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Abstract

The systematic evolution of ligands by exponential enrichment (SELEX) process enables the 

isolation of aptamers from random oligonucleotide libraries. However, it is generally difficult to 

identify the best aptamer from the resulting sequences, and the selected aptamers often exhibit 

suboptimal affinity and specificity. Post-SELEX aptamer engineering can improve aptamer 

performance, but current methods exhibit inherent bias and variable rates of success or require 

specialized instruments. Here, we describe a generalizable method that utilizes exonuclease III and 

exonuclease I to interrogate the binding properties of small-molecule-binding aptamers in a rapid, 

label-free assay. By analyzing an ochratoxin-binding DNA aptamer and six of its mutants, we 

determined that ligand binding alters the exonuclease digestion kinetics to an extent that closely 

correlates with the aptamer’s ligand affinity. We then utilized this assay to enhance the binding 

characteristics of a DNA aptamer which binds indiscriminately to ATP, ADP, AMP, and adenosine. 

We screened 13 mutants derived from this aptamer against all these analogues and identified two 

new high-affinity aptamers that solely bind to adenosine. We incorporated these two aptamers 

directly into an electrochemical aptamer-based sensor, which achieved a detection limit of 1 μM 

adenosine in 50% serum. We also confirmed the generality of our method to characterize target-

binding affinities of protein-binding aptamers. We believe our approach is generalizable for DNA 

aptamers regardless of sequence, structure, and length and could be readily adapted into an 

automated format for high-throughput engineering of small-molecule-binding aptamers to acquire 

those with improved binding properties suitable for various applications.
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Graphical Abstract

INTRODUCTION

Systematic evolution of ligands by exponential enrichment (SELEX) is used to isolate 

nucleic-acid-based bioaffinity elements known as aptamers from random oligonucleotide 

libraries.1,2 This multistep process involves iterative rounds of partitioning target-binding 

oligonucleotides from nonbinding sequences and amplification of the binders via 

polymerase chain reaction (PCR).3 Aptamers offer a number of advantages as molecular 

sensing reagents relative to antibodies, including greater thermostability, lower cost, 

excellent reproducibility of manufacturing, and the ease with which they can be engineered 

or chemically modified.4,5 However, SELEX sometimes fails to yield aptamers with suitable 

affinity and specificity for an intended application. This can occur for a variety of reasons. 

First, since starting oligonucleotide libraries can typically encompass anywhere from 1018 to 

1040 possible unique sequences (for libraries containing 30–70 random nucleotides), it is 

unrealistic to screen every possible sequence in a SELEX experiment, and this will 

inevitably exclude high-quality aptamer candidates.6,7 Second, due to the low copy number 

of each sequence in the starting library, oligonucleotides with desirable binding properties 

can easily be lost during the early rounds of SELEX.8,9 Finally, these aptamers can be 

eliminated if they have low PCR amplification efficiency due to their sequence and/or 

structure.10–12

Several strategies can be employed to derive higher-performance aptamers upon the 

completion of SELEX. In doped-SELEX, selection is performed on a partially randomized 

library based on a parent aptamer sequence obtained from a prior SELEX effort.13,14 Doped-

SELEX allows for the exploration of the sequence space close to the original aptamer, 

encompassing sequences that may have been entirely excluded or lost during earlier rounds.
15 However, this method is greatly biased toward the original parent sequence. Based on 

calculations by Knight and Yarus, the copy number of individual unique sequences 

decreases exponentially with increasing numbers of mutations from the original sequence.16 

As a result, sequences containing multiple mutations have a high likelihood of being 

excluded from the doped-SELEX pool. Although doped-SELEX has proven successful in a 

few instances, the extent of improvement is generally limited, and the success rate varies 

depending on the target and aptamer.15 An alternative approach is to design and synthesize a 

panel of aptamer mutants, and then individually test their binding properties to find the best 

sequence. Nucleotides may be altered in either the target-binding domain17,18 or 

surrounding scaffold regions,19–21 with guidance from genetic algorithms,22 

computationally predicted secondary structures,19,20 or three-dimensional structures based 

on nuclear magnetic resonance (NMR) data.21,23 This method overcomes the competition 
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problem associated with doped-SELEX because mutants are screened individually using 

instrument-based approaches or microarrays. Techniques such as surface plasmon resonance 

