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With their advantages as molecular recognition elements, aptamers have been
extensively studied and used for bioanalytical and biomedical applications.
However, the process of enrichment and screening of aptamers remains a
bottleneck for aptamer development. Recently, microfluidic methods have been
increasingly used for rapid and efficient aptamer selection, showing their
remarkable advantages over conventional methods. This review briefly introduces
aptamers and their advantages. The conventional process of generating aptamers is
discussed, followed by the analysis of the key obstacles to efficient aptamer
selection. Microfluidic methods for highly efficient enrichment and screening of
aptamers are reviewed in detail. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4890542]

INTRODUCTION

Selective molecular recognition is always an important issue for chemical sensing, diagno-
sis and therapy. Antibodies have been generated for this purpose' and have contributed signifi-
cantly to a wide variety of applications.”* However, many limitations have been identified,
such as difficult production, batch-to-batch variation, high cost, immunogenicity, temperature
sensitivity, and irreversible denaturation.”® Since 1990, chemical antibodies called aptamers
have emerged as potential alternatives for molecular recognition. Aptamers, first reported by
Tuerk and Gold’ and Ellington and Szostak,® are single-stranded oligonucleotides that can bind
to different types of targets, such as small molecules, proteins, cells, and even tissues, with
high affinity and selectivity.”"'

Aptamers have many advantages over antibodies.” First, once the sequence is known, it
can be easily and cheaply produced via standard solid phase synthesis techniques with no or lit-
tle batch-to-batch variation. This solid-phase synthesis technique also enables the easy modifica-
tion of aptamers with fluorophores, biotin, and other functional groups. Furthermore, aptamers
are much smaller than antibodies, permitting rapid tissue penetration. Theoretically, aptamers
can be in vitro selected against any molecule, including toxins, and the entire selection proce-
dure can be controlled without physiological constraints. Finally, aptamers are quite stable even
after exposure to extreme conditions and can be stored dry at room temperature.

There have been significant advances in the use of aptamers as recognition elements in
many biosensor designs, and different approaches in this area have been reviewed exten-
sively.''™'® The compatibility of aptamers with various detection schemes, such as electrochem-
ical,13 ﬂuorescence,w’]8 colorimetric,lg_22 chemiluminescence,23 field effect tlransistors,24 and
surface plasmon resonance (SPR),*>2® has enhanced the progress of this field. Therapeutic
application of aptamers became a reality in late 2004 when Macugen® was approved as a drug
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for age-related macular degeneration.””*® Macugen® was developed using vascular endothelial
growth factor hormone (VEGF) as the target molecule. Similarly, therapeutic aptamers are
being developed for nucleolin,?*** thrombin,*" platelet derived growth factor (PDGF),** human
neutrophil elastase (hNE),* etc. In addition, many other aptamers have been used in different
application platforms, such as in vivo tumor imaging, gene delivery, targeted drug delivery and
as tools for cancer biomarker discovery.”*’ For example, the anti-prostate-specific membrane
antigen (PSMA) aptamer has been extensively used for delivery of drugs®® and siRNA®® into
PSMA-positive cells. The anti-epithelial cell adhesion molecule (EpCAM) aptamer has been
applied for circulating tumor cell capture and enrichment.*” The aptamer sgc8 selected against
leukemia cell line CCRF-CEM has been successfully applied for biomarker discovery to find
tumor specific protein tyrosine kinase 7 (PTK7).*!

Despite great promise and significant efforts in aptamer development over the past 20 years,
it is troublesome that only a limited number of aptamer-target pairs have been intensively used,
mainly for proof-of-principle of novel aptamer assays.'”> For example, by far, the most frequently
used aptamer is the anti-thrombin aptamer, which has been employed in >1000 publications, fol-
lowed by aptamers targeting adenosine, cocaine, and platelet-derived growth factor, all of which
account for over one-third of the total publications on aptamers. This lack of variation severely
impedes the development and application of aptamers. Two reasons have been previously pro-
posed to explain this problem. First, the intrinsic property of natural DNA with limited chemical
diversity of interaction may lead to difficulty in selecting aptamers against their targets.*> This
problem has been addressed to some extent by incorporating various artificial nucleobases with
functional groups to increase the diversity of randomized libraries for improving the success rate
of aptamer selection.**** Another reason arises from the intrinsic limitations of the conventional
aptamer selection technique, known as SELEX (Systematic Evolution of Ligands by EXponential
enrichment).”® In SELEX, two major steps are involved: the enrichment of candidates from a
large initial library with 10'*-10'° random sequences after many iterative rounds of selection,
and the screening of tens to hundreds of aptamer candidates from the enriched library.*> The
entire process is time-consuming, labor-intensive, inefficient, and expensive.

