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Abstract

Nucleic acid aptamers have tremendous potential as molecular recognition elements in biomedical 

targeting, analytical arrays, and self-signaling sensors. However, practical limitations and 

inefficiencies in the process of selecting novel aptamers (SELEX) have hampered widespread 

adoption of aptamer technologies. Many factors have recently contributed to more effective 

aptamer screening, but no influence has done more to increase the efficiency, scale, and 

automation of aptamer selection than that of new microfluidic SELEX techniques. This review 

introduces aptamers as a powerful chemical and biological tool, briefly highlights traditional 

SELEX techniques and their limitations, covers in detail the recent advancements in microfluidic 

methods of aptamer selection and characterization, and suggests possible future directions of the 

field.

Graphical abstract

Introduction

Aptamers

Aptamers are synthetic sequences of RNA or single-stranded DNA that fold into a particular 

three-dimensional conformation that allows them to bind a molecular target with high 

affinity and specificity. Because nucleic acids possess an innate flexibility and adopt a wide 

variety of structural motifs, aptamers have been developed for virtually every type of target 

imaginable: metal ions,1–3 small molecules,4–7 lipids,8, 9 proteins,10–14 viruses,15 and whole 

cells.16, 17 Though often likened to antibodies, aptamers have a number of distinct 

advantages over their protein counterparts. Most notably, specific aptamers are generated by 
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in vitro solid-phase synthesis, an inexpensive, scalable, and easily automated technique with 

excellent batch-to-batch reproducibility. This avoids the use of model animals required of 

antibody production and the associated time and expertise required. Additionally, aptamers 

are highly stable over wide ranges of pH, temperature and ionic strength, and they refold 

spontaneously after denaturation. Finally, aptamers are easy to chemically link or modify 

during the synthesis process at virtually any position for customized applications.

Aptamers are utilized in a variety of laboratory affinity assays and separations, especially 

those previously dominated by antibodies such as biomolecule purification,18, 19 chiral 

separation,20 and enzyme-linked immunosorbent assays (ELISA).21–23 Because nucleic acid 

aptamers can undergo conformational changes upon binding, they are well suited to the 

development FRET- or quenching-based biosensors for their target, while antibodies are too 

inflexible for such behavior.2, 24, 25 Aptamers are also gaining favor in biomedical 

applications as both diagnostic and therapeutic tools. Aptamers have been used extensively 

to target imaging agents,26–29 siRNA,30, 31 and drugs32–34 both in vitro and in vivo. While 

targeting is the most common medical use, modified aptamers have also had success as 

primary therapeutic agents, most notably Macugen for the treatment of age-related macular 

degeneration (AMD). While Macugen is thus far the only FDA approved aptamer-based 

drug, several aptamer therapeutics are in clinical trials and numerous others are in preclinical 

stages.35–37

Given the tremendous applicability and the advantages of aptamers, it is not surprising that 

the number of aptamer-related articles published annually has increased more than 10-fold 

since 2001.35 However, the selection of aptamers for novel targets is less well represented in 

the literature, primarily because of the time, resources, and expertise required to combine the 

disparate steps in aptamer development. In addition, successful selection of useful and 

applicable aptamers is never a guarantee, even in the most careful and well-intentioned 

cases.

One innovation that has dramatically lessened the time- and labor-intensiveness of aptamer 

technologies is the incorporation of novel microfluidic strategies; no single advancement has 

led to as much improvement in speed, throughput, and automation in aptamer selection and 

characterization. (Microfluidics have also led to notable advances in aptamer-based sensing 

(aptasensors), especially involving electrochemical detection38–41 and low-cost printed or 

paper-based devices;42–44 however, microfluidic applications of aptamers will not be 

covered here. Aptasensors have been recently reviewed elsewhere.45–48)

The current review provides a detailed overview of the different types of microfluidic 

aptamer selection schemes, highlighting key examples of these families and the major 

contributions of the work. Current work in aptamer microarrays for selection and 

characterization are also covered, and the authors offer possible future directions of the field.

The SELEX method

New aptamers are selected by an iterative combinatorial process called Systematic Evolution 

of Ligands by Exponential Enrichment (SELEX),49, 50 which is outlined in Figure 1. Briefly, 

a library of randomized RNA or DNA oligonucleotide sequences (oligos) is incubated with 
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the target of interest. The large number of sequences creates sufficient structural diversity for 

numerous sequences to compete for binding with a limited amount of target. The in vitro 
nature of this incubation allows parameters such as temperature and ionic strength to be 

adjusted for optimized binding under the specified conditions. Next, unbound oligos are 

separated by one of a variety of partitioning techniques and discarded while those sequences 

complexed with the target are amplified by PCR. (In the case of RNA aptamers, sequences 

are reverse transcribed prior to PCR and transcribed back to RNA afterward.) Finally, the 

PCR products are purified and complementary strands are removed. This results in a new 

single-stranded pool that has been enriched with sequences that display affinity for the 

target. At the end of each cycle, the average affinity of the pool for the target of interest is 

measured, and the cycle is repeated until optimal binding affinity is reached. Finally, the 

nucleotide pool is sequenced and analyzed, and a subset of those sequences is synthesized 

and characterized in terms of their affinity, selectivity, and physical properties.