(SPR) spectroscopy,24 isothermal titration calorimetry (ITC),25 and microscale 

thermophoresis26 can provide accurate assessments of the binding parameters of the 

mutants. However, these experiments are costly and labor-intensive and also have low 

throughput as only a single aptamer-target pair can be tested at a time. Novel 

nanocalorimeters have been reported that allow for simultaneous high-throughput binding 

affinity determination.27,28 However, these instruments are not yet commercially available, 

and it is difficult to fabricate these devices without sufficient resources and expertise. 

Microarray-based techniques enable high-throughput characterization of large pools of 

aptamer mutants29 but require targets that are either inherently fluorescent or labeled with a 

fluorophore.29–31 This is feasible for protein targets29,30 but is generally impractical for the 

screening of small-molecule-binding aptamers because such labeling could alter binding 

affinity.

We demonstrate here an efficient and cost-effective exonuclease-based fluorescence assay 

for accurate, rapid, and label-free screening of the binding affinity and specificity of a panel 

of DNA aptamers. This assay is based on our previous finding that a mixture of exonuclease 

III (Exo III), a 3′-to-5′ double-strand DNA exonuclease, and exonuclease I (Exo I), a 3′-

to-5′ single-strand DNA exonuclease, digests unbound aptamers into mononucleotides, but 

such digestion is inhibited for target-bound aptamers.32,33 We first digested an ochratoxin-

binding DNA aptamer and its six mutants21 with a mixture of Exo III and Exo I and 

demonstrated that the kinetics of aptamer digestion are correlated with the aptamer’s relative 

target-binding strength. We then exploited this finding to sensitively screen the affinity and 

specificity of engineered aptamer mutants to identify and confirm high-performance 

mutants. To demonstrate the generality of this assay, we then used this method to improve 

the specificity of a previously described DNA aptamer that binds indiscriminately to ATP 

and its analogues.32 Specifically, we designed 13 aptamer mutants from this aptamer and 

performed our exonuclease-based assay with 59 aptamer-ligand pairs. We identified 

mutations at various positions surrounding the binding domain that greatly affect affinity and 

specificity and obtained two new structure-switching aptamers that retain the parent 

aptamer’s affinity for adenosine (ADE) but not for its phosphorylated analogues. We used 

these two aptamers to fabricate an electrochemical aptamer-based (E-AB) sensor that could 

sensitively detect ADE with a measurable limit of detection of 1 μM and minimal response 

to adenosine analogues in 50% serum. We finally demonstrated the generality of our method 

to sensitively profile the binding affinities of protein-binding aptamers. Our exonuclease-

based screening strategy is a facile single-step fluorescence assay and therefore could be 

easily adapted into a high-throughput format using liquid-handling systems. Such a 

screening platform could greatly simplify and accelerate the identification of small-

molecule-binding aptamers with desirable binding properties for various applications.
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MATERIALS AND METHODS

Reagents.

Exonuclease III (Escherichia coli) (Exo III) (100 U/μL) and exonuclease I (E. coli) (Exo I) 

(20 U/μL) were purchased from New England Biolabs. Human α-thrombin and human 

factor X were purchased from Haematologic Technologies. Human plasma immunoglobulin 

G and human myeloma plasma λ immunoglobulin E were purchased from Athens Research 

and Technology. Deionized (DI) water with resistivity of 18 MΩ·cm was obtained from a 

Millipore water dispensing system. SYBR Gold was purchased from Invitrogen. Formamide, 

0.5 M EDTA solution, glycerol, and sodium dodecyl sulfate (SDS) were purchased from 

Fisher Scientific. Ochratoxin A and B were purchased from Cayman Chemicals and 

dissolved in 100% DMSO to a final concentration of 4 mM. Adenosine-5′-triphosphate 