To overcome this limitation, great efforts have been put forth to develop innovative methods
for rapid, efficient, and high-throughput generation of aptamers. Especially, due to the advantages
of reduced reagent consumption, simple analytical methodology, high processing speed, 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.**™® In this review, the conventional SELEX procedure will first be
briefly introduced, bottlenecks in the conventional SELEX procedure will be discussed, and then,
recent advances in aptamer selection using microfluidic platforms will be reviewed.

CONVENTIONAL APTAMER SELECTION PROCESS

SELEX is an in vitro selection method designed to identify aptamers that are selectively
bound to target molecules with high affinity. Typically, a combinatorial library of ssDNA or
RNA sequences is generated containing a 30-50nt randomized region flanked by ~20nt con-
stant primer regions to facilitate polymerase chain reaction (PCR) amplification. This creates a
library with a large number of random sequences (10'*~10'7), which is sufficiently diverse to
contain a wide variety of potential binding ligands. In the enrichment process (Figure 1), the
prepared initial library is incubated with the desired target molecule for binding. The unbound
nucleic acids are removed from those bound specifically to the target molecule by various parti-
tioning techniques, including filtration, affinity chromatography, or panning separations. These
binding sequences are collected, PCR amplified, and purified, generating a new single-stranded
nucleic acid pool suitable for further rounds of enrichment. Sometimes, counter selection is
involved to remove the nonspecific binding sequences by incubating the library with negative
controls and collecting the unbound sequences. The procedure is repeated iteratively several
times (820 times in practice) with progressively stringent binding or washing conditions until
the pool converges to one or a few sequence families. During the selection, the parameters can
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FIG. 1. Schematic illustration of the traditional SELEX process. A library of ssDNA is incubated with the target molecules
for positive selection. The unbound sequences are removed by the chosen separation method. Then, the collected binding
sequences are subjected to counter selection by incubating with control molecules to remove nonspecific sequences. The
unbound sequences are collected and amplified by PCR to evolve an enriched ssDNA pool suitable for further rounds of
selection. After the library is enriched, DNA cloning and sequencing are used to identify individual aptamer sequences for
further tests.

be easily manipulated to obtain aptamers optimal for a broad range of conditions, such as pH,
temperature or buffer composition. After the library is enriched with sufficient affinity and se-
lectivity, it is cloned into plasmids, which are then transfected into bacteria. Bacteria are grown
and single colonies are picked and sequenced in large quantities to obtain aptamer candidates.
After analysis of hundreds to thousands of sequences, the discovered consensus sequences with
high repeats are chemically synthesized and their binding affinity and selectivity are tested
individually.

While the conventional SELEX process is straightforward, it suffers from several intrinsic
limitations. For example, in the enrichment step, the iterative procedure is tedious, time-
consuming, and labor-intensive. Targets, such as proteins and small molecules, need to be im-
mobilized on certain stationary phase for better separation. Care must be taken not to introduce
bias during amplification or non-specific binding during selection. Typically, 8-20 rounds of
selection are performed, which usually takes weeks to months to complete with no guarantee of
success. In the screening step, always the sequences with high repeats are picked, and sequen-
ces with low percentage are often ignored, leading to loss of some high affinity sequences that
have low abundance. Furthermore, chemical synthesis of long DNA sequences is an expensive
process, especially with fluorophore labelling for affinity assessment. Therefore, considerable
effort have been involved in streamlining the selection process, either by improving the separa-
tion efficiency to reduce the number of rounds of selection or by enabling direct evolution of
enriched sequences to rapidly obtain aptamer sequences.

MICROFLUIDIC APPROACHES FOR IMPROVING SEPARATION EFFICIENCY

One of the most critical steps in SELEX is the separation of the bound species from mole-
cules not bound to the target. Improvement of separation efficiency can dramatically reduce the
number of rounds of selection and improve the selection throughput. Although affinity or filter
separations are relatively straightforward, they do not offer particularly high resolving power in
separation. Therefore, a wide variety of microfluidic techniques have been explored to enhance
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CE is a powerful analytical method that combines highly efficient separation and highly sen-
sitive quantitative detection with the potential of automation and parallelism. Due to these advan-
tages, Mendonsa and Bowser introduced CE into SELEX for isolating aptamers as CE-SELEX.*
The process of CE-SELEX is schematically shown in Figure 2. The random nucleic acid library
is incubated with the target in free solution, which is then separated by CE. Unbound sequences
migrate through the capillary with the same mobility, regardless of their sequence or length.
Bound nucleic acids with altered size (due to the additional target moiety) migrate at a different
mobility, allowing them to be collected as different fractions. Then, the collected sequences are
PCR amplified, purified, and made single-stranded to generate a new pool suitable for the next
round of selection. CE-SELEX has been widely used to successfully isolate aptamers for large
targets, such as human immunoglobulin E (IgE),**”’ human immunodeficiency virus (HIV)
reverse transcriptase,”® and protein kinase K.’® It has also been demonstrated to isolate aptamers
against small targets, such as neuropeptide Y® and N-methyl mesoporphyrin.®’ The incubation
and separation are performed in free solution, which greatly reduces the nonspecific binding and
simplifies the process by eliminating target immobilization on a stationary phase. The high parti-
tioning efficiency of the CE-SELEX allows it to significantly reduce the number of rounds to 1-4
and increase binding affinity and specificity of the selected aptamers.