Conventional SELEX

Nitrocellulose filtration was the first major partitioning technique employed because of its 

ability to pass nucleic acid strands while retaining proteins.49 While the technique is simple 

in that it requires no immobilization of the target and little adjustment from protein to 

protein, filtration is relatively inefficient and time-consuming, requiring a dozen rounds of 

SELEX or more and weeks to months to achieve suitable affinity. Nitrocellulose filtration is 

also only effective for proteins, making it unsuitable for many proposed targets. Affinity 

chromatography-based techniques, which rely on immobilizing the target of interest on a 

solid support, were introduced to address challenges presented by nitrocellulose SELEX and 

are now the technique of choice for many. The most frequently used supports are 

microbeads,51–53 which are easily retained by a microcolumn filter during selection, but 

other surfaces such as microplates are also used.54, 55 In both cases, the target can be 

attached covalently with linker chemistry,56 adsorbed non-specifically,54 or linked with 

biotin to a streptavidin-coated surface.57 While this technique enhances flexibility and the 

number of allowable targets, macroscale affinity chromatography on the whole does not 

substantially increase the efficiency of the selection and often uses relatively large amounts 

of material. Additionally, the solid supports, and any linker or capping molecules used, 

present potential surfaces with which aptamers may develop unwanted, non-specific affinity, 

requiring negative selections to obtain target-specific aptamers.

Microfluidic SELEX techniques

While different SELEX techniques offer certain pros and cons, there are a number of 

advantages that hold true of all microfluidic SELEX methods. First, because most separation 

techniques typically only operate at a surface interface, shrinking the system to yield a larger 

surface-to-volume ratio dramatically increases separation efficiency while reducing material 

consumption. In the case of affinity chromatography, this decrease in size also reduces the 

potential for non-specific and off-target binding, in many cases allowing negative selections 

to be removed altogether. Second, it has been shown that reducing the amount of target 

(thereby increasing the stringency of the selection) results in faster convergence to the 

aptamer pool to a small number of sequences.58 Microfluidic methods excel at handling 
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small amounts of reagents, both increasing stringency and cutting material costs. Finally, a 

major drawback to SELEX in general is that each phase of the cycle can be labor-intensive, 

time-consuming, and require special expertise. Microfluidic techniques have a much higher 

potential for automation and multiplexing of this process, which will reduce the time and 

energy invested into each new aptamer and streamline the SELEX process. This has led to 

the development of many microfluidic SELEX separation techniques, including those based 

on capillary electrophoresis, microfluidic bead-based separations, and sol-gel encapsulation.

Capillary electrophoresis SELEX

The first microfluidic technique introduced to enhance SELEX partitioning was capillary 

electrophoresis (CE). CE separates components of a mixture based on their electrophoretic 

mobility. Unbound DNA or RNA migrate together while oligo-target complexes, because of 

their altered size and charge, separate from the unbound sequences and are collected (Figure 

2). Because DNA and RNA have a higher negative charge density than virtually any target 

molecule of interest, complexation results in a significant and predictable decrease in 

mobility. This, together with the dramatic increase in the performance and prevalence of CE 

technology during the 1990s in response to the Human Genome Project, made CE the 

natural choice for SELEX’s stringent nucleic acid separation requirements.

CE-based aptamer selection (CE-SELEX) was first implemented by Mendonsa and Bowser 

seeking a DNA aptamer for human immunoglobulin E (IgE).59 Because of the high 

partitioning efficiency of CE, only four rounds of SELEX were required to obtain multiple 

aptamer sequences with dissociation constants (Kd) below 30 nM, drastically shortening the 

overall selection time. Additionally, the entire incubation and separation process can be 

performed in free solution, which allows the process to be done without tagging or 

immobilizing either molecule. Similar CE-SELEX techniques have been used to select 

aptamers for a variety of proteins, including human immunodeficiency virus-reverse 

transcriptase (HIV-RT),60 human vascular endothelial growth factor 165 (hVEGF165),61 α-

fetoprotein,62 and human epididymis protein 4 (HE4).63 Although the separation between 

bound and unbound sequences is more substantial with larger targets, CE-SELEX has also 

been used successfully on smaller targets including the 4.3-kDa neuropeptide-Y64 and the 

580-Da N-methyl mesoporphyrin (NMM),65 demonstrating the flexibility and robust nature 

of the technique.

