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Selection

With over 2,000 publications, including about 250 reviews, resulting from a SciFinder
search in just a two year period (2009-2010), the field of aptamer research has continuously
generated lots of interest in the scientific community. Aptamers, first reported by three
groups independently in 1990,1-3 are the artificial single-stranded DNA or RNA sequences
(more recently, peptides) that fold into secondary and tertiary structures making them bind
to certain targets with extremely high specificity. Owing to the high specific affinity of an
aptamer to its target molecule (small molecules, proteins and even entire cells), it is thought
to resemble chemical antibodies, with the dissociation constants ranging from nanomolar to
picomolar level. Aptamers have a number of unique features which make them a more
effective choice than antibodies. First, aptamers can be screened via in vitro process against
a synthetic library, making it possible to target any molecules (from small inorganic ions to
intact cells), overcoming the limit of having to use cell lines or animals, as is necessary for
antibodies. Second, aptamers, once selected, can undergo subsequent amplification through
polymerase chain reaction to produce a large quantity with high purity. Third, the simple
chemical structure of aptamer makes it easily amendable to further modifications with
functional groups according to different purposes. Finally, aptamers are much more stable
than antibodies, making them suitable in applications requiring harsh conditions (e.g., high
temperature or extreme pH).

The applications of aptamers remain very dynamic, with increasing explorations in the fields
of biosensing, diagnostics and therapeutics (some aptamer-based applications are illustrated
in Figure 1). There have been a numbers of excellent reviews in recent years with different
emphases.*—8 Herein, as the first review of aptamers on Analytical Chemistry, we attempt to
cover major progresses in bioanalytical applications of aptamers in the past 2 years.

Aptamers are generally selected using the SELEX (systematic evolution of ligands by
exponential enrichment) approach starting with a random library containing 1013-1016
single-stranded DNA or RNA sequences. The library is incubated with a target of interest to
initiate the first cycle of selection. This is typically followed by iterative cycles of
absorption, recovery of bound DNA/RNA and amplification. Isolation of the bound DNA/
RNA is the most critical step to ensure purity and selectivity. For example, the aptamer-
target complex can be separated by filtration through nitrocellulose or by affinity
chromatography from the unbound DNA/RNA sequences. A number of other separation
techniques have been developed to increase the efficiency and throughput of aptamer
isolation, including flow cytometry,? capillary electrophoresis (CE)0, surface plasmon
resonance (SPR)! and atomic force microscopy (AFM)12-14. The bound aptamers are then
eluted and amplified by RT-PCR (for RNA libraries) or PCR (for DNA libraries) to generate
new pools for the next selection cycle. A typical method for generating aptamers from
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random combinatorial libraries is often labor-intensive and time-consuming. An ideal
aptamer selection procedure requires around 10-15 cycles and normally takes weeks to
months to complete the whole selection process. A lot of efforts have been put forward to
increase the speed and simplicity of production. The Krylov group® has developed non-
equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) approach, which
can screen aptamers with much fewer rounds of selection and can also determine accurate
binding parameters. They further utilized NECEEM in the repetitive partitioning step to
improve the affinity of a DNA library by more than 4 orders of magnitude.16: 17 Very
recently, the same group used the NECEEM method to screen aptamers against a target
protein from a cell lysate without any prior purification of the target protein and
subsequently utilize the developed aptamers for protein isolation from the same cell lysate.18
This technique was demonstrated to be useful for the selection of aptamers for certain
proteins that do not have intrinsic DNA-binding characteristics.19

CE-based separation methods have greatly accelerated the selection efficiencies due to the
fast separation ability based on electrophoretic mobility of protein-aptamer complexes.
However, the approach is limited to mainly proteins, because neutral species typically do not
have the detectable electrophoretic mobility shift. Magnetic beads-based selection methods,
where molecular targets can be first immobilized on a magnetic bead surface, show wider
applications to any kind of molecule or species. However, the efficiency of magnetic
selection techniques is significantly lower than CE. Soh group thus developed a platform
that combines magnetic bead-assisted SELEX with microfluidics technology (M-SELEX;
Figure 2) to take advantage of robust and efficient features of both separation approaches.20
This procedure improves the aptamer selection by enabling highly stringent selection
conditions through the use of very small amounts of target molecules. The separation of the
magnetic bead is based on the magnetic field gradients generated by ferromagnetic patterns
imbedded in the microfluidic channel. The M-SELEX could provide a highly efficient, low-
cost, and automated system with high-throughput capabilities. In a follow-up work, the Soh
group further improved the M-SELEX method using a disposable microfluidic chip to
rapidly generate aptamers with high affinity and specificity.2! In the experiment, picomolar
amounts of target molecule bound to beads were recovered with high efficiency. The
procedure was performed for both the positive selection toward targets and negative
selection against BSA, which greatly increased the selection specificity. In the latest study,
Soh and co-workers developed the Quantitative Selection of Aptamers through Sequencing
(QSAS) method by combining M-SELEX with high-throughput DNA sequencing.?2 The
QSAS method is capable of tracking a pool of individual sequences in the order of millions
over multiple selection cycles. This offers the ability to selectively isolate aptamers without
the need to reduce the original pool number.