Krylov and his colleagues have developed a similar CE-SELEX named nonequilibrium
capillary electrophoresis of equilibrium mixtures (NECEEM) with exceptionally high selection
efficiency.”® In the nonequilibrium condition, pure separation buffer containing neither library
nor target is applied. Therefore, the equilibrium between DNA and DNA/target complex is no
longer maintained and the DNA/target complex starts dissociating immediately after sample
injection. The NECEEM can also accurately determine the binding parameters of the aptamer-
target interaction during the selection, such as equilibrium dissociation constant (K,), rate
constants of complex formation (k,,) and dissociation (k.¢). Furthermore, the Krylov group
introduced equilibrium capillary electrophoresis of equilibrium mixtures (ECEEM) to
CE-SELEX.”"®* In ECEEM, the electrophoresis running buffer contains the target at the con-
centration identical to that of incubated mixture. As a result, the dynamic equilibrium between
DNA and DNA/target complex during capillary separation is maintained and aptamer candi-
dates with different K4 values migrate with different mobilities. They applied ECEEM method
for selection of smart aptamers with Ky values approaching theoretically predicted values in
three rounds.
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FIG. 2. Schematic illustration of the CE microfluidic SELEX process. A library of ssDNA is incubated with the target mol-
ecules. Capillary electrophoresis is used to separate bound sequences from unbound ones. Binding sequences are amplified
by PCR and evolved as an enriched ssDNA pool suitable for further rounds of selection.
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Later, a non-SELEX selection process for aptamers was also introduced by Krylov er al.’>%

By taking advantage of the low mass requirement of CE, the non-SELEX method eliminates
PCR amplification from the aptamer selection process with only repeated partitioning steps.
NECEEM has been used to partition the DNA-target complex from the free DNA. The advantage
of non-SELEX is its speed and simplicity. Krylov et al. used h-Ras protein as the target, and
completed the selection process within 1 h with affinity improved by more than 4 orders of
magnitude. In contrast to the several days or several weeks required for traditional SELEX, the
non-SELEX procedure can be automated using a single commercially available CE instrument.

However, one of the significant drawbacks of CE-SELEX is the very small volume that
can be injected, only several nanoliters. This limits the number of sequences that can be
assessed and requires very high library concentration. In addition, the collection of complexes
as they migrate from the end of the capillary is associated with complicated timing. To solve
these problems, recently, Jing and Bowser developed a micro free flow electrophoresis (4FFE)
device for aptamer selection against human IgE.°** As schematically shown in Figure 3(A),
about 3 ul of the library-IgE mixture (~1.8 x 10'* sequences) can be continuously streamed
into a planar separation chamber within 30 min, allowing over 300-fold more volume than tradi-
tional CE-SELEX. Then, an electric field of 150 V/cm is applied perpendicular to the pressure
driven flow, deflecting analytes laterally according to their mobilities. The unbound ssDNA
sequences are deflected toward the anode due to the suppressed electroosmotic flow (EOF),
while aptamer-IgE complexes are deflected only minimally and collected continuously, making
the process much simpler than traditional CE-SELEX. Moreover, the transit time through the
HFFE flow chamber is only 10-20s, greatly decreasing the dissociation potential during the sep-
aration, compared with 5-15 min for traditional CE-SELEX. Although the separation efficiency
of uFFE is expected to be lower than that of CE, the high rate of enrichment ensures the identi-
fication of high affinity aptamers after a single round of selection.

