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Abstract

Rapid development of anticancer therapies has occurred, but many challenges remain, including
difficulties in early detection and the side effects from chemotherapy. To address these problems,
aptamers, which are single-stranded DNA or RNA oligonucleotides with high selectivity, affinity
and stability, have attracted considerable attention for biomedical applications. These
oligonucleotides, which are selected by an in vitro process known as cell systematic evolution of
ligands by exponential enrichment (cell-SELEX), have demonstrated the merits required to
recognize disease cells. As such, they show great potential for applications in both clinical and
laboratory settings. This review focuses on recently developed techniques utilizing aptamers in
cancer research, including cancer cell detection, sorting and enrichment, as well as targeted drug
delivery for cancer therapy.

Cancers originate from mutations of human genes. These mutations will result in molecular
changes within the cell and then finally lead to changes in cell morphology and physiology.
For decades, clinicians have primarily relied on the morphology of tumor cells to diagnose
cancers, using techniques such as computed tomography and MRI [1]. But these methods
are not capable of detection and diagnosis at a molecular level. In order to accurately predict
cancer progression, the detection of the molecular level changes on the cell surface is
required. In order to achieve this goal the technique of molecular probes has developed
rapidly in recent years.

Among many new tools developed for cancer research, there is a new class of nucleic acid
probes known as aptamers, which are single-stranded DNA or RNA oligonucleotides that
can be selected to target a wide range of molecules or cells. Aptamers have many
advantages over antibodies, particularly their selection, since cancer cells can be used as the
target without knowing the number and arrangement of proteins on the cell surface.

These aptamers can distinguish normal cells from tumor cells by identifying molecular level
differences and can even discriminate cancer cells by type, by stage of development or by
patient profile. In this review, we will focus on the applications of aptamers selected from
cell dystematic evolution of ligands by exponential enrichment (cell-SELEX), as a newly
developed molecular tool for cancer studies.
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Aptamers & cell-SELEX

m Aptamers

Aptamers, a term derived from the Latin aptus, meaning ‘to fit’ [2], are single-stranded
DNA or RNA oligonucleotides selected from an in vitro method known as SELEX, as
originally developed by Gold, Szostak et al. in 1990 [2,3]. Aptamers have been selected for
a wide range of target molecules, from simple organic and inorganic molecules to peptides,
proteins and even living cells. In addition to specific recognition of their targets, manmade
aptamers possess several advantages over naturally occurring antibodies [4-7]. These
include the ease of synthesis, stability under room conditions, lack of immunogenicity, rapid
tissue penetration, ease of immobilization and modification on the chemical devices and,
most importantly, specific selectivity to their targets. According to all these advantages,
aptamers have great potential as molecular probes for disease diagnosis and therapy,
especially for cancer.

In recent years, many applications have been reported for the use of aptamers in bioanalysis
and biomedicine [4]. Several kinds of aptamers have been selected against cancer-related
proteins, such as PDGF, VEGF, HER3, NF«B, tenascin-C or prostate-specific membrane
antigen (PSMA) [8-10]. The technique of aptamer selection against whole cancer cells was
subsequently developed [11-17]. Compared with protein-based SELEX, this cell-SELEX
can be carried out without prior knowledge of the number or types of proteins on the cell
surface. Furthermore, selection can be performed against whole cells with many kinds of
receptor proteins existing on their cellular surfaces, which makes it possible to select a panel
of aptamer probes that can specifically recognize the biomarker on the cancer cells and then
distinguish them from the normal ones, based on differences at the molecular level.

m Cell-SELEX: cell-based selection of aptamers specific to cancer cells

To generate aptamers that can specifically target cancer cells, a library of ssDNA is used
[17]. As shown in Figure 1, the library is first incubated with the target cells. After washing,
the DNA sequences bound to the target cell surface are collected and then incubated with the
negative control cells (usually the normal cells). All DNA sequences that show binding to
the negative control cells are removed. This step is necessary because some proteins on
cancer cell surfaces are also expressed by normal cells. To avoid recognition of normal cells,
the aptamers binding to these nonspecific proteins must be removed. The remaining
sequences are kept and amplified for the next round of selection. Generally, approximately
20 rounds of cell-SELEX are required to isolate aptamers with the highest selectivity affinity
to the target cells.

