and Zeng [146] to fabricate
SPIONs with high monodispersity and magnetic susceptibility [147]. Owing to the
existence of surfactant molecules (e.g., oleic acid and oleylamine), the pyrolysis of
iron precursors followed by particle growth is carried out in a controlled fashion.
SPIONs of uniform size and high crystallinity were then obtained in boiling solvents
under high temperature. This procedure was found to be effective, productive, and
facile to scaling up, thus offering substantial opportunities for high-performance
MRI [144]. Nevertheless, products produced by the thermal decomposition method
are not water soluble, and thus, a suitable surface coating is necessary to assure the
desirable solubility of SPIONs in an aqueous environment [148]. General strategies,
including ligand exchange (e.g., the use of high-affinity, hydrophilic ligands to
replace the original hydrophobic coating) and ligand addition (e.g., the use of
amphiphilic materials, which are added to the particle surface by forming a bilayer
structure with the existing alkyl coating), have been extensively explored to confer
high water dispersibility, colloidal stability, biocompatibility, and conjugation
capability to SPIONs [149]. In the following section, we will summarize recent
advances in the development of aptamer-conjugated magnetic NPs for a variety of
biomedical applications including drug delivery, targeted therapy, and MRI.

13.3.2.1 Aptamer-Conjugated Magnetic Nanoparticles for Targeted
Drug Delivery

Aptamer–magnetic NP conjugates have been formulated to meet the specific
requirements of codelivery anticancer drugs and imaging probes for cancer-specific
targeting. Anti-PSMA A10 aptamers have been assembled onto the surface of
SPIONs with the aim of combined prostate cancer imaging and chemotherapy
in vitro. Because the GC segments of the aptamer can intercalate with Dox mol-
ecules, the resulting aptamer-conjugated SPIONs (Apt–SPIONs) can act as both an
MRI contrast agent and drug carrier. The conducted cytotoxicity assay indicated
that the aptamer-mediated drug delivery resulted in selective targeting to PSMA-
expressing cells without significant loss in the drug potency. Meanwhile, the
observation of dramatic decreases in T1 and T2 relaxation times indicated that the
Apt–SPIONs have the potential for highly sensitive cancer cell detection [150]. In a
similar manner, another Apt–SPION conjugate was explored by Jalalian et al. for
delivering the anthracycline drug epirubicin (an intercalating agent, preferentially
binding to GC sequences) to target cells. A new aptamer, 5TR1, was selected to
recognize mucin-1 (MUC-1), a cell surface-associated glycoprotein that is highly
expressed in various epithelial cancer cells, including colon carcinoma cells. After
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drug loading, the developed epirubicin–Apt–SPIONs were capable of targeting
MUC-1-positive colon C-26 cells, thus minimizing the non-specific drug uptake by
negative control cells. Most importantly, for in vivo delivery, these conjugates
could be used for specific tumor MRI and tumor growth inhibition [151]. To
increase the drug-loading capacity of the anti-PSMA Apt–SPIONs reported pre-
viously, a (CGA)7 tail complementary to the (TCG)7 sequence grafted onto the
surface of SPIONs was appended to the 3′-end of the A10 aptamer. After hybrid-
ization, the resulting CG-rich duplex in Apt–hybr–TCL–SPIONs enabled loading
of multiple Dox molecules onto the nanoconjugates (Fig. 13.9). In vitro and in vivo
studies demonstrated that the developed Dox@Apt–hybr–SPION showed selective
drug delivery efficacy for PSMA-positive prostate cancer cells. With the aid of the
diagnostic capability of MRI, this nanoplatform has a potential for future use as
novel prostate cancer-specific nanotheranostics [152].

Although promising, the majority of these approaches still suffer from limited
drug-carrying capacity. From this perspective, Zheng et al. [153] developed a
SPION-based spherical nucleic acid (SPION-SNA) to accommodate higher drug-
loading levels, thereby reducing the dosage to avoid non-specific toxicity
(Fig. 13.10a). In this study, a SPION-tethered initiator, two partially complemen-
tary hairpin monomers, and an aptamer probe were self-assembled to construct a
novel multifunctional SNA platform. Because each copy of the initiator on the
SPION can trigger the propagation of hybridization chain reaction events between
the two hairpin monomers to form a nicked double-helix, multiple copies of the
aptamer can therefore be embedded in the long DNA biopolymer on the surface of
the SPION. The aptamer on the resulting SPION-SNA can act as a targeting ele-
ment, while the double-helix polymer containing numerous Dox intercalation sites
acts as a drug-loading module. In addition, simultaneous fluorescence imaging
could also be realized by appropriate positioning of multiple chromophores in the
self-assembled biopolymer. This nanoplatform providing multimodal functionality
including targeting, drug delivery, and imaging is expected to be a promising
approach for cancer diagnosis and therapy.