The CE-SELEX has the advantages of being performed in free solution, thereby reducing
the opportunity for non-specific interactions and eliminating complicated immobilization strat-
egies. However, it has been limited to targets that can induce sufficient changes of aptamers in
the electrophoretic mobilities upon binding, while still maintaining size compatibility with the
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FIG. 3. (A) Schematic of a uFFE device containing the buffer inlet (1), sample inlet (2), fraction collection outlets (3), and
electrode channels (4). The blue line denotes the detection zone where the laser line is expanded across the separation chan-
nel. (B) (a) An image of a uFFE separation of free (1) and bound ssDNA (2) during the first round of selection. (b) A line-
scan across the detection zone imaged in (a). The arrow indicates the fraction cutoff point at the exit of the 4FFE channel
demonstrating clear separation. Reprinted with permission from M. Jing and M. T. Bowser, Lab Chip 11(21), 3703 (2011).
Copyright 2011 Royal Society of Chemistry.
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CE channel. Therefore, some small molecules that cannot cause a mobility shift when bound to
aptamers, as well as cells or whole organisms that are larger than the CE channel, cannot be
used to generate aptamers by CE-SELEX.

Sol-gel microfluidic SELEX

Many studies have described the encapsulation of a variety of biomolecules, including
enzymes, antibodies, regulatory proteins, membrane receptors, and even whole cells, using a
wide range of sol-gel derived nanocomposite materials.>~®” The proteins entrapped in sol-gels
typically exhibit improved stability to thermal and chemical denaturation and increased storage
capability over several months.’>**%° The nanoporous structure of the sol-gels can allow the
diffusion of some molecules, such as aptamers, while keeping others, such as proteins and
chemicals, encapsulated in the pores. Based on this phenomenon, Kim et al. developed a sol-
gel-based microfluidic SELEX for high throughput and efficient aptamer selection.>® Sol-gels
are synthesized using silicate glasses with nanoporous structures. The encapsulation of proteins
in sol-gels has the advantages of avoiding affinity capture tags or recombinant proteins for
chemical immobilization on stationary phase in traditional SELEX, enabling the entrapped pro-
teins to be maintained in their native states. Then, the sol-gels are spotted as droplets on an
aluminum electrode-in-chip. The sol-gels can hold a large amount of active proteins in the
nanoporous structure. The microfluidic chip allows sufficient binding between the nucleic acid
library and the immobilized target proteins to trap the binding sequences with the target protein
in the sol-gel droplets (Figure 4). After washing away non- or weak binding sequences, the
electrode-in-chip acts as microheater to thermally elute the binding sequences with higher elu-
tion efficiency than that of other elution methods, such as ionic strength change. In addition, by
aligning multiple sol-gel droplets containing different proteins on the chip, sol-gel SELEX has
the ability to select aptamers to multiple proteins in a single cycle, significantly improving the
throughput. The selected aptamers can be individually processed by localized heating of specific
droplets. Meanwhile, these multiple proteins can serve as competitors for each other to improve
the selection specificity.

Sol-gel SELEX has been successfully applied to generate RNA aptamers with K4 in low
nM range against recombinant yeast TATA binding protein and yeast transcription factor IIB
protein with improved selection efficiency, which reduced the number of selection cycles to
5-8 rounds, compared with 8—13 rounds for conventional filter-based SELEX.>*70 Furthermore,
Kim et al. optimized the formulation of the sol-gel composition for encapsulation of small
molecules like bisphenol A and xanthine without chemical coupling.”"”* The sol-gels were
microarrayed and tightly anchored to a porous silicon substrate for conveniently isolating high
affinity aptamers against low molecular weight compounds. The sol-gel SELEX method allows
for sufficient binding reactions between nucleic acids and targets and can lead to the efficient
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FIG. 4. Schematic illustration of the sol-gel microfluidic SELEX process. A library of ssDNA is incubated with sol-gel
arrays of proteins in a microfluidic system for efficient selection of ssDNA aptamers against target molecules. The unbound
sequences are discarded and bound sequences are amplified by PCR to evolve an enriched ssDNA pool suitable for further
rounds of selection.
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and multiplex isolation of aptamers specific to many targets, including proteins and small mole-
cules. However, certain concerns still exist, such as the protein stability and integrity through
the multiple selection cycles in sol-gel SELEX.

Magnetic bead-based microfluidic SELEX

Magnetic bead-based selection has been widely used for selecting aptamers against small
molecules, proteins, and cells by immobilizing molecular targets on bead surfaces.”>"*
However, the separation efficiency of magnetic selection has lagged far behind that of CE and
other advanced separation methods, thus requiring multiple time-consuming selection rounds
and delicate manual manipulation. To improve the separation efficiency, the Soh group has
introduced microfluidics technology to integrate with magnetic bead-based SELEX (M-SELEX)
for highly efficient isolation of aptamers.’ The process of M-SELEX is schematically shown in
Figure 5. First, the target proteins are bound to the magnetic beads via bioconjugation. The
number of proteins on each bead is precisely controlled, so as to control the ratio of targets and
nucleic acids for highly stringent competition. Then, the prepared target-coated magnetic beads
are incubated with oligonucleotide library in binding buffer. The mixture is separated in a con-
tinuous-laminar-flow, magnetically-activated, chip-based separation (CMACS) device to purify
the DNA bound to target-coated beads. In the magnetic field, the magnetic beads travel along
the chip at the center and elute through the middle product outlet, while the unbound nucleic
acids elute through the side waste outlet. 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 Ky value of 33nM. The M-SELEX system was
demonstrated to be rapid, highly efficient, automatable, and applicable to a wide range of tar-
gets. However, it suffered from some practical disadvantages, such as the distortion of the flow
streams by microbubbles and the low aptamer purity and recovery caused by bead aggregations
in the microchannel.