An additional advantage of CE-SELEX is that CE provides an excellent technique for 

determining the binding affinity of both the mixed selection pool and individual aptamer 

sequences. However, this is typically done in an additional post-selection step. The Krylov 

group developed Non-Equilibrium Capillary Electrophoresis of Equilibrium Mixtures 

(NECEEM), which applied a novel analysis to extract kinetic and thermodynamic 

parameters of the nucleic acid pool.66 By supplying target-free buffer at the capillary inlet, 

the migrating complexes slowly unbound depending on the aptamer dissociation equilibrium 

and rate constants (Kd and koff, respectively), which were analyzed in the separation 

electropherogram. Krylov further reduced the required time by removing the intermediate 

amplification and purification steps altogether. This “non-SELEX” method facilitated three 

successive NECEEM separation steps in one hour and improved the affinity of the DNA 
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pool for the h-RAS protein by over four orders of magnitude.67 While the selection 

stringency of this technique may be limited by the need to collect sufficient DNA for 

subsequent partitioning steps, the utility of non-SELEX has been further demonstrated in 

identifying aptamers for three signal transduction proteins, each with at least three orders of 

magnitude improvement in affinity.68

One major concern over CE-SELEX is the small sample volume that CE can handle. 

Injections are often less than 10 nL,61 so even when very high DNA concentrations are used, 

only about 1012-1013 oligos are sampled per run. One way around this has been utilizing 

bulk separation techniques like nitrocellulose filtration prior to CE to remove a large portion 

of non-binding sequences before CE-SELEX.69 This effectively samples more relevant 

sequences by removing a large fraction of non-binders before the CE step, although it does 

so at the cost of additional time and complexity.

Another approach to increase the number of sequences assessed is to move from discrete 

separations to continuous partitioning techniques. One example of this is micro-free flow 

electrophoresis (µFFE). In this technique, buffer and sample are pressure-driven through a 

planar channel while an electric field is applied across the channel, perpendicular to the 

direction of flow (Figure 3). Because species are deflected laterally based on their mobility, 

sample can be streamed continuously through the device rather than injected in discrete 

plugs. Binding sequences are collected through a separate exit port than non-binders. This 

continuous approach eliminates the complicated manual timing required in CE to obtain 

reproducible sample collections. A µFFE-SELEX technique was demonstrated that sampled 

nearly 2×1014 DNA sequences in a 30-minute separation, a 300-fold improvement over CE-

SELEX.70 Aptamers for human IgE with a Kd of 20–30 nM were selected in only two 

rounds, indicating no loss in performance versus CE-based techniques.

Bead–based microfluidic SELEX

Magnetic methods—Implementing microbeads as a solid support allows even small 

volume systems to benefit from a large surface area, increasing the physical selection space. 

SELEX on microparticles was first implemented using magnetic beads almost 20 years ago 

and is still widely used today.71, 72 Briefly, the target molecule is covalently attached to the 

surface of a magnetic (usually superparamagnetic) microparticle or nanoparticle and 

incubated with the nucleic acid library. Binding oligos complex with the target and become 

bound to the magnetic particles as well. A strong external magnet or magnetic field is then 

applied, which either isolates the particles from the suspension or holds them immobile 

while they are rinsed. While the theory is simple, the efficiency and practicality of bulk 

magnetic separation are limited compared to other techniques. However, combining a 

microfluidic approach with traditional microbead separation enhances the effectiveness of 

the technique dramatically.

The Soh group was the first to implement magnetic microparticle SELEX on the 

microfluidic scale. Their first device, a continuous-flow magnetic activated chip separation 

device (CMACS), used a multi-stream laminar flow architecture to keep the bulk sample at 

the edges of the channel and a fresh buffer stream along the center (Figure 4). This layout 

had less lateral diffusion across the interface than in a single-stream flow, which enhanced 
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separation efficiency.73 Tiny ferromagnetic structures created strong, precise magnetic fields 

to guide the beads into the central buffer stream for collection. This microfluidic addition 

enhanced recovery of beads to over 99.5% under optimal conditions and achieved a bulk Kd 

of 33 nM in just one round.74 Despite the excellent results, CMACS suffered from a number 

of difficulties in practice. Ideal flow conditions were only reached with careful adjustment 

under microscopic monitoring, undermining the robustness of the technique. Microbubbles 

and blockages also occurred frequently, which disrupted the flow streams and had a 

detrimental impact on aptamer separation.