Moreover, porous hollow magnetite nanoparticles (PHMNPs) have also been
devised as smart multimodality vesicles for targeted theranostics. PHMNPs have
been reported as an ideal nanoplatform for drug storage and targeted delivery. The
porous nature of PHMNPs facilitates drug diffusion into the cavity of the hollow
structure; hence, this increases the drug loading of the entire system. In addition, the
porous shell is stable under neutral or basic physiological conditions, but exposure
of the pores to an acidic environment leads to acidic etching, wider pore opening,
and faster drug release [154]. To improve the biocompatibility of a PHMNP, the
hydrophobic surface has been modified with a heterobifunctional PEG ligand. The
resultant PEGylated PHMNPs (PPHMNPs) with active carboxyl functional groups
were easily dispersed in an aqueous solution for further conjugation. By conju-
gating PPHMNPs with aptamer sgc8, this smart multifunctional nanostructure
(SMN) was used for CEM cell-targeted therapy (Fig. 13.10b). Aptamers modified
on the outer layer of the SMN resulted in a multivalent effect, leading to enhanced
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specific binding and internalization of SMNs to target cancer cells. For the acid-
labile pores, the lysosome localization of SMNs facilitates the release of Dox from
the SMNs, enabling efficient killing of target cancer cells. In addition, T2 relaxation
measurements and T2*-weighted magnetic resonance images revealed that this
nanostructure can be used as a T2 contrast agent [155].
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13.3.2.2 Aptamer–Magnetic Nanoparticle Conjugates for Targeted
Magnetic Hyperthermia Therapy

In addition to their suitability as theranostic agents, magnetic NPs have also
attracted a great deal of attention in magnetic hyperthermia therapy owing to their
associated hyperthermic effects [156]. When subjected to alternating AC magnetic
fields, magnetic NPs cause heating of the local area due to losses during magne-
tization reversal, making magnetic hyperthermia a promising therapeutic method.
Generally, magnetic hyperthermia is a two-step procedure: MNPs are first injected
into the tumor site, and the patient is then immersed in an alternating magnetic field
with frequency f and amplitude μ0Hmax appropriately chosen [157]. Because of the
excitation of the MNPs, the temperature of the tumor tissue rises. The rise in
temperature induces the cancer cells to undergo apoptosis or necrosis and makes the
tumor more vulnerable to radio or chemotherapy [158]. To demonstrate specific
tumor destruction, Pala et al. applied HER2 aptamer-conjugated SPIONs to
hyperthermic therapy targeted for human adenocarcinoma SK-BR3 cancer cells.
These Apt–SIPONs were found to be particularly effective in the hyperthermic
killing of SK-BR3 at a dosage that was approximately 100-fold lower than that of
non-aptamer-tagged SPIONs; however, the treatment was observed to be harmless
for the off-targeted U-87 MG cells. The potential for using lower doses of SIPONs
is highly desirable in light of the side effects associated with treatment [159].

Other than hyperthermia, SPIONs have also been found to be capable of
destroying targeted cancer cells through a magnetocytolytic approach under a DC
magnetic field. Nair et al. for the first time employed aptamer-conjugated SPIONs
controlled by an externally applied three-dimensional rotational magnetic field to
perform nanosurgery for the selective removal of target cells. The cancer cells thus
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excised by nanosurgery were confirmed dead, which in turn nullifies the possibility
of their proliferation. These results demonstrate that nanosurgery can be a useful
tool in the medical field for selective surgery and cell manipulation studies.
Additionally, this system could be upgraded for the selective removal of complex
cancers from diverse tissues by incorporating various target-specific ligands on
SPIONs [160].