To overcome these problems, Soh et al. further improved the M-SELEX by fabricating
the microchannel with ferromagnetic materials that can be magnetized with external mag-
nets.”” During the separation, the magnetic beads are trapped in the channel by the magnetic
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FIG. 5. Schematic illustration of the magnetic bead-based microfluidic SELEX process. The microfluidic selection process
begins with the incubation of random ssDNA library (a) with target proteins conjugated to magnetic beads (b). After incu-
bation (c), the separation of the target-bound sequences from the unbound ones is performed in the continuous-laminar-
flow, magnetically-activated, chip-based separation (CMACS) device (d). Stringent washing conditions are then imposed
in the microchannel to continuously elute weakly- and unbound sequences from the microfluidic chip. After the separation,
the external magnets are removed, and the beads carrying the selected aptamers are released from the device. The bound
sequences are amplified via PCR (e) and single-stranded products are generated (f). Finally, the binding affinities of the
resulting aptamers are measured (g). Reprinted with permission from Lou ez al., Proc. Natl. Acad. Sci. U.S.A. 106(9), 2989
(2009). Copyright 2009 National Academy of Sciences.
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field, and stringent washing condition can be imposed to continuously elute weakly- and
unbound nucleic acids. After the separation, the external magnets are removed, and beads car-
rying aptamers are released. The usage of external magnets enables accurate control of the
hydrodynamic and magnetophoretic trapping forces for high molecular partition efficiency.
They performed three rounds of positive selection to select aptamers against streptavidin with
strong binding affinity. In order to further increase the specificity of the selected aptamers,
they performed another round of negative selection against bovine serum albumin (BSA). This
is the first report to use both positive and negative selection in a microfluidic device for rapid
isolation of aptamers with high affinity and specificity. Compared with conventional magnetic
separation methods, M-SELEX is significantly more efficient, and the improved version has
very high recovery of beads (~99.5%) and partition efficiency (10°). In addition, as relatively
higher flow rates can be applied (>10ml/h), the entire process of trapping, washing, and
release can be achieved in less time (~5min). Aptamers against streptavidin’> and PDGE-
BB>® were isolated in three rounds by this improved M-SELEX with K values of 25nM and
3 nM, respectively.

Recently, Soh et al. combined the M-SELEX with next-generation sequencing and in situ-
synthesized aptamer arrays to develop a quantitative parallel aptamer selection system
(QPASS),76 which enables simultaneous characterization of the affinities and specificities of
thousands of candidate aptamers in parallel (Figure 6). The target, human cancer biomarker
angiopoietin-2 (Ang2), was immobilized on magnetic beads for four rounds of M-SELEX with
moderate selection conditions. To quantitatively identify aptamer sequences that were enriched
in each round of M-SELEX, they sequenced the all four rounds of pools with a next-generation
sequencing technique and rank-ordered all sequences from each pool based on their copy num-
ber. The top 235 represented aptamer candidates from each pool were then synthesized on com-
mercialized aptamer chips, with three copies of each sequence for triplicate measurement. The
K4 values and binding specificities for thousands of aptamer candidates were quantitatively
measured simultaneously. Such high-throughput aptamer characterization has relatively constant
time and labor requirements, regardless of the number of molecules being analyzed. Using the
QPASS method, they identified six high-affinity Ang2 aptamers with Ky <30nM and excellent
specificity.

