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Abstract

Aptamers are a promising class of affinity reagents because they are chemically synthesized, 

making them highly reproducible and distributable as sequence information rather than a physical 
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entity. Although many high-quality aptamers have been previously reported, it is difficult to 

routinely generate aptamers that possess both high affinity and specificity. One of the reasons is 

because conventional aptamer selection can only be performed either for affinity (positive 

selection) or for specificity (negative selection), but not both simultaneously. In this work, we 

harness the ability of fluorescence activated cell sorting (FACS) to perform multi-color sorting to 

simultaneously screen for affinity and specificity at a throughput of 107 aptamers per hour. As 

proof of principle, we generated DNA aptamers for three diverse proteins that exhibit picomolar to 

low nanomolar affinity in human serum, and show that these aptamers are capable of 

outperforming high-quality monoclonal antibodies in a standard ELISA detection assay.

Keywords

Aptamers; Molecular Recognition; High-Throughput Screening

Aptamers are a promising class of affinity reagents as they are chemically synthesized and 

their discovery is performed completely in vitro rather than relying on in vivo biological 

processes, making them reproducible and potentially well suited for high-throughput 

discovery.[1,2] They are also thermostable, fold reversibly and can be distributed as sequence 

information rather than as a physical entity, thereby ensuring reproducible synthesis and 

facile dissemination throughout the research community. Previously, aptamers with 

extremely high affinities have been reported for proteins, small molecules, and even cell 

surfaces. Importantly, a number of investigators have also demonstrated that aptamers can 

exhibit exceptional specificity. For example, Ferapontova et al. and Jiang et al. reported 

aptamers that bind strongly to theophylin, but not to caffeine, a molecule differing by only a 

single methyl group[3,4]. However, obtaining aptamers that simultaneously possess both high 

affinity and specificity, on a routine basis, has been difficult using conventional aptamer 

discovery methodologies such as SELEX[5,6]. Among many reasons, one of the main 

challenge is due to the fact that conventional selection can only be performed either for 

affinity (positive selection) or for specificity (negative selection), but not both 

simultaneously.

Here, we describe an aptamer-discovery technique in which we can simultaneously screen 

for aptamer affinity and specificity in a high-throughput manner. Our multi-parameter 

particle display (MPPD) strategy builds on our previous work[7] that transforms solution-

phase aptamers into “aptamer particles”, wherein each displays many copies of a single 

aptamer. When incubated with a fluorescent protein, each aptamer can be interrogated 

individually for its ability to bind the target using fluorescence-activated cell sorting (FACS). 

In this work, we harness the ability of FACS to perform multi-color sorting to 

simultaneously screen for affinity and specificity. By labeling the target and background 

with different colored fluorophores we can simultaneously measure the binding of each 

aptamer to the target as well as the background. This major advancement allows us to isolate 

the aptamer that achieves the best affinity and specificity at a throughput of 107 aptamers per 

hour. As a demonstration, we have selected DNA aptamers with excellent target specificity 

for three diverse protein targets that show picomolar to low nanomolar affinity in human 
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serum. Furthermore, we show that these aptamers are capable of outperforming high-quality 

monoclonal antibodies in a standard ELISA detection assay in serum.

MPPD begins with the transformation of a solution-phase aptamer library into monoclonal 

aptamer particles through emulsion PCR, as described previously (Fig 1a)[7]. We started 

with a library of aptamers comprising 44 randomized nucleotides flanked by a pair of 18-

nucleotide primer-binding sites (see Methods for sequences). We prepared water-in-oil 

emulsions with PCR reagents such that each water droplet contained a magnetic bead coated 

with the forward PCR primer, under conditions that maximize the statistical likelihood of 

having no more than one DNA template per droplet (Step 1)[7]. We then performed PCR 

amplification within the droplet, yielding a library of aptamer particles that each display 

~2×105 copies of a single sequence on their surface (Step 2)[7]. The emulsion was then 

broken, and the aptamer particles were collected via magnetic separation after denaturation 

and release of the reverse strand (Step 3).

We tested MPPD by generating DNA aptamers for tumor necrosis factor α (TNF-α; 

MW=52kDa), an important marker of inflammation[8], in the complex medium of diluted 

human serum. We labeled TNF-α with a mAb conjugated to AlexaFluor-488 (green), and 

non-specifically labeled the serum proteins with AlexaFluor-647 (red) using a commercial 

kit (Step 4). Next, we used FACS to sort individual aptamer particles that simultaneously 

exhibit high affinity and specificity (Step 5). This entails discarding aptamers that exhibit 

either low green fluorescence (Fig. 1b, quadrants II and III), indicating low affinity for TNF-

α, or high red fluorescence and high green fluorescence (quadrant I), indicating high target 

affinity but non-specific binding to serum proteins. We collected the aptamers with high 

green and low red fluorescence (quadrant IV), representing the desired population that bind 

TNF-α, with high affinity and specificity, and performed PCR on the sorted particles to 

generate an enriched pool for further screening (Step 6) or sequencing (Step 7).