A panel of aptamer probes has been successfully selected from cell-SELEX for several types
of cancer cells, including lymphocytic leukemia, myeloid leukemia, liver cancer, small-cell
lung cancer and non-small-cell lung cancer [18-20]. These aptamers all showed high affinity
and excellent specific selectivity against their targets. This result illustrates how aptamers
can be selected without specific knowledge of the cell’s molecular signature or the number
or type of proteins on the cell surface.

In order to test whether aptamers selected by cell-SELEX can specifically recognize cancer
cells, four aptamers were selected for adenocarcinoma A549 and tested for their recognition
of different cell lines, as shown in Table 1 [21]. The results indicate specific recognition of
these aptamers to A549 cells. While all four aptamers can recognize the large carcinoma
cell, only S11e also recognizes both squamous carcinoma cell lines. This result indicates that
these aptamers can be used to distinguish different subtypes of non-small-cell lung
carcinoma. In addition, these four aptamers show the differential binding to the different
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non-small-cell lung carcinoma patient samples, indicating that these aptamers can even
distinguish molecular differences among patients with the same diagnosis.

This specific selectivity makes aptamers ideal candidates to be used as molecular probes in
clinical research, especially in cancer studies. In the following part of the review, we will
explore the chemical biology approaches for these new aptamers and their applications for
cancer diagnosis and therapy in three general areas: cancer cell detection, sorting and
enrichment, and targeted drug delivery.

Aptamer-based cancer cell detection

Cancer is a group of diseases that originate from mutations and alterations at the genetic
level and, subsequently, at the molecular level. However, in the earliest stages of cancer, the
number of tumor cells and, consequently, the number of molecular markers are low, thus
limiting detection of the disease. The traditional detection methods, such as computed
tomography, MRI and positron emission tomography with radiolabeled 2-fluoro-deoxy-
glucose, assess only anatomical changes or nonspecific glucose metabolism [1].
Determination of the molecular characteristics of a cancer, in particular the characteristic
proteins associated with a specific cancer, can be of great benefit in early diagnosis [22],
particularly in the context of biomarker discovery.

Among the many strategies for aptamer-based cancer detection, this review focuses on two
general paradigms that have appeared most frequently in the recent literature: aptamer-based
cell detection and aptamer—nanoparticle conjugation for enhanced detection.

m Aptamer-based cell detection

Aptamers selected by the cell-SELEX method have shown the specificity and high
sensitivity required of bioprobes used for the accurate and early diagnosis of tumors. With
their high-recognition specificity, aptamers can correctly distinguish different types and
even different subtypes, of cancer cells [21]. Moreover, the binding affinity of aptamers to
their targets allows the detection of cancer cells at low levels, leading to an early and
sensitive diagnosis. In addition, DNA molecules have the advantage of predictable structures
and easy site-specific chemical modification. Therefore, aptamers can be conjugated to
fluorescent molecules for targeted imaging of the cells, or to nanoparticles for signal
enhancement.

In 2008, Medley et al. developed a colorimetric assay for the direct detection of diseased
cells using aptamer-conjugated gold nanoparticles [23]. For the initial research design,
CCRF-CEM acute leukemia cells were used as the target and Ramos cells, a Burkitt’s
lymphoma cell line, were used as control cells. Aptamers specific to CEM cells were
conjugated to gold nanoparticles having diameters from 5 to 100 nm. With their specific
binding against target cells, aptamer molecules will aggregate on the cell surface membrane.
As shown in Figure 2, the association of aptamers with target proteins on the cell surface
also brings the aptamer-conjugated gold nanoparticles into close proximity, allowing overlap
of their surface plasmon spectra, which in turn leads to a detectable color change in solution.
When using the 50-nm gold nanoparticle, this conjugate had the greatest measurable red
shift and absorbance past 600 nm on the target cells. This assay has an extremely high
sensitivity, with a detection limit of simple absorbance of just 90 cells, while 1000 target
cells can lead to a color change that can be observed by the naked eye. This method
demonstrates the potential of aptamer-based ana lysis for rapid, simple, direct and, most
important, sensitive detection of cancer cells in clinical diagnosis.
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With their ease of chemical manipulation and synthesis, aptamers can be conjugated to
fluorophores for the preparation of fluorophore-labeled bioprobes, which have undergone
rapid development in recent years [24]. In 2009, Kang et al. demonstrated multiplex
detection of cancer cells using quantum-dot (QD)-conjugated aptamers [1]. Three aptamers
(TTAL, AS1411 and MUC-1) were conjugated to quantum dots with emission wavelengths
of 605, 655 and 705 nm, respectively. For confocal microscopic analysis of multiplex
imaging of cancers, healthy and disease cell lines were incubated with each QD-conjugate.
QD-TTAL1 (Figure 3A) was clearly visualized at 605 nm on C6 cells, but it showed very
weak fluorescence signals with PC3, HeLa and NPA cell lines. QDAS1411 (Figure 3B)
showed strong fluorescence activity on cellular membranes in HeLa, C6, PC3 and NPA cell
lines at 655 nm. QD-MUC-1 (Figure 3B) showed relatively high fluorescence signals on the
membrane of HeLa cells at 705 nm. No fluorescence activity was observed from any of the
conjugates with the healthy cells, which acted as the negative control.