A particularly interesting aptamer selection approach was introduced by Mi et.al.23 who
questioned whether in vitro SELEX procedure is effective enough for subsequent in vivo
target detection, principally because the environments during selection and application are
not identical. To address this potential issue, an in vivo aptamer selection approach was
created using intrahepatic colorectal tumor-bearing mice (Figure 3). During their procedure,
the tumor-bearing mice were injected with a random library of RNA sequences. After
harvesting the tumors, RNA sequences were extracted and amplified with PCR. The
resulting RNA pool was again re-introduced into mouse tumors. After this repeated
procedure, the resulting RNA molecules demonstrated increasing affinity toward the
colorectal tumor protein extract compared to normal tissue cells. The generated aptamers
were confirmed to have exceptional in vivo selectivity toward the targeted cancerous mouse
tissue.
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Besides common molecules such as small organics, peptides and proteins, whole intact cells
or viruses have been increasingly used as targets for the selection of aptamers, since the
prior precise knowledge of target molecules is not required.® 24-26 The resulting aptamers
can be used for cancer cell detection, although the knowledge of exact targeted molecules on
the surface of the cells may not be totally clear. Cell-SELEX has become one of the most
widely used methods for screening cells (Fang et.al.% have given a nice review on this
topic). A number of aptamers targeting different cancer cells have since been developed.
Most recently, Li et.al.2” reported a slide-based SELEX strategy for in situ selection of
tissue samples. They demonstrated the effectiveness of their approach by generating an
aptamer with high affinity toward infiltrating ductal carcinoma tissues. Similarly, another
aptamer system was developed by Wan et.al.?8 to capture and enrich EGFR-expressing
glioblastoma cells. The cancer is known for its ability to infiltrate human brain regions, and
the inability to detect glyoblastoma renders it surgically incurable. The fluorophore-labeled
aptamer probe was immobilized on the glass slides and then applied to successfully capture
targeted cancer cells with high efficiency and selectivity. Overall, new developments and
improvements in the aptamer selection process has made the generation of aptamers a more
straightforward and routine practice, leading to greater impact of aptamers and their broader
applications in biochemical and medicinal fields.

Aptamer-based Affinity Purification

Chromatography

With extremely high affinity of aptamers to their specific targets, the use of aptamers as a
stationary phase in affinity chromatography is totally expected. Other advantages using
aptamers in the chromatography include easy modification and immobilization, good
stability, and high reproducibility.2% 39 A variety of aptamer-based chromatographies have
been reported for the separation and purification of small molecules, isoforms and proteins
by formats of open tubular capillaries, packed bed columns, and monolithic columns.31: 32
As an example, Huy et.al.33 immobilized anti-17p-estradiol (E2) aptamer onto solid phase
beads. These selective affinity beads were then used for the enrichment of E2 from spiked
waters sample. The sequential HPLC analysis demonstrated high recovery and
reproducibility.

In addition to the separation of simple targets, Tan group reported the selective capture of
cancer cells from a flowing suspension on a simple square capillary by immobilizing
aptamers in the capillary.34 More than 90% capture efficiency can be obtained through this
device. The method was extended to aptamer-based differential mobility cytometry for
highly efficient enrichment of rare cells.3°

Capillary Electrophoresis

CE has attractive features in affinity studies due to low sample and reagent consumption,
short analysis time, high separation performances, ease of automation and the possibility of
probing molecular interactions under physiological conditions. Most CE assays are based on
laser-induced fluorescence (LIF) detection because of the sensitivity and selectivity of the
detection. While a large number of analytes in CE need to be derivatized for LIF detection,
aptamers naturally provide a molecular basis for LIF, as long as the binding of analytes can
lead to signal changes, a mechanism commonly called structure switching.3¢ The strategy
was successfully applied for the analyses of inorganic ions such as Pb?+ and Hg?*.3739 In a
separate study, Girardot et.al.? applied CE to study the interaction between lysozyme and
aptamer mediated by both monovalent and divalent cations. They found that the binding
between an aptamer and its target was highly dependent on the conformation of the aptamer
molecule. The experimental setup allowed them to calculate apparent binding constants for

Anal Chem. Author manuscript; available in PMC 2012 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

liuk et al.

Page 4

divalent cations. Zhang et.al.*! introduced another CE technique based on a tunable aptamer
for the separation and detection of platelet derived growth factor (PDGF) isomers and their
receptors in diluted serum samples. The aptamer can form a stable complex with the B chain
but not with the A chain of PDGF, resulting in the difference in electrophoretic mobilities of
PDGF isomers. A fine-selected aptamer can even differentiate extremely subtle structural
changes, demonstrated by the separation of the enantiomers of an anionic target (adenosine
monophosphate, AMP) by an aptamer-based micellar electrokinetic chromatography
(MEKC).42

Microfluidics

For the past two years, increasing efforts have been made to couple aptamers with
microfluidics. Microfluidics integrates one or several laboratory procedures, such as sample
preparation, reaction, separation, detection, etc. on a single chip, ranging from millimeters to
a few square centimeters in size. The introduction of aptamers on a microchip has been
expected to bring several advantages to the field, such as reduced reagent and sample
consumption, simplicity, automated processing, faster separation, high throughput and
portability. The Tan group*3 immobilized aptamers in a microfluidic channel to capture rare
cells to achieve a rapid assay without any pretreatment (Figure 4). Their device has
demonstrated both outstanding enrichment purity (97%) and over 80% capture efficiency.
They were able to further extend the utility of their microfluidic device to simultaneously
sort, enrich, and then detect multiple types of cancer cells in a complex sample.#* As another
example of using aptamer-microfluidic devices for bioanalysis, Reif et.al.*> have designed a
microfluidic device for the simultaneous capture and induction of apoptotic cells in Jurkat
cells, providing a tool for the study of the mechanisms and temporal dynamics of apoptosis.
The Soper group“6 have also utilized an aptamer-immoblized microfluidic device to
selectively capture low abundant cancer cells. In their study, aptamers recognizing prostate-
specific membrane antigen (PMSA) were selected and immobilized onto the surface of a
microchip and fabricated into a high-throughput micro-sampling unit. Such combination of
sensitive technology and selective aptamer binding resulted in the 90% recovery rate of rare
circulating prostate tumor cells from peripheral blood matrix.