Aptamer affinity and specificity are highly dependent on the screening stringency imposed 

by the concentration of the target [T] and competitors [C] in the sample. These two 

parameters can dramatically shift the binding of the aptamer population towards either the 

target or the competitor (see Supplemental Information and Fig S1 for details). MPPD 

enables us to monitor the on- and off-target binding behavior of each aptamer using FACS 

and identify the optimal screening stringency by varying [T] and [C]. Importantly, to 

minimize the time required for FACS screening while still ensuring that we do not 

compromise the diversity of the initial library, we performed one round of conventional 

bead-based selection starting with an initial library (~6×1014 molecules) to generate a ‘pre-

enriched’ pool, which we used in the first round of MPPD. This allows for FACS screening 

to be performed at ~107 aptamer particles/hour to cover the entire sequence space of the 

enriched library in a reasonable time.

We performed two separate screens and compared the specificity of the resulting aptamers. 

For the ‘buffer-screen’, we performed four screening rounds in buffer with no competitors, 

starting with 100 nM TNF-α in Round 1 (Fig S2a). We isolated 0.19% of the population that 

exhibited the highest fluorescence, and then increased the screening stringency in 

subsequent rounds by decreasing [T]. Aptamer particles from Round 4 showed a high 
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fluorescence signal even at 1 nM TNF-α (Fig S2), and we isolated 0.06% of the sorted 

aptamer particles to obtain the final buffer-screen pool. For the ‘serum-screen’, we 

performed four rounds of MPPD in diluted human serum. For Round 1, we used 100 nM 

TNF-α and 1% serum and sorted 0.08% of the aptamer particle population that exhibited 

high green and low red fluorescence (Fig S2 b). For subsequent rounds, we systematically 

decreased [T] while increasing the serum concentration [C]. By Round 4, the aptamer 

particles exhibited strong green fluorescence signal even with 1 nM TNF-α in 10% serum. 

This is remarkable since the total competitor protein concentration in 10% serum (~0.2 mM) 

exceeds that of TNF-α by roughly five orders of magnitude. We isolated 0.14% of the 

aptamer particles from Round 4 to obtain the final serum-screen pool.

Although both pools showed comparable affinity for TNF-α in buffer (Fig. 2a, top), the 

buffer-screen aptamers showed poor specificity in serum (Fig 2a, bottom left). For example, 

when the buffer-screen aptamers were challenged with 1 nM TNF-α in 10% human serum, 

only 0.03% of the aptamer particles exhibited modest target binding and low serum binding 

(quadrant IV). In contrast, the serum-screen pool showed high specificity under identical 

conditions (Fig 2a, bottom right), with only a small reduction in the sorted aptamer 

population in serum (14.9%) versus buffer (15.6%). In this way, we show that MPPD can 

generate aptamers that specifically bind to TNF-α even among a vast excess of diverse 

competitor proteins.

We cloned individual aptamer sequences from both pools, and used a fluorescence-based 

binding assay to compare the equilibrium binding constant (KD) of 20 clones from each 

pool. Sequences and relative affinities of all aptamers are shown in Supplemental 

Information. In buffer, the highest-affinity aptamer from the serum-screen (S01) showed 

slightly higher affinity (KD= 0.19 nM) than its counterpart from the buffer-screen (B01; KD 

= 0.35 nM) (Fig 2b). Remarkably, the affinity of S01 was essentially unchanged in serum 

(KD = 0.27 nM) compared to that in buffer, clearly demonstrating its exquisite specificity. In 

contrast, B01 binding virtually disappeared in 10% serum, and we could not obtain a 

meaningful KD measurement.

We next compared S01 with VR11[9], a published TNF-α aptamer reported to possess good 

specificity, in that it does not bind TNF-β, a protein with ~30% sequence homology to TNF-

α. VR11 exhibited an affinity for TNF-α of 7.8 nM in buffer, consistent with the reported 

value (7 nM), but showed minimal target affinity in serum (Fig 2b), suggesting that even an 

aptamer that can differentiate homologous targets may have insufficient specificity to 

recognize its target in a heterogeneous sample. S01 also exhibited superior performance to a 

monoclonal antibody currently used in high-sensitivity commercial TNF-α detection assays. 

mAb11 exhibited the highest affinity and specificity of the various different commercial kits 

we examined, with a KD of 1.3 nM in buffer and 2.1 nM in 10% serum (Fig 2d)—nearly an 

order of magnitude worse than that of S01 in the same conditions.