(ATP) disodium salt trihydrate was purchased from MP Biomedical. Adenosine-5′-

diphosphate (ADP) sodium salt, adenosine-5′-monophosphate (AMP) sodium salt, and 

adenosine (ADE) were purchased from Sigma-Aldrich. ATP, ADP, AMP, and ADE stock 

solutions were prepared by dissolving in DI water to a final concentration of 2.5 mM 

followed by the addition of Tris base and NaCl to reach a molar equivalent of 2Na
+·2Tris·1ATP/analogue. HCl was added as needed to neutralize the pH of the solution. A 

blank solution was created by dissolving Tris base and NaCl in DI water to a final 

concentration of 5 mM and neutralizing the solution with HCl. All other chemicals were 

purchased from Sigma-Aldrich. Unmodified oligonucleotides were purchased from 

Integrated DNA Technologies with standard desalting purification; they were dissolved in 

PCR-quality water, and their concentrations were measured using a NanoDrop 2000 

(Thermo Fisher Scientific) spectrophotometer. Thiolated methylene blue (MB)-modified 

aptamers were purchased from LGC Biosearch Technologies with dual-HPLC purification 

and dissolved in TE Buffer (10 mM Tris-HCl + 1 mM EDTA, pH 8.0). All DNA sequences 

are listed in the Supporting Information, Table S1. Nunc 384-well black plates were 

purchased from Thermo Fisher Scientific.

Aptamer Digestion Experiments.

Unless otherwise specified, all digestion experiments were performed using the following 

procedure at 25 °C in 50 μL reaction volumes. Enzyme reaction buffer consisted of 8.1 mM 

Na2HPO4, 1.9 mM KH2PO4, 10 mM MgCl2, 0.1 mg/mL bovine serum albumin (BSA), 

2.5% DMSO, pH 7.4, for ochratoxin-binding aptamers, 10 mM Tris-HCl, 20 mM NaCl, 1.5 

mM MgCl2, 0.1 mg/mL BSA, pH 7.4, for ATP-analogue-binding aptamers, or 10 mM Tris-

HCl, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.1 mg/mL BSA, pH 7.4, for thrombin- 

and immunoglobulin E-binding aptamers. Aptamers were dissolved in their respective buffer 

(final concentration 1 μM for ochratoxin- and ATP-analogue-binding aptamers and 0.5 μM 

for thrombin- and immunoglobulin E-binding aptamers), heated to 95 °C for 10 min, and 

then immediately cooled on ice, followed by the addition of salts and BSA. Next, various 

concentrations of ligand or blank solution were added to the reaction mixture, and the 

mixture was incubated in a thermal cycler (C1000 Touch, Bio-Rad) at 25 °C for 60 min, 

after which 5 μL of enzymes (final concentrations: 0.025 U/μL Exo III and 0.05 U/μL Exo I) 

were added to each reaction mixture. An amount of 5 μL of sample was collected at various 

time-points and loaded directly into the wells of a Nunc 384-well black plate containing 10, 
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15, and 20 μL of quench solution (final concentration: 10 mM Tris-HCl, 12.5% formamide, 

10 mM EDTA, 1× SYBR Gold) used for ochratoxin-, thrombin- and immunoglobulin E-, 

and ATP-analogue-binding aptamers, respectively. Fluorescence intensity at 545 nm was 

recorded using a Tecan Infinite M1000 PRO microplate reader with excitation at 495 nm. 

All error bars represent the standard error of fitting with the first-order rate equation.

Analysis of Aptamer Digestion Rates.

Data analysis was performed using the Origin 2019 software. The time-dependent 

fluorescence plots obtained from the aptamer digestion experiments were fit using first-order 

reaction kinetics described by eq 1:

Ft = F02−t/t1/2 + C (1)

where t is the time of digestion in minutes, Ft is the fluorescence intensity at time t, F0 is the 

maximum fluorescence intensity of the inhibition product, C is a constant to correct for 

background fluorescence, and t1/2 is the half-life of the reaction in minutes. The first time-

point was excluded from fitting unless otherwise specified. During fitting, bounds were 

placed on F0 and C; these values could vary between 75–100% and 0–10% of the 

fluorescence intensity of the undigested aptamer, respectively. Error bars represent the 

standard error of fitting.