As another interesting development in aptamer-based microfluidics, Soh and co-workers?’
introduced the Microfluidic Electrochemical Aptamer-based Sensor (MECAS) chip by
integrating target-specific DNA aptamers that can generate an electrochemical signal
through conformational changes in response to the analyte binding. The system was applied
to achieve continuous, real-time monitoring of cocaine in blood serum at the physiologically
relevant concentration and with physiologically relevant time resolution. In another study,
Huang et.al.*8 have combined flow cytometry with aptamer-functionalized magnetic
microparticles for the detection of adenosine in serum.

Overall, the introduction of aptamers into separation sciences has greatly enriched the field.
On the other hand, with wide applications of chromatography, CE and microfluidics,
aptamer has the best chance to present itself as an alternative or even a better solution for
many separation issues, thus establishing an important role in sample preparations for many
practices in academia and industries.

Biosensors

A typical biosensor is comprised of two basic elements: a biological recognition element
(enzyme, antibody, receptor, etc.) and a transducer (electrochemical, optical, thermal, etc.).
Unlike other analytical methods akin to spectrophotometry or mass spectrometry, which
typically need several steps in one analysis, biosensors are simple-to-operate analytical
devices. Biosensors based on aptamers as biorecognition elements have been coined as
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“aptasensors”. The application of aptamers in the field of biosensors takes advantage of the
high affinity and tuneable properties of aptamers, while their sensitivity is greatly influenced
by the transducer. There are a number of promising transducers currently being used for
aptasensor applications, with several recent outstanding reviews available.> 49-52 Here, we
present an overview of representative approaches for the past two years according to
different detection methods.

Electrochemical Detection

Electrochemical detection in aptasensors has attracted increasing attention due to the
advantages of high sensitivity, fast response, robustness, low cost and the potential for
minituarization (see Figure 5A for an example).>3-68 DNA aptamers are more commonly
used for the biosensor development compared to RNA®® which is less stable and easier to be
degraded by ribonucleases. However, efforts have been made by several groups to overcome
this drawback through chemical modifications or the use of enantiomeric aptamers with L-
nucleotides.”® 71

Examples of electrochemical DNA aptamer-based biosensor include the detection of
interferon (IFN)-y,”2 aminoglycosidic antibiotics,”® and thrombin’* which was achieved by
immobilizing the thrombin-binding aptamer (TBA) onto multi-walled carbon nanotubes as
both the molecular recognition element and the carrier of the electrochemical capture probe.
An alternative approach to detect thrombin by Zhang et.al.”® was based on a gold electrode
modified sequentially with polyamidoamine (PAMAM) dendrimer and with thrombin-
binding aptamer through layer-by-layer assembly procedures. Furthermore, thrombin
detection was also achieved using a solid-contact potentiometric aptasensor prepared by
modifying the single-walled carbon nanotube surface with thrombin aptamer.”®

An aptamer-gold nanoparticle strip biosensor was reported for the rapid, specific, sensitive,
and low-cost detection of Ramos cells spiked into human blood.”” A similar study by Xu
et.al.”8 introduced aptamer-based dry reagent strip biosensor probes through chemical
immobilization on golden nanoparticles. The approach allowed for the detection of thrombin
from human plasma with comparable selectivity and sensitivity to antibody-based methods.
In a separate report, a combination of aptamer-based electrochemical nanoparticles and
backfiling strategy was utilized for simultaneous detection of small molecules and
proteins.’”® The target binding triggered the release of aptamers off the DNA helix, which
resulted in the DNA backfiling hybridization on the electrochemically encoded surface. The
particular value of the approach is the ability to differentiate unique electrochemical
signatures of the individual nanoparticles after binding to different targets at various
concentrations.

For most electrochemical detection, the aptamers need be immobilized onto the electrodes.
However, there have been several homogeneous methods based on the use of ferrocenyl
aptamers80: 81 for simple and cost-effective detections. Tan et.al.81 compared the
heterogeneous switch-on and homogeneous switch-off approaches of aptamer-based
electrochemical sensors for thrombin detection.

Chemiluminescence Detection

Chemiluminescence detection has been widely applied to numerous fields, since it does not
need external light source like fluorescence to produce light signal and offers simplicity, low
cost and high sensitivity. It is not surprising, therefore, that chemiluminescence-based
aptasensors have recently become a popular choice (see Figure 5B for an example).82-86
Taking advantage of this detection approach, a chemiluminescence system was constructed
based on the catalytic activity of unmodified gold nanoparticles (AuNPs) on the luminal-
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H,0, reaction and the interaction of unmodified AuNPs with the aptamer.8” The binding of
the aptamer with its target can induce the AuNP aggregation and further enhance the
luminal-H,0O, chemiluminescence reaction with close to 26 fM thrombin detection limit
being achieved. The measurement had almost 4 orders of magnitude better sensitivity than
any current gold nanoparticle-based colorimetric methods for this system. Similarly,
detection of other proteins, like a-fetoprotein (AFP), has been reported with a sensitivity
limit of 5 pg/mL, which was much lower than the classical enzyme-linked immunosorbent
assay (ELISA). In a report by Ahn et.al.,88 an aptamer nanoarray chip-based
chemiluminesce immunosorbent assay was developed for sensitive detection of severe acute
respiratory syndome (SARS) coronavirus nucleocapsid protein. Such a sensitive detection
approach could be highly valuable for the virus detection, particularly in the light of SARS
disease outbreaks a few years ago.