13.3.2.3 Aptamer–Magnetic Nanoparticle Conjugates for Targeted
Combinational Therapy

While magnetic hyperthermia alone is often not a sufficient cancer treatment, it,
however, greatly enhances the treatment of other conventional modalities such as
chemotherapy, making SPIONs an attractive candidate for combinational therapy.
Aravind et al. [161] developed a multifunctional nanoplatform based on SPIONs
for MCF-7 cancer cell theranostics. In this work, poly(D, L-lactide-co-glycolide)
(PLGA), an FDA-approved polymer, was chosen as the nanocarrier. PLGA exhibits
attractive properties, such as diffusion and erosion-controlled drug release, pH
sensitivity as well as temperature-dependent degradation capability, making it a
popular choice for drug delivery applications [162, 163]. Paclitaxel (PTX), a broad
spectrum anticancer drug, was chosen for encapsulation by the polymer as the drug
content [164]. A fluorescent dye, Nile red (NR), was also used to label the PLGA.
Further incorporation of SPIONs into PLGA provides benefits in medical appli-
cations for hyperthermia therapy, magnetic manipulation, and MRI. Moreover,
combination of NR and SPIONs along with chemotherapeutic PTX in the PLGA
simultaneously provide for bimodal imaging (via fluorescence and magnetic reso-
nance) and therapeutic features. The specific binding and uptake of the resulting
nanocomposites (Apt–SPIONs–NR–PLGANPs) to the target cancer cells through
aptamer guidance was observed using confocal microscopy. In addition, combined
chemotherapy and hyperthermia therapy exhibited an increased therapeutic effect
for the target cancer cells.

Subsequently, the same group developed another multifunctional nanoplatform
for pancreatic cancer therapy. In contrast to the previous study, dual drugs, curcumin
(Cur) and gemcitabine (Gem), were simultaneously loaded in the formulation for
cancer cell chemotherapy. Cur, the natural wonder rhizome, possesses extraordinary
properties such as anti-inflammatory, antioxidant, anticancer, and anti-angiogenic
effects. In addition, the inherent fluorescence from Cur was used for in vitro cellular
imaging [165]. Gem, which is a nucleoside analog, has been broadly used as a
standard chemotherapeutic agent for advanced pancreatic cancer [166]. By moni-
toring the fluorescence of Cur, the successful targeting of Apt–SPIONs–Cur–Gem–

PLGANPs to pancreatic cancer cells was observed. Moreover, the ability of SPIONs
for hyperthermia therapy and magnetic manipulation of pancreatic cell lines was also
monitored. Owing to the synergistic action of Cur, Gem, and magnetic ablation, the
induced cell death was extremely significant. Overall, the use of Apt–SPIONs–Cur–
Gem–PLGANPs for the targeting of pancreatic cancer cells offers a versatile tool,
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providing a platform for both diagnosis and therapy. Multifunctional theragnostic
biotechnology and nanotechnology provide the best example of leading research and
development for novel cancer annihilation in the near future [167].

13.4 Conclusions

Conventional anticancer therapy is currently facing a diverse range of increasing
challenges that detract from the therapeutic success of cancer treatment. On the
other hand, these challenges have provided an impetus for developing new thera-
peutic methods and technology that improve therapeutic efficiency and reduce non-
desired side effects. As an example of this development, in recent research, targeted
therapy has become the main goal for anticancer drug delivery. Nowadays, with
Cell-SELEX technology development, recent studies have demonstrated a variety
of applications where aptamers act as target ligands for specific cancer cell therapy.
In the present work, we discussed diverse studies where aptamer-based conjugates
have provided several novel pathways that serve as platforms for a successful
targeted therapy. Overall, aptamer-based conjugates present an approach for the
novel development of anticancer therapy that includes four major benefits: (1) The
specificity of aptamers provides for targeted binding to cancer cells. (2) The sim-
plicity of aptamer synthesis and modification facilitates their translation into clinical
practice. (3) The diverse coupling of aptamers with nanomaterial-based compatible
platforms enhances drug-loading capacity. (4) The theranostic capability of apt-
amer-based nanoconjugates provides controllable optical, electrochemical, mag-
netic, and mechanical properties for cancer therapy.

While new cancer treatment modalities based on aptamer-mediated targeted
delivery are emerging, clinical applications of aptamer-based conjugate/nanocon-
jugate therapy are still relatively new. Most of the experimental studies have only
been conducted in vitro, and parameters such as preparation methods, loading
efficiency, biostability, bioavailability, biocompatibility, pharmacokinetics, con-
trolled release, and biodistribution remain to be evaluated for further clinical
practices. Specifically, researchers must improve target efficacy, minimize systemic
toxicity, and also study nanoparticle behavior in biological microenvironments. For
example, to improve target efficiency, it is necessary to optimize the surface
modification of conjugates. In this case, the polyvalent-mediated enhancement
affinity is achieved by the use of multiple aptamers on the surface, which will
increase the binding strengths of aptamers with cancer cells. In addition, to mini-
mize systemic toxicity, key factors must be considered such as surface charge,
particle size, coating, biocompatibility, and biodegradability. Finally, to modulate
aptamer density, the encapsulation of nanoparticles with PEG coatings prolongs the
nanoconjugate half-life in the blood stream. Research on animal models is also
required to evaluate the safety and efficacy of aptamer-based therapy, which will
posteriorly provide the fundamental parameters for human clinical practice.