As these probes can detect and differentiate different types of cancer cells, as well as
produce a visible fluorescence signal in the presence of target cells, they have high potential
as a clinical diagnostic tool.

m Aptamer—nanoparticle conjugation to enhance detection

Cancer cells, especially those in the early stages of disease development, may have a lower
density of target on the cell surface than the LOD. To increase the signal and enhance
binding affinity, multivalent binding, instead of single-aptamer binding, will greatly help
detection. Nanomaterials are particularly advantageous as multivalent ligands owing to their
high surface-to-volume ratio.

Based on their ease of chemical modification and predictable secondary and tertiary folding
structure, aptamers have been conjugated with various nanomaterials to enhance cancer cell
detection [22,23,25-28]. Huang et al. have synthesized 12 x 56-nm Au—Ag nanorods (NRs)
acting as a nanoplatform for the multivalent binding of aptamers [26]. Up to 80 fluorophore-
labeled sgc8 aptamers could be attached on one NR, leading to a 26-fold higher affinity and
over 300-fold higher fluorescence signal (Figure 4). The use of nanorods as a nanoplatform
for multivalent binding of aptamers increases both the signal and binding strengths of these
aptamers in cancer cell recognition. This technique can be used in clinical detection to
enhance both binding affinity and signal strength when the concentration of target cells is
relatively low.

Aptamer-based cancer cell sorting & enrichment

The ability to diagnose cancer based on the detection of rare cancer cells in blood or other
bodily fluids is a significant challenge. Generally, however, in vivo tumors shed only 106
cells per day into the bloodstream [29]. These circulating tumor cells are an extremely rare
component within human blood (~10 cells/ml of whole blood), while other more
predominant cells occur in high concentration, for example, erythrocytes (~10° cells/ml of
whole blood) and leukocytes (~10° cells/ml of whole blood) [30]. To address this challenge,
microfluidic cell-affinity chromatography devices can be used to capture cells from any
patient sample that contains occult tumor cells.

In 2009, Dharmasiri et al. designed a poly(methyl methacrylate) microchip device for the
capture and enumeration of prostate tumor cells [31]. In their study, anti-PSMA aptamers
were immobilized onto the surface of a capture bed poised within a PMMA microchip,
which was fabricated into a high-throughput micro-sampling unit. The device was able to
capture 90% of LNCaP cells (prostate cancer cell line) on the surface of the capture bed,
with purity as high as 100%.
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Xu et al. reported an aptamer-based microfluidic system having the unique qualities of
simplicity, efficiency and high selectivity for a variety of biological applications [32]. As
shown in Figure 5, the S-shaped channel was designed with three cell-capture regions to
capture three different types of leukemia cells (CEM, Ramos and Toledo). Aptamers were
selected by the cell-SELEX process (Sgc8, TDO5 and Sgd5 for CEM, Ramos and Toledo
cells, respectively) and were tandem immobilized on three regions of the device. When the
cell mixtures passed through the device, CEM, Ramos and Toledo cells were captured in
individual regions with purities of 97, 97 and 88%, respectively. Even without the extra
optimization for the cell-capture efficiency, the efficiency was still as high as 83 + 9%
(CEM), 61 + 14% (Ramos) and 50 + 10% (Toledo). This enrichment of rare cancer cells
makes the device a useful tool for early diagnosis when the concentration of cancer cells in
plasma is relatively low.

After pumping air through the channel, the cells were released from the surface with an
efficiency of 45% and subsequent growth of the cells showed that the cells were still viable,
indicating that the process does not lead to apoptosis. Therefore, the released cells can still
be used for further diagnosis without loss of activity. Furthermore, since there is no physical
limit to the number of regions, this device can be developed for the multiplexed detection of
more than three types of cancer cells.