To combat these issues, a new design was developed: the micromagnetic separation chip 

(MMS). The MMS relied on grids of patterned titanium and nickel, which were magnetized 

externally, to catch target-coated magnetic beads as they flowed through the channel. Once 

enough sample had passed through the chip, the channel was rinsed thoroughly to remove 

non-specifically adhered oligos. The external magnets were then removed, releasing the 

microbeads and target-binding sequences into solution for collection (Figure 5).74 The MMS 

chip demonstrated recovery and partition efficiency as good as or better than those of 

CMACS (roughly 99.5% and 106, respectively) while offering significantly more robust and 

reproducible operation. MMS was first demonstrated using the protein streptavidin as the 

target, and later applied to platelet-derived growth factor-BB to obtain three aptamers with 

Kd’s below 3 nM.75 The process has also been incorporated into special selections, such as 

obtaining orthogonal aptamer pairs for sandwich assays,76 aptamers with a long binding 

lifetime,77 and self-reporting aptamer biosensors.78

Magnetic microbead SELEX continues to be perhaps the most popular microfluidic SELEX 

mechanism, with constant tweaking and adjustment pushing the boundaries of the technique. 

Recently, a device by Hong et al.79 incorporated both positive and negative selection 

chambers into the chip separated by a microvalve, reducing the time and hassle of 

performing a negative selection. A quantitative fluorescence binding analysis was performed 

on a separate microfluidic chip using magnetic target immobilization, demonstrating a trend 

towards miniaturization of additional steps of the aptamer selection process.

Non-magnetic methods—Non-magnetic beads have also transitioned from bulk affinity 

chromatography-based separations to microfluidic SELEX. These beads, generally made of 

silica derivatives or organic polymers like agarose and acrylate, supply the same increased 

surface area with lower cost and without the challenges associated with magnetic separation. 

Recently, Zhao et al. demonstrated a simple custom chip that used two sequential pinches to 

trap acrylate beads in the channel, the first beads containing multiple non-target proteins 

(negative selection) and the second beads functionalized with myoglobin (positive selection).
80 The chip is shown schematically in Figure 6. DNA was introduced continually at the top 

of the channel and flowed first through the negative selection zone to remove unwanted non-

specific binders and then through the positive selection zone to retain sequences with affinity 

for myoglobin. The second pinch was then rinsed to remove weak binders before aptamers 

were eluted with DDT. This technique exemplifies the ease of performing simultaneous 

positive and negative selection that microfluidic SELEX offers. A peak Kd of 5 nM was 

obtained with exquisite specificity.

Dembowski and Bowser Page 6

Analyst. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since these beads do not move throughout the separation, similar strategies have been 

employed that forego the microbeads altogether, immobilizing the target directly on the 

device surface with similar effect. Liu et al. constructed a circuitous microfluidic path over a 

protein microarray so that oligos passed over four different negative selection proteins 

before reaching the region displaying the target, lactoferrin.81 Only those sequences bound 

to lactoferrin were eluted, achieving multiple sequences with Kd’s below 10 nM.

In some cases though, the microbeads don’t just provide a static surface but are actually a 

dynamic part of the device as with many magnetic systems. Recently, a continuous 

separation device was developed using migration by acoustic waves (acoustophoresis) for 

aptamer selection.82 Similarly to the CMACS device, the incubated sample of target-coated 

beads and DNA was introduced at the edges of the channel with a central buffer stream 

holding the sample stream against the channel walls. As sample passed down the channel, an 

acoustic standing wave field focused the beads to the node in the central buffer stream for 

collection while leaving smaller species such as unbound DNA in the waste-bound edge 

streams. An aptamer was obtained with sub-nanomolar affinity for prostate-specific antigen 

(PSA) after eight rounds of SELEX. As with other techniques not requiring a separate 

elution step (µFFE, CMACS), this device can overcome a common weakness of microfluidic 

SELEX, the small number of sequences sampled, by simply extending the time of 

continuous operation.

Sol-gel–based microfluidic SELEX

While SELEX techniques that rely on immobilizing the target have undoubtedly been 

successful in many cases, there has always been some concern over whether immobilization 

affects target conformation, occludes possible binding sites, or has other unintended 

consequences on the selection. One approach to circumvent covalent immobilization has 

been the use of sol-gel nanocomposites to trap proteins or other biomolecules.83, 84 Briefly, 

monomers or nanoparticles of the gel precursor (often one or more silica derivatives) are 

dissolved to create an aqueous sol. Chemical additives, along with the target, are then mixed 

into the sol, causing the silica to coalesce and solidify into a porous framework, trapping the 

target in the growing gel. Gels with pores of two different sizes are favored; the smaller 

pores trap the macromolecule in place while the larger pores allow easy diffusion of 

aptamers or other ligands throughout the network. It has been shown that enzymes in the gel 

not only maintain their function but can be more stable against chemical and thermal 

denaturation than in free solution.85, 86

Sol-gel encapsulation was first demonstrated as a SELEX technique by Park et al.87 The 

microfluidic device consisted of a narrow channel connecting five identical chambers, each 

constructed over an aluminium microheater. A droplet of the protein-containing sol-gel was 

spotted into each chamber and allowed to gel overnight, then a polydimethylsiloxane 