Chemiluminescence is also used for the detection of small molecules like Pb2* 89 adenosine
and cocaine.%9-92 |n a particularly interesting report, Li et.al.%3 used isoluminol
isothiocyanate (ILITC) as a chemiluminescent tag on an aptamer, which was then used in a
CE-based manner to detect the interacting targets. Such an approach has demonstrated the
capability to calculate the dissociation constant (Ky) and the number of binding sites.

Fluorescence Detection

Fluorescence detection is one of the most sensitive methods to detect molecular interactions.
Since aptamers can be readily modified with fluorescence tags, different approaches have
been focused on how to generate fluorescence-labeled aptamers and how to detect
fluorescence signal changes in response to aptamer binding to its target (see Figure 5C for
an example).37, 94-106

A rapid homogeneous assay based on aptamer-conjugated near-infrared fluorescent
nanoparticles was developed by Dent et.al.197 for the direct detection of cancer cells in
whole blood without prior separation steps. Another aptamer-fluorescent biosensor for intact
cell detection was created by the Jaykus group who purified a DNA aptamer with high
affinity to pathogenic Campylobacter jejuni cells through the cell-SELEX approach.108 A
similar approach was also reposted by Ohk et.al.199 They have developed an Alexa Fluor-
conjugated aptamer with high specificity toward pathogenic Listeria. These developments
offer a novel strategy for pathogen detection in food and environmental samples.

A number of fluorescence aptasensors are label-free and can achieve detection limit at the
subpicomolar level. For example, one design was based on a target-induced strand
displacement mechanism for cocaine detection.119 In another report, a homogenous label-
free quantitation was achieved through measuring fluorescence decrease of crystal violet via
the specific interaction between TBA and thrombin.111 A highly sensitive aptasensor was
also developed by Chang et.al.193 via the utilization of fluorescence resonance energy
transfer (FRET) as the mode of detection on a graphene surface immobilized with trombin-
selective aptamer. In the resting state, fluorescence is quenched by the dye-linked aptamer,
followed by fluorescence recovery after the introduction of thrombin into the system and
complex formation.

Although there have been a fair number of publications reporting advances in small
molecule biosensor development, very few have actually established their utilization in a
biologically-relevant application. One such application was demonstrated by Ozalp,
et.al., 112 who have used a novel aptamer-based nanosensor for fluorescence-based
measurement of ATP oscillations in vivo. Because changes in ATP levels throughout cell
metabolism can have various regulating activities on enzymes and overall cellular pathways,
obtaining a more detailed understanding of real-time endogenous levels of ATP would be
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very beneficial. By using yeast as the model system, the group has not only demonstrated
the changes of ATP levels during glycolysis, but also examined other molecules that
appeared to be involved in these changes, including mitochondrial FgF; ATPase, plasma
membrane ATPase and 2-deoxyglucose. Simultaneous and selective detection of multiple
small molecules based on multicolor fluorescent gold nanoprobes takes advantage of the
high specificity of aptamers and the unique fluorescence quenching property of AuNPs 113

Quantum Dots-based Detection

Besides the common organic fluorescent dyes, quantum dots (QDs) have also been
developed as labels for the sensitive detection.11* Compared to organic fluorescent dyes,1°
QDs are relatively photostable and the wavelength of the emitted light can be controlled by
changing the size and composition of the materials. Furthermore, QDs have a very broad
excitation range with sharp emission, making it possible to excite different QDs with a
single wavelength, while still resulting in a variety of emission wavelengths.

RNA aptamer-functionalized QDs were synthesized for Western blot-like analysis of
proteins with histidine tag by combining the revolutionary fluorescence of QDs and the
specificity of aptamers.116 Aptamers were also used in a magnetic bead and red quantum
dot-based sandwich assay for Campylobacter detection in food.11” Dong et.al.118 created a
platform that combined aptamer-based molecular sensor beacons and QD-based
fluorescence resonance energy transfer (FRET) system. Aptamer-functionalized quantum
dots interact with graphene oxide, thus resulting in fluorescence quenching due to FRET.
After the addition of the aptamer-specific target, the binding to the aptamers causes an
increase in QD-graphene oxide distance, inhibiting FRET and enabling fluorescence
detection. Such an ability to sensitively detect even minor changes in binding could be
particularly useful for many applications. Besides sensitivity, another major advantage of the
approach is high specificity. Tennico et.al.11° reported the development of an on-chip
aptamer-based fluorescence assay for protein detection and quantification based on
sandwich ELISA principles. Here, aptamer-functionalized magnetic beads were utilized to
capture the target analyte, while a second aptamer, functionalized with QDs, was employed
for on-chip detection.

Colorimetric Detection

As fluorescence-based sensors need the emission of the fluorophores with excitation, it is
necessary to have analytical equipment such as fluorometer or fluorescence microscope for
detection, which is not always convenient for biosensors. In contrast, it would be more
convenient if the detection step can be carried out without any special equipment.
Colorimetric detection, though not as sensitive, is a convenient alternative technique for
analyte detection with the naked eye (see Figure 5D for an example).’” 120-122 Thjs
approach takes advantage of the high extinction coefficient of metallic nanoparticles, like
gold, thus enabling color visualization without a specific instrument. The color of dispersed
AUNPs smaller than 100 nm in solution will change from red to blue after aggregation due
to the shift of surface plasmon resonance to a higher wavelength. Because of distinctive
adsorptive properties of the nucleic acid toward functionalized AuNPs, the binding of the
target or conformational changes in the DNA result in assembly of the gold nanoparticles to
produce colorimetric signal.