328 Y. He et al.



Taken together, although several challenges remain to be addressed, oligonu-
cleotide aptamers have become an attractive and promising tool for targeted cancer
therapy. As more clinical data are accumulated, we will witness a continued and
rapid development of aptamer-based conjugates/nanoconjugates for future cancer
therapy in clinical practice.
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Chapter 14
The Clinical Application of Aptamers:
Future Challenges and Prospects

Yanling Song, Huimin Zhang, Zhi Zhu and Chaoyong Yang

Abstract This final chapter attempts to search for reasons to explain why so little
progress has been made in the practical clinical application of aptamers and propose
potential solutions to the problem. The advantages and limitations of aptamers in
clinical settings are first carefully evaluated. It is suggested that in order to increase
the clinical application of aptamers, new selection methods are needed to further
improve the success rate of aptamer selection and to efficiently generate stable
aptamers for in vivo application with low cost. Several new and promising aptamer
selection methods are then reviewed. Strategies for improving selection success rate
are highlighted. Finally, efforts leading to the selection of stable aptamers and,
hence, increasing the potential for the practical use of aptamer-based technology in
clinical settings, are discussed.

Keywords Aptamer � Base modification � Spiegelmer � Microfluidics � SELEX

14.1 Introduction

Based on their unique functions and features, as discussed throughout the chapters
of this book, aptamers have been developed over the past 25 years for applications
in chemical sensing, clinical diagnosis, targeted drug delivery, and therapy [1–6].
Moreover, the utility of aptamers has been amplified by their compatibility with
such detection schemes as electrochemistry [7], fluorescence [8, 9], colorimetrics
[6, 10–12], chemiluminescence [13], field effect transistors [14], and surface
plasmon resonance (SPR) [15, 16]. However, while aptamer development has
flourished in the laboratory, the commercialization of aptamers, especially for
biomedical applications, has lagged far behind. Since the invention of aptamer
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selection technique by the Gold and Szostak labs in 1990 [17, 18], it took more than
a decade to develop the first FDA-approved therapeutic aptamer, Macugen, a drug
for age-related macular degeneration [19]. Macugen was developed using an apt-
amer against its target molecule vascular endothelial growth factor hormone
(VEGF). Although several therapeutic aptamers are currently being developed for
nucleolin, thrombin, platelet-derived growth factor (PDGF), and human neutrophil
elastase (hNE), none has been approved by FDA. In this final chapter, then, we
search for reasons to explain why so little progress has been made in the practical
application of aptamers for therapeutic and clinical diagnostics. To accomplish this,
we take a hard look at the advantages and limitations of aptamers in clinical
settings, in particular, comparing them against commonly used affinity probes-
antibodies. We also review several methods that have been developed to improve
the selection and stability of aptamers, as we look ahead to their increased use in
clinical applications.

14.2 Comparison of Aptamers Against Antibodies

One of the attractive features of aptamers is that they can be selected against targets
not otherwise possible for antibodies. Using the in vitro method known as SELEX
(systematic evolution of ligands by exponential enrichment), as discussed
throughout this work, toxins, as well as molecules that do not elicit good immune
responses, can be used to detect a wide variety of targets, ranging from small
molecules to supramolecular complexes, even tissue. More importantly, aptamers
that bind their cognate target in nonphysiological buffer and temperature are easy to
identify, making it possible to change their properties on demand and thus obtain
aptamers desirable for in vitro diagnostics. On the other hand, many challenges
confront the identification and production of antibodies. Since the identification
process starts within an animal, molecules that are poorly tolerated, or less
immunogenic, immediately complicate antibody generation. The production of
monoclonal antibodies is often labor-intensive as screening a large number of
colonies is a requirement. Since antibodies are produced in vivo, it follows that the
identification of antibodies is restricted by in vivo parameters, making it impossible
to change the properties of antibodies on demand.

Another attractive feature of aptamers is that they are easy to manufacture.
Aptamers can be chemically synthesized, and their sequence information can be
shared digitally as a blueprint for their manufacture. This eliminates any batch-to-
batch variations and reduces the cost and the time needed for production. In contrast
the performance of the same antibody tends to vary from batch to batch, requiring
immunoassays to be checked with each new batch.