(PDMS) cover sealed the chip. Incubated oligos were observed to bind with high efficiency 

to the trapped target but not significantly to the gel matrix. Applying current through the 

heater electrodes yielded enough heat to denature and elute the oligo sequences. A strength 

of the technique is high target density, with each 300-µm droplet holding about 0.6 ng of 

protein. The device isolated RNA aptamers with affinity for a yeast transcription factor87 
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and TATA binding protein88 with high affinity and in fewer rounds than with conventional 

SELEX. The high target density and heat-triggered release lend themselves well to a 

multiplexed selection, but the first attempts at simultaneous selection were fraught with 

issues of contamination. However, the design was improved by independent sample and 

elution lines as well as pneumatic valves between the reaction chambers (Figure 7). The new 

device performed selections against five targets simultaneously in less time than the previous 

system without contamination.89 The capabilities and applicability of sol-gel–based SELEX 

have continued to expand, as the technique has selected aptamers against the small molecule 

xanthine, even when traditional SELEX could not,90 and against Bisphenol-A, which is too 

insoluble for other SELEX methods.91

Integrated microfluidic SELEX systems

As discussed previously, the SELEX cycle consists of four main steps: incubation of oligos 

with the target to compete for binding; partitioning of free oligos from those bound to the 

target; amplification of the oligo pool by PCR; and purification, whereby the complementary 

strand is removed to achieve a single-stranded pool again. (Additional transcription and 

reverse transcription steps are necessary when RNA aptamers are sought.) The techniques 

discussed thus far have focused on incorporating the partitioning and sometimes the 

incubation steps into to microfluidic environment. However, one of the main draws of a 

microfluidic SELEX technique, the enhanced potential for automation, is significantly 

limited until all parts of this cycle can be linked in a single integrated system. For this 

reason, many groups have pursued not only the microfluidic partitioning methods described 

above but also miniaturization of the amplification, purification, and intermediate steps as 

well.

The first major step to this end was a prototype by Hybarger et al. that incorporated 

transcription, incubation, selection, reverse transcription, and amplification into a system of 

microlines, all controlled by valves actuated in LabView.92 The main achievement of the 

prototype was not just a seamless transition between the steps but also the use of pressurized 

reagent manifolds to fill, rinse, and clear sections of the system accordingly with no manual 

intervention. The full prototype still had a large footprint and its own share of practical 

difficulties, but it nonetheless set a high bar for future integrated SELEX systems.

The first integrated microfluidic SELEX chip, developed in the lab of Gwo-Bin Lee, was a 

three-layer, four-chamber PDMS and glass chip.93 The processes of incubation, separation, 

and amplification were performed in a central sample chamber connected to reagent and 

waste chambers by pneumatic microvalves (Figure 8). The system used typical magnetic 

bead SELEX, first demonstrated with C-reactive protein (CRP) as the target conjugated to 

superparamagnetic polystyrene beads. Efficient mixing of the sample chamber was achieved 

within three seconds by deflection of the PDMS membrane layer with pressurized air. After 

incubation, the microbeads and any bound aptamers were held by an external magnetic field 

and rinsed thoroughly from the wash buffer chamber. PCR reagents were then introduced 

and the temperature was cycled in the sample chamber using microheaters and microsensors 

patterned on the glass substrate. The inherent automation coupled with the faster 
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temperature cycling allowed by on-chip PCR achieved a round of incubation, selection and 

amplification in under 60 minutes.

The system was further enhanced to improve mixing and transport, and a competitive assay 

chip was designed to accompany the SELEX chip and further improve automation and speed 

of the overall process.94 Though the competitive assay chip was not a direct in-line addition 

and required intermediate manual processing, the increased efficiency of a chip-based assay 

provides a glimpse into the possible future of combined SELEX-aptamer characterization 

chips. The system has been continuously adapted and expanded to improve function and 

robustness. Example improvements include additional reagent and sample chambers, 

vacuum-driven pumps to accommodate live cells without lysis, and temperature-controlled 

regions of the device to speed cycling while avoiding reagent degradation.95–97

Purification of the PCR products to remove reagents and complementary nucleic acid 

strands has proven the most difficult piece to incorporate into microfluidic systems, either 

performed off-chip (reducing speed and automation) or absent altogether (reducing 

efficiency) in the previous devices. A new design by the Lin group utilized a bead-based 