We also tested S01 as a potential tool for clinical molecular diagnostics in an enzyme-linked 

immunosorbent assay (ELISA). We selected the commercial ELISA kit that yielded the best 

limit of detection (LOD) in 10% serum, with LOD defined as the point on a linear fit of 

signal to concentration that reaches three times the standard deviation of the signal from a 
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negative control. For comparison, we used mAb11 as the capture reagent and S01 as the 

detection reagent; these two reagents bind to different epitopes on TNF-α, as mAb11 was 

used to label TNF-α during MPPD screening. The commercial assay yielded a LOD of ~32 

pg/ml, consistent with previously reported values[10], whereas our S01-based ELISA 

exhibited a LOD of ~9.2 pg/ml, an improvement of more than three-fold (Fig. 2c). This is 

particularly striking given that each detection antibody gains a boost in signal by having 

multiple (typically >5) biotin labels, allowing it to bind multiple streptavidin HRP reporters, 

whereas S01 is labeled with just a single biotin.

We next repeated the screening process for two additional protein targets that are chemically 

and structurally distinct from TNF-α as well each other. The first was neutrophil gelatinase-

associated lipocalin (NGAL; MW = 25 kDa), a glycoprotein serum biomarker of renal 

injury, anemia, and cancer[11–13]. After five rounds of MPPD with decreasing target 

concentration and increasing competitor concentration, 28.9% of the aptamer particles 

showed strong binding in the presence of 500 pM NGAL in 10% serum (Fig S3a, right). The 

most abundant aptamer (NGAL-05) from this pool exhibited a KD of 920 pM in buffer and 

1.28 nM in 10% serum (Fig. 2d). We performed a similar process for Plasmodium 
falciparum histidine-rich protein 2 (HRP-2; MW = 37 kDa), a biomarker for severity of 

infection and drug susceptibility for this pathogen[14–16]. HRP-2 is a particularly challenging 

target because it contains tandem repeats of positively-charged histidines that may non-

specifically interact with the negatively-charged phosphate backbone of DNA[17]. After 

seven rounds of decreasing target concentration and increasing serum concentration (Fig. 

S3b, left), 25.47% of the aptamer population showed binding to 100 pM HRP-2 in 10% 

serum. The most abundant aptamer (HRP-2-702) from this pool showed high affinity and 

specificity for HRP-2, with a KD of 128 pM in buffer that was essentially unchanged (124 

pM) in 10% serum (Fig. 2e).

In summary, we describe the MPPD aptamer discovery platform, which can simultaneously 

screen for affinity and specificity in complex mixtures (such as diluted serum), and yields 

reagents that can match or exceed the performance of high-quality commercial antibodies in 

an ELISA format. We show that our method is general - we performed the screen for three 

different target proteins (TNF-α, NGAL and HRP-2) in diluted serum and obtained DNA 

aptamers with affinities in picomolar to nanomolar range. Given that FACS instruments have 

become increasingly available in many research settings, we believe that our aptamer 

discovery method could be used by the broader research community for generating custom 

reagents for a wide range of biomedical applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of MPPD
(a) We transform solution-phase aptamers into aptamer particles by covalently conjugating 

forward PCR primers to magnetic particles (1) and performing emulsion PCR (2) under 

conditions that produce monoclonal aptamer particles displaying many copies of a single 

sequence (3). These particles are incubated with target and non-target proteins labeled with 

distinct fluorophores (green and red, respectively) (4), then sorted using FACS (5) to isolate 

aptamers that exhibit high affinity and specificity. These aptamers are then PCR amplified 

for additional screening (6) or sequenced for further characterization (7). (b) Aptamer 

particles are sorted with two-dimensional FACS to selectively isolate aptamers with high 

green (high affinity) and low red (high specificity) fluorescence.
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Figure 2. MPPD isolates high affinity and specificity aptamers
(a) Specificity of aptamers derived from buffer-screen (left column) and serum-screen (right 

column), incubated with 1 nM labeled TNF-α either in buffer (top) or 10% human serum 

(bottom). Both pools exhibit high affinity without competitors (Quadrant IV, top row), but 

only the serum-screen pool retains high affinity in serum (bottom row). (b) Binding curves 

and calculated effective affinities to TNF-α for the top-performing serum-screen (S01) and 

bufferscreen (B01) aptamers as well as a previously published TNF-α aptamer (VR11), and 

a commercial TNF-α antibody (mAb11). In buffer, S01 shows slightly higher affinity than 

B01. In serum, S01 exhibits specific, high affinity exceeding that of mAb11, whereas B01 

and VR11 show negligible binding. (c) S01 achieves a superior limit of detection to mAb11 

in ELISA assays performed in serum. We also used MPPD to isolate (d) an NGAL aptamer 

with a KD of 0.92 nM in buffer and 1.28 nM in serum and (e) an HRP-2 aptamer with a KD 

of 0.13 nM in buffer and 0.12 nM in serum.
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