M-SELEX is able to perform highly efficient positive and negative selection of aptamers
with high affinity and specificity, significantly enhancing the sensitivity and specificity of the
SELEX process. Still, several issues need to be addressed for M-SELEX methods. The chemi-
cal coupling between target molecules and magnetic beads may affect the structure and prop-
erty of targets, and this possibility needs to be investigated case by case. Also, nonspecific
interactions of nucleic acids to magnetic beads and the channel surface may occur during the
selection. Several solutions have been proposed to resolve this problem, such as using nega-
tively charged magnetic beads via electrostatic interactions® or using ionic liquid modified
channel surfaces’’ to inhibit nonspecific interactions. Furthermore, so far only relatively simple
and relatively low-throughput microfluidic chips have been used, and M-SELEX has not been
carried out on a large scale.
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FIG. 6. Schematic illustration of QPASS method for high-throughput aptamer characterization. Single DNA sequences of
an enriched library are obtained by magnetic bead-based microfluidic selection. Then, the enriched pool from each round is
sequenced by next-generation high-throughput sequencing technique. The top 235 from each pool (possible aptamer candi-
dates) are in situ synthesized on aptamer chips to characterize their binding affinity and specificity in a high-throughput par-
allel manner.
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INTEGRATED MICROFLUIDIC SYSTEM FOR APTAMER SELECTION

These above microfluidic SELEX systems have been applied only to the extraction step,
not to the entire iterative SELEX process. The critical incubation step for ssDNA binding to
targets and the subsequent PCR amplification still requires time-consuming and labor-intensive
procedures in order to complete the entire SELEX process. Prolonged time and loss of the
extracted aptamers may be caused by the later procedures. Microfluidics technology has the
potential for automation of sample preparation, injection, manipulation, and filtration in a single
chip. If the entire SELEX process can be moved to a chip-based microfluidic environment,
SELEX could potentially be standardized with the advantages of increased speed and reduced
cost.

Therefore, Hybarger et al. developed the first prototype of automated microfluidic SELEX
system using LabView-controlled actuatable valves and a PCR machine.”® The prototype com-
prises reagent-loading microlines, pressurized reagent reservoir manifold, actuatable valves, and
thermocycler. First, the target lysozyme is biotinylated and immobilized on streptavidin coated
microline. The reagents are preloaded into respective microlines using the pressurized reagent
delivery module. The delivery of reagents is controlled by actuatable valves via dye sensing
sensors. Except the initial loading of DNA pool, the processes of in vitro transcription, incuba-
tion with targets, separation of bound sequences and reverse transcription (RT)/PCR amplifica-
tion are all performed automatically on chip as programmed by LabView. Such an automatic
microfluidic SELEX prototype has demonstrated an excellent example to generate integrated,
self-contained and microfabricated platform for simple, rapid, and efficient aptamer selection.

Later on, Huang et al. developed an automatic, magnetic bead-based microfluidic system
integrated with a random ssDNA extraction device and an on-chip nucleic acid amplification
device (micro-PCR) for rapid screening of C-reactive protein aptamers.”” The integrated micro-
fluidic system was composed of three modules: a microfluidic control module for sample incu-
bation and transportation processes, a magnetic bead-based ssDNA extraction module for
aptamer screening, and a rapid nucleic acid amplification module (Figure 7). The entire process
involving incubation, separation and amplification was performed on a single chip automatically
within about 60 min for a single round, which is much faster than that of a traditional SELEX
process. Later, Huang et al. improved the automatic microfluidic SELEX system by integrating
it with a competitive assay chip,* which can examine the affinity and specificity of selected
nucleic acids before cloning and sequencing. With this approach, an aptamer specific to alpha-
fetoprotein, a biomarker for liver cancer, was successfully selected by six rounds cycles with
K4 value of 2.37 nM.

Very recently, Wang et al. developed an integrated microfluidic chip with both positive
and negative selection.?’ Taking cardiac markers, myoglobin (Myo), as an example, the
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FIG. 7. A schematic diagram of separated (A) and integrated (B) magnetic bead-based microfluidic system, comprised of
three major modules: a microfluidic control module, a magnetic bead-based aptamer extraction module, and a rapid nucleic
acid amplification module. Reprinted with permission from Huang et al., Biosens. Bioelectron. 25(7), 1761 (2010).
Copyright 2010 Elsevier.
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working principle of microfluidic SELEX is illustrated in Figure 8. The target protein (Myo)
and negative selection proteins, i.e., BSA, human serum albumin (HSA), and C reactive protein
(CRP), were first coupled with polystyrene microbeads via passive adsorption, respectively.
Next, the prepared beads were inhaled into the channel used the pump and blocked before two
pinches, respectively. Then, the prepared DNA library was injected into channel at 0.5 ul/min
from the inlet 1. The nonspecific sequences were retained in the first pinch, and the target
bound sequences were kept in the second pinch. The washing buffer and eluting buffer were
pumped into channel at 2 ul/min from inlet 2 in turn to wash away nonbinding sequences and
elute the bound ones. The eluted ssDNA was collected from the outlet and amplified by PCR to
generate the library for next round of selection. After 7 rounds of selection, the high affinity
aptamers with K, values at the nanomolar level were successfully obtained. This is the first
example of microfluidic SELEX integrated with both positive and negative selection units,
which may have the potential to be applicable to screening a wide variety of molecules against
aptamers with high affinity and specificity.