The aptamer-based microfludic device can be used for the detection of cancer at an early
stage, as well as for multiplexed cancer cell detection. It can discriminate among different
cancer cell types with high purity. Simultaneous enrichment of three distinct target cells into
independent fractions is also useful for further diagnostic procedures, such as proliferation
[33], counting [34] and gene analysis [28]. Finally, since these aptamer-based devices can be
stored for long periods and are easily operated, they will be efficient and economical tools
for the early diagnosis of cancer.

Aptamer-based targeted drug delivery for cancer therapy

Another challenging problem in cancer therapy is the efficient and selective delivery of
pharmaceuticals directly to the tumor cells. Drugs alone do not have sufficient specificity to
target cancer cells and, moreover, can seriously damage normal cells. Also, the
reticuloendothelial system surveys all entering or circulating antigens and mobilizes an
immune response, a sufficient biological defense to antibodies and drugs. In order to address
these problems, cytotoxic drugs can be conjugated to a probe molecule having the affinity
and selectivity to target only the disease cells. This probe should efficiently recognize
abnormal cancer cells, distinguish them from the normal ones and then directly deliver the
loaded drug to the tumor cells without causing side effects or harm to the body. This concept
was first investigated using antibody—drug conjugates.

In the 1990s, Bristol-Myers Squibb scientists first covalently linked doxorubicin (Dox), an
intercalating chemotherapeutic agent that blocks DNA replication, to human mAb BR96
[35]. However, owing to the limited conjugation between the antibody and Dox, as well as
the relatively low potency and half-life of the conjugate, the compound failed to show
sufficient clinical efficacy [36]. Antibodies also have the disadvantages of immunogenicity
[37], poor site specificity for conjugation and inconsistent binding affinities [38].

m Aptamer-directed conjugation for targeted drug delivery

Fortunately, owing to their specific selectivity, high affinity, easy synthesis and lack of
immunogenicity, aptamers have shown great potential for drug delivery in cancer therapy. In
recent applications, aptamers have been explored as targeting agents for targeted drug-
delivery systems. The specific selectivity of aptamers allows this conjugation to recognize
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the target cancer cell while reducing damage to normal cells. Furthermore, due to their lack
of immunogenicity, aptamers can reduce immune responses from the reticuloendothelial
system. Combining the advantages of aptamers with their conjugation potential, these probes
hold great promise for chemotherapy, where low toxicity to nontargeted cells is critical.

A novel strategy for targeted drug delivery to cancer cells was reported by Bagalkot et al.
via formation of a physical conjugate between Dox and the A10 RNA aptamer [39]. The
authors reported that this conjugation was able to target PSMA-expressing prostate cancer
LNCaP cells with subsequent intracellular release of doxorubicin at 37°C.

The sgc8-Dox conjugate (Figure 6) was designed by Huang et al. for targeted drug delivery
to CCRF-CEM cells (T-cell acute lymphoblastic leukemia, T-cell ALL) [40], combining the
advantages of specific recognition of aptamer sgc08 for protein tyrosine kinase (PTK)7
[17,41] and the benefits of doxorubicin in treating acute lymphoblastic and myeloblastic
leukemias [42]. Using an indirect fluorescence measurement, the conjugate achieves a
dissociation constant (Kq) of Sgc8c—Dox to the CCRF-CEM cells as low as 2.0 £ 0.2 nM.
The Sgc8c—Dox conjugates showed a 6.7-fold increase in toxicity to CCRF-CEM cells
compared with nontarget NB-4 cells and even higher compared with Ramos cells. This
selective killing can reduce the damage to normal cells, thus saving the patient from
detrimental side effects. The acid-labile linkage connecting the drug and the aptamer allows
the drug to be cleaved in the acidic endosome environment for selective release into the cell.

m Aptamer-liposome conjugates for targeted drug delivery

Since most of the existing aptamers cannot directly pass through the cell membrane, finding
ways to increase membrane permeation has been an active area of research. In 2009, Cao et
al. reported the controlled formulation of aptamer-conjugated, multifunctional liposomes to
encapsulate and deliver eisplatin [43]. Because the cell membrane is basically a dynamic
lipid bilayer, this liposome nanostructure can efficiently increase cell permeability and
enhance drug delivery [44]. The other advantage of liposomes is their ability to increase the
plasma residence time of aptamers [45].