The three parameters used to determine target-binding-induced inhibition of enzyme 

digestion are the t1/2 ratio, first-order rate reduction, and resistance value. The t1/2 ratio was 

obtained by dividing the t1/2 obtained in the presence of ligand by the t1/2 obtained from the 

blank sample. On the basis of the fitted parameter of t1/2, the first-order reaction rates (k) can 

also be obtained by dividing -ln 2 by t1/2. Rate reduction was calculated by the expression 1 

− (kligand/kblank). Finally, resistance values were calculated as previously described.35 The 

area under the curve (AUC) of the fluorescence digestion plots was determined using Origin 

2019 software, and the resistance value was calculated using the expression (AUCligand/

AUCblank) − 1.

Reverse ITC Experiments.

Reverse ITC experiments were performed with a MicroCal ITC200 instrument (Malvern) at 

23 °C. For ochratoxin-binding aptamer titrations, the following buffer was used: 8.1 mM 

Na2HPO4, 1.9 mM KH2PO4, 10 mM MgCl2, and 2.5% DMSO, pH 7.4. For thrombin-

binding aptamer titrations, the following buffer was used: 10 mM Tris–HCl, 137 mM NaCl, 

2.7 mM KCl, and 1 mM MgCl2, pH 7.4. For each experiment, 60 μL of aptamer solution 

was heated at 95 °C for 10 min in its respective buffer and cooled on ice, after which salts 

were added and then DMSO was added as appropriate. For ochratoxin-binding aptamer 

titrations, the cell was loaded with 300 μL of 15 μM ochratoxin A or ochratoxin B in 

reaction buffer, and the syringe was loaded with 250 or 500 μM ochratoxin-binding aptamer, 

respectively. For thrombin-binding aptamer titrations, 5 or 7.5 μM thrombin in buffer was 

loaded in the cell and 50 or 75 μM thrombin-binding aptamer was loaded in the syringe, 

respectively. Concentrations of aptamer and ligands used are listed in Table S2. Each 

titration consisted of an initial purge injection of 0.4 μL and 19 successive injections of 2 μL 
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aptamer, with a spacing of 180 s between injections. The raw data was first corrected for the 

dilution heat of the aptamer, and then analyzed with the MicroCal analysis kit integrated into 

the Origin 7 and fitted using a single-site model to obtain KD.

Isothermal Titration Calorimetry Experiments for ATP-Analogue-Binding Aptamers.

ITC experiments for the ATP-binding aptamer and its mutants were performed with a 

MicroCal ITC200 instrument at 23 °C in reaction buffer of 10 mM Tris-HCl, 20 mM NaCl, 

and 1.5 mM MgCl2, pH 7.4. For each experiment, 300 μL of a 20 μM ATP-analogue-binding 

aptamer solution was heated at 95 °C for 10 min in Tris buffer and cooled down on ice, after 

which salt was added. The syringe was then loaded with ADE, AMP, ADP, or ATP in 

reaction buffer. Concentrations of aptamer and ligands are listed in Table S3. Each titration 

consisted of an initial purge injection of 0.4 μL and either 38 successive injections of 1 μL of 

ligand or 19 successive injections of 2 μL of ligand, with a spacing of 120–180 s between 

injections. For titrations of AMP, ADP, or ATP to A23T-29 and G10T-A23G-29, a total of 

three successive titrations were performed to saturate the aptamer with ligand. The raw data 

was first corrected for the dilution heat of the ligand, and then analyzed with the MicroCal 

analysis kit integrated into the Origin 7 software and fitted with a two-site sequential binding 

model to yield KD1 and KD2.

Electrochemical Aptamer-Based Adenosine Sensor Fabrication.

Gold disk electrodes (CH Instruments) (2 mm in diameter) were polished with 1 μm 

diamond slurry (Buehler) followed by 0.05 μm alumina suspension. To remove bound 

particulates, electrodes were sonicated in 70% ethanol solution for 5 min, and then in DI for 

another 5 min. Electrochemical cleaning was performed using a previously published 

protocol.36 The charge consumed during reduction of surface gold oxide in 0.05 M H2SO4 

was used to calculate the surface area of each electrode, using the previously reported value 

of 390 ± 10 μC/cm−2.37 The roughness factor of the electrodes was calculated based on the 

ratio between the electro-chemically measured area and the geometric surface area and 

ranged from 1.0 to 1.05. Sensor fabrication involved a multistep process. First, 2 μL of 200 