PCR system to isolate the active aptamer from its complement generated during PCR.98 The 

device consisted of two chambers, one for incubation and selection, the other for 

amplification and purification (Figure 9). The chambers were connected by a gel-filled 

channel to facilitate electrophoretic transfer of the DNA from one chamber to the other and 

back. Each chamber was surrounded by a weir to keep the beads in the appropriate chamber 

while allowing reagents and buffers to come and go freely. The key to purification was the 

use of reverse PCR primers immobilized onto microbeads in the amplification chamber. By 

performing PCR with immobilized reverse primers, only aptamer strands were transferred 

back to the selection chamber while the complementary strands remained bound to the PCR 

beads. The device performed three complete rounds of selection in under 10 hours with no 

off-chip activity, obtaining aptamers for both protein (IgE) and small molecule (bisboronic 

acid) targets. While this strategy provided an elegant solution to the purification problem, 

the electrophoretic transfer was not without practical issues, which led to a new design that 

incorporated both electrophoresis and pressure-driven flow into the system.99

Microfluidic aptamer characterization

Sequencing

The majority of microfluidic influence in SELEX has focused on optimizing the separation 

and partitioning methods used in the selection itself, with the goal of obtaining sequence 

pools with the highest average affinity and the most high-affinity binders in the least amount 

of time. However, even given highly efficient selection and enrichment, the ability to 

identify the best aptamers from the pool depends heavily on the nucleotide sequencing and 

binding characterization methods used.

Traditionally, aptamer pools were cloned into bacterial vectors and sequenced by the Sanger 

method, which demanded labor-intensive handling of individual bacterial colonies and 

usually returned a few dozen to a hundred sequences at most, a tiny percent of the selected 

pool. A small number of those sequences were then synthesized and had their affinity tested 
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individually. Though this technique is still commonplace in the field, finding the best 

aptamers by this method is largely governed by blind luck in picking the colonies. The 

introduction of high-throughput next-generation sequencing (NGS) techniques has allowed 

researchers to view a much larger fraction of the pool and to rationally choose sequences for 

further characterization.75, 100 While sequence-based criteria (usually the copy number or 

enrichment-fold of a motif) are not always the best indicator of affinity,61, 75 this strategy of 

rational sequence selection by NGS is arguably more effective than picking colonies 

randomly. As commercial NGS services become quicker and cheaper, choosing aptamer 

candidates via NGS analysis is rapidly becoming the method of choice.

Affinity measurement

Once individual sequences are chosen, some number of them, usually up to a few dozen, are 

synthesized in high purity, and the affinities of the individual sequences are determined for 

the target of interest as well as possibly for similar targets to determine selectivity. While 

NGS sequence analysis may hint at the best aptamers, it is no substitute for experimentally 

determining the affinity of a large number of sequences, as the true trends in affinity always 

deviate from those predicted by the informatics data. Even when using the microfluidic 

selection techniques above, affinity characterization has almost universally been done 

sequentially on large instrumentation. Microplate fluorescence assays, affinity capillary 

electrophoresis, and surface plasmon resonance are among the most common techniques for 

finding target affinity, in each case determining the amount of aptamer bound at many 

different concentrations of target to construct a binding curve and determine the aptamer 

dissociation constant. Because instrumental characterization techniques are robust and 

highly automated, it is unlikely that microfluidic characterization methods outside 

microarrays will see widespread adoption until they display significant advances in 

performance, automation, or multiplexing.

Custom chip-based methods—DNA microarrays have largely cornered the market on 

microfluidic affinity assays, but custom characterization chips do still appear in the literature 

from time to time. For example, the magnetic microbead SELEX by Hong et al.79 was 

presented with a custom chip that measured the fluorescence intensity of each magnetically 

bound sample post-partitioning, performing a microfluidic version of the normal microplate 

fluorescence binding assay. There is the potential for future integration of this type of 

technique directly into the selection, particularly when the partitioning already makes use of 

magnetic beads as well. Rather than integration, the Afi-Chip developed by Song et al.101 

presents a universal, low-cost design for potential commercialization. The quantitative gas 

generation in a catalase-linked assay moves a dye bar for each sample, meaning little 

expertise and no expensive equipment is required to interpret the length-based results. These 

types of chip-based characterization platforms provide an interesting glimpse into the 

possible future of the microfluidic SELEX workflow; however, they don’t yet represent an 

improvement in speed or performance compared to instrumental techniques, which is the 

main reason most researchers still rely on workhorse analytical techniques or DNA 

microarrays for characterization.