MICROFLUIDIC METHODS ENABLING DIRECT EVALUATION OF ENRICHED
SEQUENCES

In contrast to the development of enrichment methods for improving the separation effi-
ciency, rare attention has been paid to the screening process over the past two decades. In a
normal screening process, the enriched DNA library has to be cloned into plasmids, and then
the plasmids are transfected into bacteria for growing. Afterwards, the colonies are picked and
sequenced in large quantities to obtain aptamer candidates. After bioinformatic analysis, possi-
ble candidates are then chemically synthesized, and their binding affinities are measured indi-
vidually. Such a process is time-consuming, labor-intensive, inefficient, and expensive.

Agarose droplet emulsion PCR for efficient and cost-effective aptamer selection

To address these problems, we have developed a novel method for efficiently screening
aptamers from a complex ssDNA library by employing single-molecule emulsion PCR (ePCR)
based on agarose droplet microfluidics.®? In ePCR, water-in-oil (W/O) emulsion is utilized to
generate numerous droplets of reaction mixture in bulk oil phase, enabling the performance of
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FIG. 8. Myoglobin-aptamer selection based on positive and negative selection units integrated microfluidic chip. Reprinted
with permission from Wang et al., Anal. Chem. 86(13), 6572 (2014). Copyright 2014 American Chemical Society.
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millions of independent PCR amplification reactions in parallel. As the working-flow in
Figure 9 shows, ssDNA of a pre-enriched library against cancer biomarker, SH2 domain-
containing phosphatase (Shp2), was statistically diluted and mixed with agarose solution con-
taining PCR reagents. The mixture was used as the water phase and injected into microfluidic
chip with flow-focusing design. Agarose droplets were generated when the water phase are cut
by the perpendicular oil phase. Then, agarose droplet ePCR was performed. The used ultralow
gelling temperature agarose has a melting point about 56 °C and a gelling point around 16°C
with unique thermo-responsive sol-gel switching property. It remains in the liquid phase at all
PCR temperatures, such that PCR can take place with high efficiency. After off-chip PCR
amplification, the solution form of the agarose droplet can be switched to the solid gel phase
by simply cooling the solution below the gelling point of agarose. Since the PCR forward
primer is conjugated to agarose, amplicons can physically attach to the agarose matrix after
PCR. As a result, DNA products amplified in the droplet can retain their monoclonality even
after the oil phase is removed and afford flexible downstream processing and analysis.

After ePCR amplification and generation of agarose beads by cooling, the agarose beads
were stained with SYBR Green. Only the bright clonal beads containing DNA were selected.
The binding ability of amplified ssDNA from each clonal bead was then screened via high-
throughput fluorescence flow cytometry. Only the amplified sequences with high binding affin-
ity and high selectivity were chosen as aptamers and sequenced, or they could be directly used
for downstream biomedical applications. Compared to the conventional cloning-sequencing-syn-
thesis-screening work flow, this method takes advantage of the compartmentalization of micro-
fluidic droplets and allows rapid molecular evolution of individual DNA sequences from an
enriched library prior to knowing their exact sequence information, making the entire process
more rapid, efficient, and cost-effective. This approach could also be further applied to other
molecular evolution technologies including mRNA display and phage display.

Monoclonal surface display (MSD) SELEX for aptamer enrichment and identification

Although the agarose droplet microfluidic approach can evaluate the binding affinity of
individual sequences before sequencing and DNA synthesis, the individual sequences from an
enriched library still contains aptamer candidates having a broad distribution of binding affinity.
A time-consuming screening process is still required to identify high-affinity ligands hidden in
a large group of less desirable choices. Therefore, the SELEX methods allowing efficient
enrichment and identification of high affinity aptamers without cloning, sequencing, chemical
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FIG. 9. 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 amplification. The resulting agarose droplets are cooled to become agarose beads and
stained with SYBR Green to pick out 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 Ky values and good selectivity can
be directly used as aptamers or can be sequenced and synthesized for further study. Reprinted with permission from Zhang
et al., Anal. Chem. 84(1), 350 (2012). Copyright 2012 American Chemical Society.
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FIG. 10. The working principle of MSD-SELEX for aptamer enrichment and identification. Statistically diluted ssDNA
library with forward primer-functionalized beads (F-Primer beads) was compartmentalized into water-in-oil droplets at the
single-molecule level. Single copy emulsion droplet PCR was then performed to generate monoclonal beads each display-
ing millions of identical DNA sequences. A library of monoclonal beads is then incubated with target cells. By removing
the unbound beads and collecting bound beads, the positive clones are isolated for subsequent sequence retrieval and
aptamer identification. Reprinted with permission from Zhu et al., Anal. Chem. 86(12), 5881 (2014). Copyright 2014
American Chemical Society.