μM thiolated MB-modified aptamer (A23T-29-MB or G10T-A23G-29-MB) was mixed with 

8 μL of 100 mM tris(2-carboxyethyl)phosphine (TCEP) at room temperature for 2 h to 

reduce disulfide bonds. The aptamer solution was then diluted with 1× PBS buffer (10 mM 

phosphate buffer, 1 M NaCl, 1 mM MgCl2, pH 7.2) to a final DNA concentration of 50 nM 

for A23T-29-MB or G10T-A23G-29-MB alone or 25 nM of each aptamer for the dual-

aptamer electrode. Freshly cleaned gold electrodes were dried under a nitrogen stream, and 

then incubated in 250 μL of thiolated MB-modified aptamer solution overnight at room 

temperature. The electrodes were then backfilled with 1 mM 6-mercapto-1-hexanol for 2 h 

at room temperature. After sensor fabrication, the electrode surface coverage was 

determined as previously reported.38 The electrodes were stored in 10 mM Tris buffer (pH 

7.4) for at least 1 h prior to use.
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RESULTS AND DISCUSSION

Exonuclease Fluorescence Assay to Characterize Affinity and Specificity of Ochratoxin-
Binding Aptamers.

We recently developed a sensitive and label-free aptamer-based assay for small-molecule 

detection using Exo III and Exo I.32 Specifically, we determined that a mixture of Exo III 

and Exo I digests aptamers into mononucleotides (Figure 1A, left), whereas the digestion of 

target-bound aptamers is stalled several bases prior to the binding domain (Figure 1A, right). 

We quantified the concentration of these partially digested aptamers at a single time-point 

using SYBR Gold (Figure 1A) and used this measurement to determine target concentration. 

On the basis of these findings, we hypothesized that these exonucleases could be used to 

rapidly profile aptamer-binding affinity and specificity and that the kinetics of aptamer 

digestion could potentially be used to accurately determine relative ligand-binding affinity.

To demonstrate this, we performed a series of exonuclease digestion experiments with a 

well-studied ochratoxin A (OTA) aptamer, OBAwt, and a variety of derivatives of this 

sequence (Figure 1B). Xu et al. reported that the binding domain of OBAwt is composed of 

a G-G-C DNA triplex with a short hairpin and a GAA loop.21 They subsequently engineered 

five mutants via base mutations and insertions that stabilize either the DNA triplex (OBA1), 

the short hairpin (OBA2), or both structures (OBA3, OBA5, and OBA6) and characterized 

their binding affinities. To demonstrate the importance of the DNA triplex, they also 

generated one additional mutant (OBA4) by deletion of a guanine within the triplex, 

resulting in complete loss of affinity. These sequences and DNA triplex structure have not 

been previously tested using the exonuclease mixture. We first digested the 19-nt OBA3 

sequence, which tightly binds OTA with a dissociation constant (KD) of 1.4 μM.21,39 The 

digestion process was monitored by collecting aliquots of the reaction mixture at different 

time-points, followed by quenching with EDTA and fluorescence-based quantification of the 

remaining oligonucleotides with SYBR Gold. In the absence of the target, OBA3 was 

completely digested into mononucleotides and the fluorescence intensity rapidly decreased 

exponentially within 30 min (Figure 1C, blank). However, digestion of OBA3 was inhibited 

and the decrease of fluorescence intensity was greatly reduced in the presence of 25 μM 

OTA (Figure 1C, OTA), and a further increase in inhibition was observed when the 

concentration of OTA was raised to 100 μM (Figure S1A). This suggests that aptamer 

binding to OTA inhibits enzymatic digestion in a concentration-dependent manner.