A Sgc8-PEG-Iliposome nanostructure for drug delivery was reported by Kang et al., as
shown in Figure 7 [46]. With approximately 250 aptamers on each liposome, this design
leads to multiple aptamer—receptor interactions, provides better binding to the target cells
and facilitates translocation through the plasmic membrane. While liposomes are
immobilized on the surface membrane of the CEM cells by aptamer recognition, no binding
to the non-target NB4 cells is observed.

m Aptamer-micelle conjugates for targeted drug delivery

Based on aptamer-lipid conjugates, the aptamer—micelle nanostructure has been
incorporated into recent applications. Micelles are aggregates of surfactant molecules with
the hydrophobic parts in the interior and the hydrophilic regions facing outward to the
surrounding solvent [47]. In recent applications, micelles constructed of hydrophilic
oligonucleotides and a hydrophobic polymer have appeared [48,49] and have shown the
ability to carry a variety of cargos to cells, including antisense oligonucleotides and drug
molecules [49,50].

Wu et al. reported the development of a self-assembled aptamer—micelle nanostructure [44].
The hydrophilic aptamers were linked to the hydrophobic lipid tail by PEG. In aqueous
solutions, this conjugate can self-assemble into a 3D spherical micelle structure. The
aptamers formed the hydrophilic surface of the micelle and the lipid tails formed the
hydrophobic center. Unlike the bilayer structure of liposomes, micelles only have one layer
by the dense packing of the aptamer—PEG-lipid conjugate.
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In this aptamer—micelle structure, the aptamer not only acts as the cell-recognition element,
but also as the building block for the nano structure. The dense packing of aptamers in such
an assembly greatly improves binding affinity. For example, TDO5-micelle has a Ky of 116
nM and a similar size of polymer micelle (60 nm) is estimated to have 1000 copies of units
[51]. After constructing the micelle structure, the dissociation constant would be greatly
decreased from 88 nM (for free TDO5) to 0.116 nM (for the TDO5-micelle). This
multivalent effect from multiple aptamer binding finally leads to an approximate 750-fold
increase in binding affinity. After doping TDO5-micelles with a special dye that only
fluoresces inside cells (CellTracker™), the process of cell internalization was clearly
observed by fluorescent microscopy, indicating good permeability of this structure to the
cancer cells (Figure 8). These results indicate that this aptamer—micelle assembly is a
promising strategy for clinical applications by increasing effective therapy and reducing the
toxicity to normal cells.

Future perspective

In conclusion, cell-SELEX provides an effective approach for generating a large number of
aptamer probes that specifically target a variety of cancer cells whose molecular markers are
unknown. The aptamer panels generated from cell-SELEX show the high selectivity
required for recognition of different types, or subtypes, of cancer cells. These aptamers can
be applied to many areas of cancer cell biology, generating a wide variety of directions for
future work, as described in this review. For example, the ease of site-specific chemical
modification makes it possible to conjugate aptamers to gold nano-particles or quantum dots
for use in colorimetric or fluorescence detection of cancer cells, or to the gold nanorod for
the enhancement of the signal. With such high sensitivity, these devices can be applied for
the early diagnosis of cancer when the concentration of cells is relatively low. Furthermore,
aptamers can be modified for immobilization on a microchip or in a microfluidic device
because of their stability and ease of modification under room conditions. Finally, aptamers
highly specific to cancer cells can be used as drug-targeting agents. This may result in
reducing toxicity while increasing the efficacy of current therapeutic drugs.

Executive summary
Detection of cancer cells
[ Colorimetric detection
[ Fast, simple, sensitive and direct detection for cancer cells.

] Direct detection by color change and quantitative detection by
absorbance.

] Low detection limit: on simple absorbance, 90 cells; 1000 target
cells by the naked eye.

[ Fluorescence detection
m  Sensitive and specific detection for different kinds of cancer cells.

] Efficiently distinguishes among different types of cancer cells by
different wavelengths of fluorescence.

m  Aptamer—nanoparticle conjugation to enhance detection

[ Nanorods act as a nanoplatform for the multivalent binding of
aptamers.

] 80 aptamers attached on one nanorod.

Bioanalysis. Author manuscript; available in PMC 2011 March 1.




1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Zhang et al.