synthesis, and screening would greatly accelerate the selection process and speed up the devel-
opment of aptamers. Towards this end, very recently, we have developed an advanced
approach, named Monoclonal surface display SELEX (MSD-SELEX) for efficient enrichment
and identification of aptamers from a library of monoclonal DNA-displaying beads produced
via highly parallel single-molecule emulsion PCR.*

The working principle of MSD-SELEX is schematically shown in Figure 10. Random
ssDNA library diluted at the single copy level is encapsulated into individual emulsion droplets
containing a single forward-primer-coupled bead for emulsion PCR to generate monoclonal
beads each displaying millions of unique DNA sequences. Therefore, the DNA library has been
converted to monoclonal bead library. Large targets, such as cells, can be directly applied,
while small targets, such as small molecules or proteins, need to be immobilized on microbe-
ads. Then, the bead library is incubated with targets to form bead/target complexes, which can
be directly visualized under the microscope. Because nonbinding or weak binding beads can be
easily removed through washing process to enrich the library, only beads with high binding
affinity sequences are retained and easily isolated to yield aptamer candidates, which can be
further confirmed without the need of its sequence information because of the one-bead-one-
sequence nature of the monoclonal nature of beads. The bead clones with low Ky values can be
sequenced and synthesized for further application. The method has been successfully applied to
rapidly isolate aptamers against cancer biomarker protein EpCAM and small toxin molecule
aflatoxin B; (AFB;) without the need for many rounds of selection, large-scale DNA sequenc-
ing, expensive and time-consuming DNA synthesis, and labor-intensive screening of a large
population of aptamer candidates. The MSD-SELEX approach has been demonstrated to be a
new way for simple, rapid, efficient and cost-effective molecular evolution of high affinity
ligands.

CONCLUSIONS

Owing to their advantages over antibodies, including quick and reproducible synthesis,
easy and controllable modification, long-term stability, ability to sustain reversible denaturation,
non-toxicity, lack of immunogenicity, and rapid tissue penetration, aptamers have been widely
applied for target validation, drug delivery, biomolecule detection, therapeutics, diagnostics,
and biosensing. Conventional methods for aptamer identification are time-consuming, expen-
sive, labor intensive, and inefficient. With the advantages of reduced reagent consumption, sim-
ple analytical methodology, high processing speed, high throughput, and potential for
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TABLE I. Summary of Microfluidic SELEX.

Biomicrofluidics 8, 041501 (2014)

Method Target Rounds Ky Reference
CE-SELEX CE-SELEX Human IgE 4 27 =8 nM 49
4 23*+12nM 57
Neuropeptide Y 4 0.8 0.3 M 60
HIV reverse transcriptase 4 180 = 70 pM 58
rthVEGF165 4 22*+11nM 84
N-methyl mesoporphyrin 3 0.88 =0.12 uM 61
NECEEM-SELEX Protein farnesyltransferase 1 1 nM 85
ECEEM-SELEX MutS protein 3 15 nM 51
Kinetic CE-SELEX MutS protein 3 3.6 0.5nM 62
non-SELEX h-Ras protein 3 0.2 uM 52
UFFE Human IgE 1 22+ 6nM 64
Sol-gel microfluidic SELEX Yeast transcription factor IIB 7 4 nM 54
Xanthine 7 42 M 72
TATA-binding protein 5-8 2.7 aM 70
Magetic bead-based microfluidic SELEX Streptavidin 3 25-65 nM 75
BoNT/A-1Lc 1 34 nM 55
PDGEF-BB protein 3 <3nM 56
Angiopoietin-2 4 <30 nM 76
Integrated microfluidic system C-reactive protein 5 3.51 nM 79
Alpha-fetoprotein 6 2.37 nM 80
AS549°Eed 15 15.2nM 86
Myoglobin 7 4.93 nM 81
Agarose droplet microfluidics Shp2 10 249 = 14.6 nM 78
MSD-SELEX EpCAM 5 33£3nM 83
AFB,; 5 0.65*0.11 uM 83

automation, microfluidic technology is well suited to revolutionize the field of aptamer selec-
tion. As summarized in Table I, recently developed microfluidic methods have successfully
demonstrated that microfluidic technology can effectively improve aptamer selection with
remarkably increased speed, reduced cost, expanded resolving power, enhanced throughput and
automated system design. With the increased demand for aptamer sequences in the fields of
bioanalysis and biomedicine, more novel microfluidic methods for rapid and efficient aptamer
screening are greatly anticipated to emerge in the near future.
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