Another interesting colorimetric detection approach recently introduced relies on the DNA
base-pair recognition on agent-caging hydrogels.123 Target-aptamer binding events control
the gel-sol transition, leading to the release of previous caged enzyme to take part in its
catalytic role in colorimetric reactions. Plaxco group designed a unique colorimetric assay
biosensor that conjugated polyelectrolyte and gold nanoparticles.}18 The optical biosensing
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is based on different affinities between the cationic polyelectrolyte and various forms of
aptamers (bound or unbound). A mixture of conjugated polyelectrolyte and unbound
aptamers leads to the aggregation of gold nanoparticles (and, consequently, a readily
detectable change in their color), while the mixture of this polymer with target-bound
aptamers does not similarly produce a color change. Theoretically, such an approach can be
utilized for effective and easy detection of any molecular targets, including nucleic acid
(DNA) sequences, proteins, small molecules, and inorganic ions, as demonstrated in the
study.

Mass Sensitive Detection

Mass sensitive detection has the advantage of recording mass changes on the sensor surface,
requiring no additional reagents for the labeling. More importantly, these detection methods
can be used for the real-time detection. However, a number of drawbacks are associated
with the mass change-based sensing, and therefore it is normally more applicable for the
detection of large analytes like proteins or cells, but not for small molecules.

In SPR, a selective surface is formed by immobilizing an aptamer onto the surface of a
sensor-chip.124. 125 The analyte is then injected at a constant flow rate while the instrument
measures changes in the resonance angle that occur at the sensor-chip surface. The angle
varies when the aptamer binds to the analyte. It has been found that the signal is proportional
to the amount of the bound molecules. As an example, thrombin-binding aptamer was
immobilized on gold plasmon resonance (SPR) surface for thrombin detection within the
range 0.1-150 nM in human plasma sample.126 Another SPR-based bioassay strategy was
established by Fan group through engineered aptamer modified gold nanoparticles for the
detection of adenosine.122 The specifically designed aptamer consists of two pieces of
random-coil like ssDNA, which can induce nanoparticle aggregation in the presence of the
target molecule and cause the surface plasmon resonance-based signal change.

Lautner et.al. reported the selective detection of the apple stem pitting virus (ASPV) coat
proteins (PSA-H, MT32) using aptamer-modified sensor chips with SPR imaging.12’
Tuleuova et.al.101 developed an aptamer beacon for detection of interferon-gamma (IFN-y)
by immobilizing aptamers on avidin-coated surfaces and characterization through SPR
detection. In a separate study, Wang et.al.128 demonstrated a modified magnetic
nanoparticles (MNPs)-based amplification method. This technique enhanced the signal from
SPR bioassays, enabling sensitive adenosine detection on gold substrates. The achieved
detection range of 10-10,000 nM was considerably superior to the detection result obtained
by a typical SPR sensor, and can be easily extended to detect other biomolecules of interest
by introducing corresponding aptamers.

A number of other mass sensitive detection methods, such as surface acoustic wave (SAW)
and quartz crystal microbalance (QCM), have also been reported as label-free sensing
formats for the aptamer-based bioanalysis.129-134

Bioimaging

Given all the advantages of aptamers and their development, in theory, they can be
manipulated to detect any molecule of interest with high selectivity and affinity.
Additionally, compared to antibodies or other proteins, aptamers are relatively stable in
harsh biological environments. These superior characteristics can be utilized for imaging
applications.

One of the most significant applications that have been extensively exploited would be
cancer cell and tumor detection (an example of using an aptamer for cancer tissue imaging is
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demonstrated in Figure 6). The ability to sensitively distinguish cancerous tissues at an early
stage of development would dramatically improve disease prognosis and change treatment
regiment. Because cancer biomarkers and tumor cells exist at particularly low
concentrations within the biological system during the early stages, the selectivity and high
binding affinity of the aptamers toward their targets could be an optimal detection tool.
Indeed, the aptamer developers have answered the call, with more imaging-style aptamers
being developed for cancer cell detection than for any other biological tissue. There have
already been a number of reports about the aptamers being developed for such cancer-
specific oncogenic proteins as EGFR?8 in glioblastoma, HER2 and MUCT in breast
carcinomas,13% CD30136-138 gnd CD4139 in lymphoma cells. In addition, a novel targeting
aptamer is under development for the detection of cancer stem cellsl0 — an area currently
underserved in the cancer imaging field. In this study, the authors were able to create an
aptamer with high affinity toward EpCAM protein, a novel cancer stem cell biomarker.
After SELEX-based selection and truncation to the minimum required 19 bases, the new
RNA aptamer offered the ability to selectively visualize EpCAM-expressing human breast,
colorectal and gastric cancer cells, as was demonstrated through flow cytometry and
confocal microscopy.

Another particularly interesting study was performed by Nair et.al.141 They have generated
aptamer-conjugated magnetic nanoparticles for selective detection of Tenascin-C in glioma
cells. But the true value of the technology comes from the ability to manipulate these
nanoparticles via an external magnetic field. Accordingly, the group has developed a
“nanosurgeon” for the selective removal of target cancer cells by aptamers. By applying an
external three-dimensional rotational magnetic field in different directions they were able to
physically pull the attached cancer cells from the surface like a surgical dissection. The
result of this operation was 50-60% removal of the attached carcinoma in just 10 minutes
(Figure 7). The approach developed here could be especially useful for efficient tumor
removal in the places where these cells are not reachable by conventional surgical tools.