Page 8

m  26-fold higher affinity and over 300-fold higher fluorescence signal.
Sorting & enrichment of cancer cells
m  Aptamer-based microchip
m  Asmall, simple device to capture and enrich rare cancer cells.
[ Efficiently captures 90% of LNCaP cells.
[ High purity of 100% gained.
m  Aptamer-based microfluidic device

m  Specific device for the capture, separation, enrichment and release
of different kinds of cancer cells.

m  Selectively separates different kinds of cancer cells in different
regions.

m  Capture efficiencies as high as 83 + 9% (CEM), 61 + 14% (Ramos)
and 50 £ 10% (Toledo).

[ Purities as high as 97 (CEM), 97 (Ramos) and 88% (Toledo).
[ Releases cells with good viability at efficiency of 45%.
Targeted drug delivery to cancer cells
m  Aptamer-directed conjugates

m  Selective drug delivery to cancer cells while reducing side effects to
normal cells.

n Dissociation constant as low as 2.0 = 0.2 nM.

m  6.7-fold increase in toxicity to target cells compared with control
cells.

m  Aptamer-liposome conjugates
m  Selective drug delivery with increased membrane permeation.

m 250 aptamers on each liposome, leading to multiple aptamer—
receptor interactions.

m  Aptamer—micelle conjugates
[ Dense packing with 1000 aptamer on each micelle unit.
m  750-fold increase in binding affinity.

[ Demonstrated penetration through the cancer cell membrane and
drug release inside.

Continuous development of aptamer selected from cell-SELEX will impact on cancer
studies in many ways. In this review, we have demonstrated its great potential in cancer
detection, diagnosis and targeted therapy. In theory, all types of cancer cells can be the
targets for the cell-SELEX. Even in the same type of cancer cells in different periods, the
molecular expressions will be different. In the future, we expect the aptamers selected from
cell-SELEX to be further used for the detection of molecular-based changes in tumor
progression as well as to distinguish between different subtypes of cancer cells. With the
knowledge of molecular profiling, we can not only accurately diagnose the tumor but can
also determine the molecular basis of cancer. Selecting aptamers that can distinguish the
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cancer cells different progressing periods provides the capability to achieve this goal. In
summary, the future studies of aptamers will lead to an improved understanding of the
biochemistry and molecular basis of cancer and provide a platform for exciting new
technologies in detection, diagnosis and treatment of cancer.
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Key Term

Fluorophore Functional group in a molecule that absorbs energy on a specific
wavelength and emits energy at a different (but equally specific)
wavelength

Microfluidic system System that deals with the behavior, precise control and
manipulation of fluids that are geometrically constrained to a
small, typically sub-millimeter scale

Reticuloendothelial Immune system that consists of the phagocytic cells located in

system reticular connective tissue; surveys all entering or circulating
antigens and mobilizes an immune response

Doxorubicin Drug, also known as hydroxydaunorubicin, used in cancer
chemotherapy and works by intercalating DNA

Ky Dissociation constant. When a complex AxBy breaks down into x
A subunits and y B subunits, the dissociation constant is defined

[A]* X [BF
d:7

as: | A8y

Micelle Typically a dense aggregate with the hydrophilic *head’, which
faces the surrounding solvent and hydrophobic single tail
crowding in the micelle center
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Figure 1. Cell-based aptamer selection
Cell-SELEX: Cell systematic evolution of ligands by exponential enrichment.
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Figure 2. Aptamer-conjugated gold nanoparticle-based colorimetric assay
Adapted with permission from [23] © American Chemical Society (2008).
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presence of various cancer cells
Adapted with permission from [1].
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Figure 4. Aptamer—nanorod signal enhancement
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Figure 5. Microfluidic device and fluorescent images of captured cancer cells

(A) Microfluidic device, (B) representation of aptamer immobilization, (C-E) enrichment of
(C) CEM, (D) Ramos and (E) Toledo cells in their respective regions. Adapted with
permission from [32] © American Chemical Society (2009).
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Figure 6. Conjugation of the drug doxorubicin to aptamer sgc8c for targeted delivery to cancer
cells
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Figure 7. Multifunctional liposome nanostructure for targeted delivery
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Figure 8.

(A) Design scheme of dye-doped micelles. Fluorescent images of Ramos cells for (B) 2 h
and (C) 12 h, or incubation with the biotin~-TDO5-micelle for (D) 2 h. (E) Enlarged
fluorescent image after postlabeling the biotinylated TDO5 aptamer with QD705
streptavidin. The inset is the fluorescent image of the dead cell. (F) Real-time monitoring of
doped special dyes released from the core of the micelles and activated by intracellular
enzymes.

Adapted with permission from [44] © National Academy of Sciences, USA (2010).
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