Dembowski and Bowser Page 10

Analyst. Author manuscript; available in PMC 2018 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA microarrays—DNA microarrays are the only method of microfluidic 

characterization that has been widely adopted. A DNA microarray consists of thousands or 

millions of “spots” on a 2-D surface, with each spot containing many copies of a known 

DNA sequence. DNA can either be synthesized in situ or generated first and deposited onto 

the surface. A sample containing the fluorescently labelled target(s) of interest is then 

flowed over the array, and fluorescence intensity (and color, in the case of multiple targets) 

is scanned across the array to indicate binding. The basics of DNA microarrays and their 

usage in microfluidics have been reviewed elsewhere.102, 103

For characterization of aptamers, arrays were first used to examine and improve existing 

sequences. For example, aptamers against IgE have been of particular interest because a long 

consensus region is highly conserved through many known aptamers. Microarrays with 

thousands of sequences systematically mutated from a few IgE aptamers have been used to 

interrogate the roles of specific bases.104, 105 Mutations of certain bases or motifs 

completely eliminated binding behavior while other changes had no effect, allowing the 

original sequence to be truncated further.104 Similar work has been done using microarrays 

with over 10,000 mutants to analyze and improve existing aptamer sequences binding to 

green fluorescent protein (GFP) and Drosophila negative elongation factor E (NELF-E).106 

Ever improving technology has continued to increase both the number of sequences that can 

be tested and the amount of sample space that can be interrogated by more complex rational 

algorithms to control mutation. Work by Kinghorn et al.107 tested nearly 200,000 mutants of 

previously selected aptamers against a malarial antigen. The mutants were determined using 

the public tool Resample, which not only recognized and generated preliminary mutants 

around motif families but also filtered out candidates based on predicted disadvantageous 

pairing and structural motifs. The process produced a truncated version of an existing 

sequences, as well as three novel sequences, all with Kds below 10 nM, substantially better 

than the starting aptamers.

Arrays are most commonly applied after SELEX in this manner, but their use as a part of the 

SELEX process is an interesting shortcut to condense the workflow and reduce 

backtracking. This was demonstrated by Cho et al. by combining the MMS device, NGS, 

and commercial microarrays into the quantitative parallel aptamer selection system 

(QPASS).108 Briefly, four rounds of SELEX were performed on the MMS against the 

protein angiopoietin-2 (Ang2). A small aliquot from each pool underwent NGS and returned 

~107 sequences, and the sequences were ranked by copy number. Eight identical arrays were 

then generated, each containing the 235 most common sequences from each pool, including 

different types of linkers and control sequences, with each spot in triplicate per array. By 

incubating each array with a different concentration of fluorescent target, an 8-point binding 

isotherm (and the associated Kd) was determined simultaneously for each of the over 200 

sequences. Characterizing that many sequences sequentially by standard methods would be 

totally unthinkable, demonstrating the power of array-based SELEX.

The researchers have since used microarrays for rapid discovery of aptamer pairs that bind 

to different epitopes of the same target.109 Such pairs are necessary for some highly selective 

analytical assays or for development of bidentate aptamer binding schemes. Isolation of 

these aptamer pairs was difficult and relied largely on luck before this technique. By first 
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generating an array of the Ang2 aptamers found previously, then incubating the target 

protein with the array, Ang2 was now presented for potential binding but with the binding 

epitope of the first aptamer occluded. A new library was then flowed over this protein-bound 

array to identify new sequences that bound to an independent epitope. Screening of this huge 

number of sequences allowed identification of multiple pairs with the strongest original 

aptamer sequence. By connecting these two aptamer sequences with a poly-T linker, the 

resulting aptamer exhibited an astounding 62 pM Kd, 300-fold stronger affinity than either 

sequence individually. There is still tremendous room for growth, as these examples can be 

scaled up to current commercially-available arrays of 1–2 million features with almost no 

increase in time or labor. As the scale, complexity, and economics of microfluidic DNA 

arrays continue to improve, it seems inevitable that microarrays will become inextricably 

linked with the SELEX process itself.

Conclusions

Despite many advantages of aptamers over other affinity reagents such as antibodies, 

conventional SELEX methods for isolating new aptamers are labor-intensive and fickle at 

best, which has bottlenecked progress in the field. However, incorporating new microfluidic 

SELEX techniques, either by scaling down existing procedures or by inventing novel 

strategies only feasible at the microscale, has produced tremendous growth in all parts of the 

selection and characterization process. While it is likely that no single SELEX technique 

will emerge as the optimal method in all cases (given the variety of targets, selection 

requirements, and intended aptamer uses), these abundant new microfluidic SELEX methods 

all have improved efficiency and speed over the older bulk techniques they have begun to 

replace.