As another example of aptamer effectiveness, Zhang et.al.139 have synthesized an RNA
aptamer specific to oncogenic CD4 protein, which has exhibited very similar detection
properties as the CD4 antibody. Xu et.al.142 expanded this concept by creating a tetravalent
aptamer that is capable of mimicking functions of the B52 antibody. The tetramer is capable
of binding to two copies of Drosophila B52 protein and two copies of streptavidin, thus
developing a functional “aptabody” capable of detecting and staining its target in
immunochemical and immunohistochemical assays. Though here the aptamers complex was
used to mimic an antibody, one could predict that this idea could be used to create functional
mimics of numerous proteins.

Protein modifications have also been utilized, though infrequently, as the targets for aptamer
development. Lin et.al.143 has generated a DNA aptamer capable of selective binding
toward H4 histone protein acetylated at the lysine 16 residue. Using atomic force
microscopy, they were able to effectively image acetylation within synthetic microsomal
arrays. The technology has demonstrated to be much more selective that the traditional
ChlIP-quality antibody, demonstrating that aptamers could also provide an alternative to
many less-than-efficient post-translational modification (PTM)-directed antibodies. It would
be interesting to see whether it is possible to develop aptamers with good selectivity toward
general PTMs independent of the protein sequence.

Perhaps some of the greatest success stories have been the aptamers developed for the
imaging of prostate cancer through the prostate membrane-specific antigen (PMSA) cell
marker.144-146 These studies have taken advantage of aptamers’ high target specificity and
low toxicity not only to effectively create in vivo imaging systems, but to further develop
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them into effective recognition molecules for delivery of therapeutic nanoparticles.147- 148 A
number of drugs, including doxorubicin146. 149,150 anq cisplatin,151 have been delivered to
their intended targets through the use of aptamers with very promising results. In every case,
aptamer-based targeting improved pharmacokinetics, biodistribution, tolerability and
efficacy when compared to conventional drug administration. New developments in
coupling of the aptamers to liposomes, bacteriophages, micelles, dendrimers and other
nanoparticles have further enhanced the delivery efficiency by improving aptamer-drug
endocytosis.151-153 Additionally, Ferreira et.al.1>* have demonstrated that aptamers alone,
when properly modified, can achieve selective cancer toxicity without the use of any
biochemical drug. In their study, O-glycan-peptide specific DNA aptamers were modified at
the 5" end with the photodynamic therapy agent Chlorin e6. After targeted delivery of the
synthesized molecule to epithelial cancer cells, the photodynamic agent was activated with
UV light, resulting in >500-fold increased toxicity in the cancer cells. Similar studies were
also carried out by others, 195 156

The potential use of siRNA to specifically silence target genes involved in a disease has
generated much excitement in the scientific community.1®” However, nonspecific
distribution of the siRNA throughout the body can often result in toxic side-effects. There
have been multiple promising developments in the apamer-siRNA delivery systems
described by Dassie, et.al.144 and others.146. 158, 159 | these studies, aptamer-siRNA
chimeras have been created against PMSA-expressing tumors. The ability to target cancer-
specific molecules within a living organism can be a very promising tool for future cancer
treatment with low chemotoxicity. The development of such biological imaging and delivery
molecules aims at not only driving forward early diagnosis of cancer and other diseases, but
providing target molecules for therapeutics.

Despite many successful applications of aptamers in cell imaging based on protein markers,
broader progress has been made with the development of cell-SELEX in the field.% As
discussed above, the introduction of cell-SELEX made it possible to generate diseased cell-
specific aptamers without the prior need for a specific biomarker or molecular signature
information, by taking advantage of disease-related changes in cell morphology and
physiology. This procedure is particularly useful when biomarkers are not known or are not
present in a specific cancer set, a feature often observed as a result of the heterogeneous
nature of cancers. Most recently, such an approach has been utilized to develop selective and
sensitive imaging molecules for T-cell Acute Lymphocytic Leukemia, 160 161 Jung
cancer,162. 163 [iver cancer,164 B-cell lymphomal®® and many more. Kunii, et.al.162 have
developed a DNA aptamer capable of recognizing the molecules that exist predominantly on
target small cell lung cancer (SCLC). After labeling with a fluorophore (FITC), the aptamer
showed great promise in recognizing and imaging of the lung carcinoma. This was,
reportedly, the first such DNA sequence to bind to potential surface biomarkers on SCLC
cells. In a similar report, Tan group has generated a number of DNA aptamers capable of
selective binding to acute myeloid leukemia (AML), but not to control cells.160
Interestingly, they discovered that some of these aptamers can detect AML cells within a
complex mixture of bone marrow aspirates, while other recognized targets associated with
monocytic differentiation. Such a variety of aptamer properties could provide a particularly
useful toolbox for effective examination of leukemia and its subcategories. In a separate
study, fluorescence-labeled quantum dots were conjugated to an aptamer for selective
imaging of mouse liver hepatoma cells, resulting in particularly sensitive recognition
approach.164 Another interesting development was reported by the Shangguan group who
generated an aptamer capable of recognizing adenocarcinoma cells, a sub-type of hon-small
cell lung cancer.163 Their tetramethylrhodamine-based TAMRA-fluorophore-labeled
aptamer could easily differentiate adenocarcinoma from other sub-categories of lung
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cancers. The ability to discriminate a single type of lung cancer from normal cells or other
lung cancers shows great promise for effective prognosis.

One interesting example was the development of a multiplex system-based aptamers capable
of imaging different types of cancer cells simultaneously. Chen et.al.166 have combined the
selectivity of aptamers (for T-cell leukemia and B-cell lymphoma) and the sensitivity of
fluorescence resonance energy transfer (FRET) to create a set of nanoparticles for imaging.
Such technology could be useful for monitoring multiple cancer and cancer biomarkers in
the early stages of tumor development.