Unlike temperature-sensitive antibodies with limited shelf-life and susceptibility
to irreversible denaturation, aptamers can easily reform within minutes and are
stable enough for long-term storage and transportation at ambient temperature.
Because of these features, aptamer-based ELISA offers the advantage of reusability
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and regenerability. Unlike antibodies, which suffer from permanent degradation, an
aptamer-immobilized ELISA system can be easily reused for different protocols
after the target has been unbound. In one experiment, for example, temperature
change was used to regenerate aptamers more than 40 times, and 90 % of these
aptamers were able to refold into their original configuration [20].

More importantly, aptamers can be easily labeled and modified with a variety of
reporter molecules, linkers, and other functional groups at precise locations during
or after chemical synthesis, whereas antibodies are subject to denaturation of the
protein or loss of function.

Finally, aptamers are smaller in size when compared to antibodies. As such,
aptamers can penetrate tumor tissue much more efficiently than conventional
immunotherapy options, and these nucleic acids also lack immunogenicity, leading
to far fewer side effects. For example, CD133-specific aptamers were demonstrated
to outperform CD133 antibodies in penetrating tumor spheres. CD133 RNA ap-
tamers could penetrate a tumor sphere and maintain cellular residence for a mini-
mum of 24 h. In contrast, antibodies could not penetrate the tumor sphere core, even
at a concentration 300-fold higher than that of aptamers [21].

On the other hand, compared to antibodies, aptamers do have some limitations.
Theoretically, aptamers can be selected for any kind of target, but as a practical
matter, comparatively few aptamers sequences are currently available. It is aston-
ishing that only a limited number of aptamer–target pairs have been intensively
used, mainly for proof-of-principle of novel aptamer assays [22]. For example, by
far the most frequently used aptamer in the literature is the antithrombin aptamer,
which has been reported in over 1,000 publications, followed by aptamers targeting
adenosine, cocaine, and platelet-derived growth factor, all of which account for
over one-third of the total publications on aptamers (Fig. 14.1). This lack of vari-
ation severely impedes the development and application of aptamers.
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The low success rate of aptamer selection is believed to account for limited
availability of aptamers. Two reasons have been proposed to explain to the low
success of aptamer selection. First, the conventional selection technique, known as
SELEX [17, 18], is time-consuming, labor-intensive, inefficient, and expensive.
Second, limited chemical diversity is intrinsic to natural DNA, which has led to
difficulty in selecting aptamers against some targets, especially proteins [23]. Com-
pared to antibodies that have building blocks consisting of 20 amino acids, aptamers
only consist of A, T(U), C, and G, resulting in limited chemical and structural
diversity. In additional, unlike antibodies that have local positive or negative surfaces,
aptamer sequences are ubiquitously negative-charge under physiological conditions.

Another limitation of aptamers for their biomedical applications is that they tend
to be very sensitive to nucleases. Therefore, extra effort is required in order to
modify these aptamer sequences to make them nuclease-resistant, a process which,
in turn, involves expensive and lengthy steps.

To overcome these limitations, new selection methods are needed to further
improve the success rate of aptamer selection and to efficiently generate stable
aptamers for in vivo application with low cost. In the following sections, several
new and promising aptamer selection methods will be reviewed. Strategies for
improving selection success rate will be highlighted. Finally, efforts leading to the
selection of stable aptamers and, hence, increasing the potential for the practical use
of aptamer-based technology in clinical settings, will be discussed.

14.3 New Methods to Improve the Efficiency of Aptamer
Selection

SELEX involves enrichment from a large initial library after many iterative rounds
of selection and the screening of tens to hundreds of aptamer candidates from the
enriched library [24]. This lengthy and inefficient process calls for the development
of innovative methods for rapid, efficient, and high-throughput generation of ap-
tamers. Over the past decade, several new SELEX enrichment and screening
methods have been developed to facilitate aptamer discovery.

For example, taking advantage of the excellent separation efficiency of capillary
electrophoresis (CE), Mendonsa and Bowser developed CE-SELEX (Fig. 14.2),
which significantly reduces the number of selection rounds to as low as four. So far,
CE-SELEX has been successfully used to isolate aptamers for large targets
including human immunoglobulin E [25, 26], HIV reverse transcriptase [27],
protein kinase K [28], protein farnesyltransferase [29], protein MutS [30, 31], and
small targets such as neuropeptide Y [32] and N-methyl mesoporphyrin [33].