Based on the current state of the field, we predict two significant future directions. First, 

extensive work has already been done on specific selection techniques, and we anticipate a 

continued shift toward integrated microfluidic methods combining selection with 

purification, characterization, negative selection, and/or multiplexing to take full advantage 

of the superb automation that microfluidics provides. Second, the trend has thus far been 

towards increased complexity in prototype design to maximize speed and elegance, creating 

a divide between method-focused groups designing new selection techniques and those 

groups selecting aptamers for use in their research. We predict a future movement toward 

simpler designs that are more cost-effective and accessible to these application-focused 

groups with less microfluidics expertise, such as 3D printed devices or commercially 

available disposable devices. In both cases, we eagerly await exciting future microfluidic 

developments to meet the growing aptamer screening needs in bioanalytical and medical 

fields.
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Figure 1. 
Schematic of SELEX process for isolating aptamers. The nucleic acid library undergoes 

incubation with the target of interest, separation to remove sequences not bound to the 

target, amplification of binding sequences, and purification to remove complementary 

nucleotide strands. RNA selections require additional transcription and reverse transcription 

steps (not shown).
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Figure 2. 
Example electropherogram of CE-SELEX separation. Target and unbound oligos have very 

different electrophoretic mobilities and separate during CE. Target-oligo complexes migrate 

between the two component peaks. Target and complexes are collected for amplification 

while unbound oligos are not.
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Figure 3. 
Schematic of µFFE-SELEX device. Buffer pressure at the inlet drives sample along the 

channel at a constant rate. A voltage is applied to the electrodes to create an electric field 

across the channel, deflecting non-binding sequences to waste while oligo-target complexes 

are collected from a separate outlet.
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Figure 4. 
Schematic of the CMACS device. Laminar flow architecture keeps the sample stream near 

the channel walls and flows to waste. Angled magnetized Ni strips guide the magnetic beads 

containing bound oligos into the central buffer stream which is collected through a separate 

outlet. Optical micrographs show the device during operation at A) the channel wall, B) the 

buffer stream, and C) the outlet. The large distance m prevents diffusion of unwanted 

sequences into the central stream. Adapted from Lou et al73 Copyright 2009 National 

Academy of Sciences.
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Figure 5. 
Schematic of the MMS device. A) Top view and B) side view. Sequential buffer and sample 

inlets flow sample towards the outlet. The patterned Ti/Ni grids become magnetized by 

external rare-earth magnets and traps magnetic beads containing bound oligos. Adapted 

from Qian et al74 with permission from the American Chemical Society.
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Figure 6. 
Schematic of dual positive-negative selection chip. Beads in the first pinch are coated with 

multiple non-target proteins for negative selection, while beads in the second pinch are 

coated with the target of interest. The oligos are flowed through inlet 1, and only sequences 

with affinity for the target but not for any of the negative proteins will bind in the second 

pinch. These oligos are then eluted by the addition of DDT to inlet 2. Adapted from Wang et 
al80 with permission from the American Chemical Society.
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Figure 7. 
Multiplex sol-gel–based SELEX chip, showing (a) a schematic of the individual layers and 

(b) a picture of the assembled chip. Electrode heaters (b, left inset) are patterned onto the 

bottom glass layer and spotted with the sol-gel. The pneumatic layer controls the valves 

between reaction chambers to prevent cross-contamination during elution, while the 

remaining layers contain the main fluidic network. With valves open, sample is flowed 

through the reaction chambers to incubate with each sol-gel droplet, followed by washing to 

remove non-specific binders. Valves are closed and aptamers are eluted by running current 
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through the electrode heaters and collecting at each elution outlet. Reproduced from Lee et 
al89 with permission from Springer.
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Figure 8. 
A schematic of the integrated SELEX chip by Huang et al. (A) The bottom glass layer is 

patterned with microheaters and sensors (platinum) with associated electrodes (gold) for 

temperature control during PCR. The thin-film PDMS membrane and thick PDMS block 

facilitate all liquid handling, including pumping and mixing by pneumatic membrane 

deflection. (B) The assembled device contains a main incubation/PCR chamber connected to 

chambers for wash buffer, PCR reagents, and waste by low-volume microchannels to prevent 

dead space and bubble formation. Adapted from Huang et al93 with permission from 

Elsevier.
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Figure 9. 
Schematic of the integrated SELEX chip by Kim et al. (A) A top view of the device, 

showing the selection and amplification chambers connected by a gel-filled channel. (B) A 

side view of each chamber, showing weirs to prevent bead movement and patterned 

microheater for elution or PCR. Adapted from Kim et al98
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