The continuous development of the aptamer field has also produced promising in vivo
imaging technologies. The Tan group devised a fluorescent Cy5-labeled aptamer as the
probe for in vivo imaging of B-cell lymphoma xenograph nude mice.16% After intravenous
injection of the conjugate into the mice, they were able to effectively monitor the aptamer
dictribution within the organism via fluorescence. This was the demonstration of the first
cell-SELEX generated aptamer to be used for in vivo tumor fluorescence imaging. Another
in vivo imaging system was developed by Mi, et.al.23 who demonstrated a novel in vivo
aptamer selection procedure using intrahepatic bearing mice and generating an aptamer
specific to hepatic colon cancer metastasis. They further validated their approach by
identifying the biomarker responsible for the aptamer selectivity, which turned out to be p68
RNA helicase, a protein previously shown to be upregulated in colorectal cancer.23 Double-
staining procedure of the tumor tissues has further confirmed the localization of the newly
developed apamer with the p68 protein. The demonstrated ability of the aptamers to localize
to specific tumor sites in a living mouse holds great promise for better early diagnosis,
characterization of disease states, prediction of patient outcomes and formulating specific
treatment regiments, thus further advancing to the ultimate goal of personalized medicine.

While there have been increasing efforts on the development of new imaging tools, aptamer
holds a unique position with its high specificity and tunable features. We expect to see
continuously great efforts for applications and fundamental developments of aptamers in the
imaging field in the coming years.

Aptamers as Discovery Tools

While aptamer is very effective at recognition of target molecules with high specificity, it
typically needs to couple with another tool such as mass spectrometry to become a discovery
tool. So far, there have been only several reports of aptamers being coupled with mass
spectrometry-based analysis. The most likely reason being the limited availability of
aptamers. To overcome such a predicament, instead of studying aptamer-protein
interactions, Mann groupl®7 has used aptamers as a tag for other RNA molecules to create
functional baits that can capture RNA-interacting proteins on the proteomics scale (Figure
8). The quantitative proteomics technique based on stable isotope labeling by amino acids in
cell culture (SILAC) was used to distinguish the interacting proteins from background by
comparing the isotopic ratios between bait and control, thus providing a powerful tool to
study specific RNA—protein interactions. It enables the quantitative study of in vivo-
assembled RNA-protein complexes by transfecting the corresponding plasmid followed by
aptamer-based purification from crude cell extracts. They have demonstrated the utility of
the approach to retrieve interaction partners for a number of RNA sequences, including the
HuR interation motif, H4 stem loop, “zipcode” sequence, tRNA and an RNA fold in
DGCR-8/Pasha mRNA. Besides identifying the major known interacting proteins, a novel
set of translational machinery interactors were identified for the DGCR-8/Pasha mMRNA
sequence. In a similar study, Said et.al.1%8 used RNA aptamers as a tagging tool to study
small non-coding RNAs (SRNA) and their potential protein interaction partners. Many
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SRNA often function as gene regulators, and it would be highly significant to obtain a more
in-depth understanding of their mode of action. Though in their project large-scale
quantitative proteomic analysis was not used, they were still able to identify some
interesting SRNA-interacting proteins in Salmonella.

Besides analyzing RNA-protein interactions, aptamers have also been utilized for the
discovery of novel disease-relevant proteins. A number of laboratories have utilized the
combination of aptamer-based technology with proteomics for multiplex discovery of novel
biomarkers. A group from SomaLogic has introduced a sensitive aptamer-based proteomics
array technology for multiplex target selection. The approach was applied for a clinical
study of chronic kidney disease, resulting in the identification of 2 known and 58 new
potential biomarkers.189 In another study from the same group, the technology was used for
non-small cell lung cancer biomarker discovery among a population of long-time
smokers.170 In addition to identifying 44 candidate biomarkers, the group was able to
develop a 12-protein panel that discriminates cancer-induced samples from controls with
84% specificity. The study allowed the group to identify novel serum proteins that have not
been previously identified as lung cancer biomarkers; these biomarkers were verified within
a large testing sample. In a related study, Ahn et al.1”1 reported an aptamer microarray-
based affinity capture and mass spectrometry identification of biomarkers in serum samples.
Microarrays were spotted with aptamers specific to TATA Box Protein (TBP) by sol-gel
approach. Serum samples containing TBP protein were used for target capture. The captured
protein was then digested in situ and the peptides were analyzed by electrospray ionization
mass specrometry (ESI-MS). The binding sites and consecutive binding constants of alkali
metal ions to thrombin-binding aptamer DNA were studied by fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS). Such combination of aptamers and
proteomics technologies is clearly capable of providing significant input in the field of early
disease diagnosis.

Beside the capture and identification of proteins, aptamer-MS based analysis has recently
been applied for detection of small molecules and single proteins. As an example, Nguyen et
al.172 devised a system by integrating a microchip capable of specific capture, enrichment,
and isocratic elution of biomolecular analytes for mass spectrometry detection. Aptamers
were immobilized on microbeads packed inside a microchamber, where a model analyte,
adenosine monophosphate (AMP), was used for specific capture and enrichment via the
affinity binding to aptamers, followed by offline MALDI-MS label-free detection. Similarly,
Tan groupl”3 used aptamer-conjugated graphene oxide as both an affinity extraction media
and a MALDI matrix, which enabled them to enrich and analyze by mass spectrometry
cocaine and adenosine from plasma. In another study, Zhao et.al.1’# coupled the sandwich
binding of two affinity aptamers (for increased specificity) and inductively coupled plasma
mass spectrometry (ICP-MS) for highly sensitive analyte detection. This technology resulted
in thrombin detection limit of as low as 0.5 fmol with a three orders of magnitude dynamic
range.