Another exciting progress made in this field is the introduction of microfluidics
technology to aptamer selection. Due to the advantages of reduced reagent con-
sumption, high throughput, and automation potential, microfluidic technology has
revolutionized the field of aptamer selection in terms of increased speed, reduced
costs, improved resolving power, high throughput, and automation [34–37]. One of
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the successful examples of the integrating microfluidics with aptamer selection was
illustrated by Soh group, where they integrated the high separation efficiency of
microfluidics with target-bound magnetic beads to develop a magnetic beads-based
microfluidic SELEX, or M-SELEX, for highly efficient isolation of aptamers [38].
Using this M-SELEX method, an enriched aptamer pool was obtained that tightly
bound to the light chain of recombinant botulinum neurotoxin type A after a single
round of selection with a Kd value of 33 nM.

In addition to the enrichment process, screening active aptamers from a large
enriched library is also an important step for aptamer selection. In a normal
screening process, the enriched DNA library has to be cloned into plasmids, fol-
lowed by transfection into bacteria. Bacteria are then grown, and colonies are
picked and sequenced in large quantities to obtain aptamer candidates. After bio-
informatics analysis, possible candidates are then chemically synthesized, and their
binding affinities are measured individually. To reduce and simplify this time-
consuming, labor-intensive process, agarose droplet SELEX (Fig. 14.3) and surface
display SELEX were developed for efficiently screening aptamers from a complex
ssDNA library by employing single-molecule emulsion PCR (ePCR) in agarose
droplets [39] or on the surface of microbeads [40]. Compared to the conventional
cloning–sequencing–synthesis–screening work flow, these methods take advantage
of the compartmentalization of droplets and allow rapid screening of individual
DNA sequences from an enriched library prior to knowing their exact sequence
information, thereby accelerating and simplifying the entire process at reduced cost.

Another game-changing technology for aptamer selection is next-generation
sequencing (NGS). NGS possesses unprecedented sequencing speed, thereby
enabling impressive scientific achievements and novel biological applications

Fig. 14.2 Schematic illustration of CE-SELEX. A library of ssDNA is incubated with the target
molecules. Capillary electrophoresis is used to separate bound from unbound sequences. Binding
sequences are amplified by PCR and evolved as an enriched ssDNA pool suitable for further
rounds of selection
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[41, 42]. Accordingly, this high-throughput NGS has also been introduced into
aptamer selection [43–48]. In traditional aptamer selection, Sanger sequencing can
only identify some hundred clones, requiring the successive shrinking of the enriched
library to a small number of sequences through many rounds of selection. In contrast,
NGS, together with bioinformatics, allows the successful isolation of high-quality
target binders after very few selection rounds. Moreover, NGS also offers the
opportunity to open the black box of SELEXand observe a large part of the population
dynamics during the selection process. For example, Schütze et al. [44] performed
SELEX on the model target streptavidin immobilized on magnetic beads and com-
pared the results obtained between conventional cloning with Sanger sequencing and
NGS. In order to follow the selection process, pools from all selection rounds were
barcoded and sequenced in parallel. Ten rounds of selection were performed. It was
found that high-affinity aptamers could be readily identified simply by copy number
enrichment in the first selection rounds. Interestingly, the most abundant clones
analyzed in the final selection round did not directly coincide with the strongest
binding behavior, which indicates a strong selection bias in favor of PCR performance
over binding properties. It was also observed mutant clones introduced by Taq
polymerase arise during the selection. Based on these results, they suggested that
performing three rounds of selection, followed by sequencing the pools by NGS,
could avoid the high number of iterative selection rounds typical of traditional
SELEX, while, at the same time, reducing time, PCR bias, and artifacts. Moreover,
one round of positive selection, followed by NGS and bioinformatics analysis, has
proven successful in selecting high-affinity aptamers against thrombin [45].

Fig. 14.3 Schematic illustration of direct evaluation of enriched sequences by agarose droplet
microfluidics. Single DNA sequences of an enriched library obtained by traditional SELEX are
encapsulated individually into agarose droplets for high-throughput single-copy DNA amplifica-
tion. The resulting agarose droplets are cooled to become agarose beads and stained with SYBR
Green to enable selection of highly fluorescent beads containing DNA colonies. The binding affinity
of DNA in each fluorescent bead against the target molecule is screened. DNA sequences with low
Kd values and good selectivity can be directly used as aptamers, or they can be sequenced and
synthesized for further study. Adapted from Ref. [39]. Copyright 2012 American Chemical Society
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14.4 Aptamers with Modified and Unnatural Bases
for Better Binding Affinity

Because of their limited number of building blocks and ubiquitous negative-charge,
DNA or RNA molecules have limited chemical, structural, and molecular inter-
action diversity as compared to antibodies. This intrinsic limitation of natural
nucleic acids may, in turn, lead to low success rate for generating aptamers against
some proteins. By doping modified bases with hydrophobic moieties, positive
charges, or non-Watson–Crick hydrogen bonds into aptamer sequences, the
chemical, structural, and interaction diversity of the aptamers could be significantly
expanded, leading to greatly improved binding properties.

Eaton and coworkers have pioneered the field by synthesizing nucleotides
modified with diverse functional groups for use in SELEX [49, 50]. By using
pyridine-modified RNA molecules, RNA aptamers capable of catalyzing a Diels–
Alder [4 + 2]cycloaddition by a factor of up to 800, relative to the uncatalyzed
reaction, were reported [51]. Recently, based on this technology, Gold and
coworkers proposed modifying bases with a functional group that mimics amino
acid side chains to yield protein-like properties (Fig. 14.4). Such modification was
found to significantly increase the success rate of SELEX. The group has selected
high-quality aptamers against over 1,000 human proteins that were initially
unsuccessful in SELEX with unmodified SELEX [52].

In addition to using modified natural nucleotides, unnatural nucleotides have
been successfully used in aptamer selection. Unlike modified natural nucleotides,
which still pair with their natural complementary nucleotides, unnatural nucleotides
pair with each other, but not with any of the four natural nucleotides. Use of
unnatural nucleotides provides additional structural and chemical diversity beyond
that available with modified natural nucleic acids, which could increase the func-
tionality of aptamers and improve the success rate of aptamer selection. Hirao and
coworkers generated aptamers containing adenine, guanine, thymine, cytosine, and
the highly hydrophobic unnatural base 7-(2-thienyl)imidazo[4,5-b]pyridine (Ds)
[53]. Based on the hydrophilic property of nucleic acids, conventional aptamers
bind less effectively to the hydrophobic parts of target protein. However, the
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introduction of a hydrophobic cavity provided by unnatural Ds bases extends
additional hydrophobic binding forces to aptamer candidates. Aptamers identified
against two protein targets were used in their experiment, including vascular
endothelial cell growth factor-165 (VEGF-165) and interferon-γ(IFN-γ), and they
displayed affinity in the pM range, which is >100-fold stronger over that of apta-
mers containing only natural bases.

Instead of using natural bases with hydrophobic functionality, Tan and
coworkers incorporated artificially expanded genetic information systems, or
AEGISs, to expand the structure and chemical diversity of the DNA library for
aptamer selection [54]. AEGISs are unnatural forms of DNA with different
arrangements of hydrogen bond donor and acceptor groups on the nucleobases not
found in natural nucleobases. Introduction of AEGISs can significantly increase
information density and provide more functional groups for molecular interaction.
Using a DNA library built from 6 nucleobases, A, T, C, G, and the AEGIS non-
standard P and Z nucleotides, aptamers against a line of breast cancer cells were
successfully identified. These results demonstrate the potential of genetic alphabet
expansion to increase the chemical and structural diversity of nucleic acid library
for aptamer selections.

14.5 Selection of Stable Aptamers

One of the major barriers against the in vivo application of aptamers built from
natural nucleic acids is their quick degradation by nucleases under physiological
conditions. Depending on the sequence and secondary structure, RNA is degraded
by nucleases in seconds and DNA in minutes in biological media, such as serum
[55]. As such, natural nucleic acids are not suitable building blocks for therapeutics
or imaging reagents where prolonged activity is required. However, the rate of
nuclease digestion can be inhibited with backbone modification of the nucleic acids,
e.g., substitution at the 2′ position of pyrimidines, which are the primary targets for
serum nucleases [56]. Another highly stabilizing modification commonly used for
antisense oligonucleotides is the substitution of the internucleotide phosphodiester
linkage with a phosphorothioate linkage. Unfortunately, post-SELEX modification
risks weakening aptamer-target binding by altering aptamer structure, disrupting
specific interactions with the target, or a combination of both.