Despite a few reports, at the current stage, mass spectrometry is not being frequently
coupled with aptamer-based capturing techniques. The main reason is that an aptamer is
usually selected against a known target, and therefore is often used only for the detection of
this target. We believe that selection of aptamers against a class of multiple targets (such as
certain types of compounds or protein modifications) or intact cells would warrant a nice
combination with mass spectrometric analyses to facilitate comprehensive identification of
actual targets and interacting biomolecules.
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Perspectives

One important issue which limits the application of aptamers is relatively inadequate
availability compared to antibodies. Additionally, most method developments are still
focused on several well-known targets like thrombin. Nonetheless, recent studies have
demonstrated the beginning stages of the aptamer development focusing on the examination
of important therapeutic targets (e.g. oncogenic proteins). Continuation along this path may
result in multiple novel therapeutic leads and drug targets. Additionally, we believe it is
extremely appealing to increase efforts on the development of aptamers targeting certain
modification groups, including post-translational modifications of proteins, such as
phosphorylation or glycosylation. Along with single molecule detection, these expansions
would potentially provide a more comprehensive scope of analysis.1”®

Further developments of cell-SELEX have offered very promising results in recent years,
but it will be of high importance to have the knowledge of the actual recognition mechanism
for specific targets of certain cancer cells. Unlike other aptamer applications, the recognition
of cells is based on multi-target interactions. Uncovering these precise modes of interactions
would provide a more detailed view of disease development and present researchers with
novel biomarkers.

High affinity and selectivity are the most important properties of an aptamer, which is also
the reason they are called “chemical antibodies”. As long as a valid screening method for
aptamer generation is available, its utilization for complex sample targeting should be
readily achievable. Due to the relatively simple chemistry, aptamer-based applications will
become more tunable and accessible compared to antibodies. The ability to be easily
modified or attached to a support also makes aptamers an invaluable analytical tool. As the
aptamer field progresses, we expect the acceleration in areas of biomarker discovery, early
disease detection and diagnosis.
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Figure 1.
The widespread use of aptamers for numerous analytical and biological applications.
Bioanalytical applications of aptamers are highlighted in red.
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Figure 2.

Flowchart for the M-SELEX process.2? A target protein is first conjugated to magnetic
beads and then incubated with sSDNA library. Aptamers that bind to the target protein are
then separated using the CMACS (continuous-flow magnetic activated chip-based
separation) device. Finally, the aptamers bound on the target-coated beads are amplified via
PCR.
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Selected RNA targeting tumor

—_—

Tumor

In vivo selection of aptamers.22 Tumor-bearing mice are intravenously injected with a
random library of RNA sequences. After harvesting the tumors and extracting and
amplifying the bound RNA molecules, the re-injection procedure is repeated several more
times, resulting in increasing specificity of the bound aptamers. The selected RNA aptamers

can finally be used for in vivo tumor imaging.
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Figure 4.
Aptamer-based capture and enrichment.43 Immobilized sgc8 aptamer was used to capture its

target cells. A. Schematic representation of the aptamer immobilization and target capture.
B. Specific capture of the target cells using the sgc8 aptamer. C. Representative capture of
the control cells using the sgc8 aptamer. D. Capture of the target cells using immobilized
random DNA sequence. E. Capture of the control cells using immobilized random DNA
sequence.

Anal Chem. Author manuscript; available in PMC 2012 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

liuk et al.

Page 24

Figure 5.

Application of aptamers as biosensors. A. Schematic representation of an eletrochemical
biosensor.”2 An aptamer hairpin is self-assembled on gold electrodes with a redox label near
the electrode surface. Addition of the target (IFN-y in this case) causes conformational
change in the hairpin and shift of the redox label away from the electrode, resulting in lower
electron-transfer efficiency. B. Schematic representation of luminescent biosensor.86 In the
absence of target, the SWNTSs are in complex with the present aptamers, resulting in the
quenching of the luminescence signal from the chelated Eu3+. After the addition of the
target (LYS in this case), which binds with the aptamers, the SWNTSs aggregate and can be
easily removed, resulting in the strong unquenched luminescence signal from the added
Eus*. C. Aptamer biosensor based on fluorescence quenching.1%6 Fluorophore-labeled
aptamer and quencher-labeled complementary strand beacons are immobilized in a well. In
the pre-detection form, fluorescence signal on the aptamer is quenched due to the FRET
effect of the duplex. The addition of the target disrupts the DNA binding and FRET,
resulting in strong fluorescence. D. Schematic representation of a colorimetric biosensor.122
Gold nanoparticles are functionalized with aptamer molecules. Addition of the target results
in nanoparticles linking together and aggregating, thus causing the change in color.
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Figure 6.

Aptamer-based cancer tissue imaging.23 Fluorescence microscopy-based detection of the
fluorescence-labeled aptamer (red) co-localizing with its target, p68 (green), expressed in
liver tumors (upper panel). Random RNA library was injected as a control (lower panel).
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Figure 7.

Aptamer-based cell manupilations.141 Aptamer-based magnetic nanosurgeons were used to
pull the glioma cells out of the selected area by applying rotational magnetic field. A. The
starting point of the target cells. B. The selected area after 10 min nanosurgery was
conducted to clear the glioma cells.
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Figure 8.

Agtamers as a discovery tool for RNA-protein interactions.167 RNA molecules (control and
target) were immobilized on the beads by an aptameric tag, which were then incubated with
either “light” or “heavy” SILAC lysates and combined. After RNA-protein complex elution,
digestion and MS analysis, the specific target RNA interacting partners can be identified and
quantitatively distinguished from the control sample.
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