In addition, the isolation of nuclease-resistant aptamers could be achieved by
using a library of oligonucleotides with the chemical substitutions already present
(Mod-SELEX) [55]. Mod-SELEX uses a polymerase to incorporate modified
nucleotides into the oligonucleotide library. Wild-type polymerases are evolved in
nature to work efficiently with wild-type nucleotides. However, these polymerases
are generally specific for their substrates to ensure high-fidelity amplification;
therefore, the incorporation of nucleotides containing modifications in such wild-
type polymerases is often a challenge. As a consequence, considerable effort has
been expended to discover variants of wild-type polymerases that are able to accept
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modified nucleotides. Among these, Y639F T7 RNA polymerase was found to
polymerize 2′-deoxy nucleotides (A, C, and U), 2′-fluoro-pyrimidines, and 2′-
amino-pyrimidine nucleotides [57]. Compared to other modifications, 2′-O-methyl
modification is more attractive for a number of reasons. First of all, 2-O-methyl
nucleotides are much cheaper to synthesize. Second, they are naturally occurring
nucleotides that are commonly found in ribosomes and thus safe to use for thera-
peutic applications. Based on Y639F, the double mutant Y639F/H784A T7 RNA
polymerase was found to polymerize pyrimidines with more bulky groups,
including 2′-azido and 2′-O-methyl [58]. More recently, a T7 RNA polymerase
variant, R425C, was discovered, which permits the enzymatic synthesis of fully
2-O-methyl-modified RNA [59].

Early examples of Mod-SELEX used wild-type polymerase to synthesize
2′-fluoropyrimidine and 2′-hydroxyl-purine oligonucleotide for the selection of
nuclease-resistant aptamers, which were further developed later as Macugen
(pegaptanib sodium) [19], the first aptamer to be clinically approved for human
therapeutic use in the USA, and other drugs currently in clinical development. With
the availability of polymerase capable of incorporating different modified bases, it is
expected that more nuclease-resistant aptamers will be reported.

Another approach for generating stable aptamers involves the use of nucleic
acids consisting of L-nucleotides for aptamer synthesis. The resulting L-aptamers,
called Spiegelmers, have shown good resistance to nuclease degradation, and, as a
result, they have been selected to target a variety of small molecules, including
gonadotropin-releasing hormone [60], ghrelin [61], and more recently, proteins
such as cardiac troponin I [62].

14.6 Summary and Outlook

The advantages of aptamers, as discussed above, fully position these DNA/RNA
oligonucleotides as promising affinity ligands for therapeutic and diagnostic
applications. Although significant progress has been made in fundamental research
in the areas of chemical sensing, clinical diagnosis, and targeted drug delivery and
therapy, the practical and commercial use of aptamers, especially for clinical
applications, has lagged far behind. It is true that aptamers suffer such limitations as
low efficiency and low rate of successful selection, as well as susceptibility to
nuclease digestion. However, novel selection methods have been developed to
address these obstacles. For example, next-generation sequencing allows observa-
tion of the population dynamics during the selection process and allows the suc-
cessful isolation of high-quality target binders after very few rounds of selection. To
improve the success rate of aptamer selection, a variety of chemical functional
groups have been introduced to expand the structural and chemical diversity of the
nucleic acid library. Furthermore, progress in enzymology has allowed the enzy-
matic introduction of different moieties to the 2′ position of the sugar ring to prepare
a nuclease-resistant library for stable aptamer selection. Other novel strategies, like
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Spiegelmers, consisting of the enantiomers of natural oligonucleotides, further
improve the selection of robust aptamers for small molecule and, more recently,
protein targets.

Unlike the identification of small-molecule ligands, where computational
approaches have been the indispensable main force in the drug screening pipeline
for lead compound identification, computational screening remains a fundamentally
uncharted area for aptamer selection. Nonetheless, some progress in this direction
has been demonstrated by Tseng and coworkers, who used an in silico, entropic
fragment-based approach (EFBA) to design aptamer templates that selectively bind
to the phospholipid membrane component phosphatidylserine [63].

Another under-explored area is the structural study of aptamers. Accurate elu-
cidation of aptamer structure allows one to study structure–function relationship,
which would further help optimization of aptamer sequence. More importantly,
based on the structure of aptamer obtained, a variety of sensing schemes, such as
fluorescence resonance energy transfer, pyrene-based monomer–excimer switching,
and target responsive aptamer-crosslinked hydrogel, could be adopted for robust yet
sensitive detection of related targets. In addition, the availability of aptamer
structure could guide one to further stabilize the structure of aptamer. Unlike the
globular structure of antibodies, aptamer structures are floppy, which leads to their
affinity sensitive to environmental changes. Stem structures or covalent crosslinks
by photo-affinity moieties could be possibly introduced to fix the structure of non-
active sites to enhance the overall structural stability of aptamers thus their binding
properties.

With the broad availability of novel selection methods, modification strategies,
the introduction of powerful computational approaches, as well as the increased
effort in aptamer structure elucidation and stabilization, it is anticipated that more
and more aptamers will emerge for practical therapeutic and diagnostic
applications.
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