To confirm that enzyme inhibition is a result of aptamer-target binding, we performed this 

same digestion with OBA4, which was reported to have no affinity for OTA.21 We observed 

no inhibition of digestion of OBA4 in the presence of OTA (Figure S1B), which 

demonstrates that OTA itself does not inhibit enzymatic activity in the case where the 

aptamer does not bind to the ligand. We observed that the enzymatic digestion of OBA3 

occurred exponentially, possibly indicating first-order reaction kinetics. To confirm this, we 

digested various concentrations of OBA3 (0.25–2 μM) with or without 25 μM OTA. Both in 

the absence and presence of OTA, the natural logarithm of fluorescence plotted against time 

at each aptamer concentration followed a linear trend (Figure S2), which indicates that 

digestion obeys first-order reaction kinetics under the experimental conditions we employed.
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40 To determine the half-life (t1/2) of digestions, we fit each time-course plot using a first-

order exponential decay equation (see the Material and Methods). Notably, the t1/2 of 

aptamer digestion in the presence of 25 μM OTA was approximately 4.8-fold higher relative 

to that in the absence of OTA, showing that OTA strongly binds to the aptamer and the 

binding inhibits aptamer digestion by the enzyme mixture (Figure 1C).

Having established a correlation between the kinetics of an aptamer’s digestion and its 

target-binding affinity, we utilized our exonuclease digestion assay to investigate the effects 

of mutations, insertions, and deletions on aptamer-ligand binding performance. We first 

digested OBAwt and its six mutants, OBA1–6, in the absence and presence of 100 μM OTA 

to determine their target-binding affinity. We observed a large variation in the t1/2 of the 

digestion reactions for each aptamer in the absence of OTA. For example, OBA2, OBA3, 

and OBA4 had t1/2 values between 4 and 8 min, whereas OBAwt, OBA1, OBA5, and OBA6 

had t1/2 values between 15 and 33 min (Figure S3). These different digestion rates are most 

likely due to the aptamers having different tertiary structures as a result of their respective 

mutations, insertions, or deletions. We used the ratio of t1/2 in the presence versus the 

absence of target as a metric to determine the extent of binding-induced inhibition of 

enzyme digestion for other ligands. A larger t1/2 ratio indicates stronger enzymatic inhibition 

and presumably greater ligand-binding affinity, while a t1/2 ratio equal to 1 indicates no 

binding-related enzyme inhibition. Our experimental results demonstrated that OBA4 had no 

binding to OTA, with a t1/2 ratio of 1, while OBAwt, OBA1, OBA2, OBA3, OBA5, and 

OBA6 produced t1/2 ratios of 1.4, 2.4, 2.0, 8.3, 4.7, and 4.1, respectively (Figure 1D). These 

results indicate that OBA3 has the highest OTA affinity, while the other mutants have lower 

affinity (OBA5 > OBA6 > OBA1 > OBA2 > OBAwt > OBA4). These results closely 

correspond to the affinities measured by Xu et al. using a fluorescence polarization 

technique, and we also obtained similar results using ITC. For example, the KD values of 

OBA3, OBA5, and OBA1 for OTA were 1.8 ± 0.1, 3.4 ± 0.1, and 5.5 ± 0.2 μM, respectively 

(Figures S4–6). This confirms that our assay can accurately profile the relative target-

binding affinity of aptamer mutants regardless of differences in their sequence, length, or 

structure.

We further tested the specificity of these six mutants and OBAwt against 100 μM ochratoxin 

B (OTB), which differs from OTA by a single chlorine atom on the coumarin ring. In the 

presence of OTB, OBAwt, OBA1, OBA2, and OBA4 had t1/2 ratios of nearly 1 (Figure 1D), 

indicating little or no affinity for OTB. However, OBA5 and OBA6 demonstrated moderate 

enzyme inhibition, with t1/2 ratios of 1.3 and 1.4, which indicated weak binding to OTB. 

Digestion of OBA3 was strongly inhibited by OTB, with a t1/2 ratio of 3.7, demonstrating 

tight binding (Figure 1D). These results again correlated well with our ITC results which 

determined the KD values for OTB of 25.5 ± 1.2, 59.9 ± 6.9, and 74.1 ± 9.5 μM for OBA3, 

OBA5, and OBA1, respectively (Figures S4–6). Overall, our digestion results show that, 

although OBA1 and OBA2 have low affinity for OTA, they are capable of distinguishing 

OTA from OTB with high specificity. And while OBA3 has greater affinity for OTA, its 

specificity is poorer relative to OBA1 and OBA2. Thus, t1/2 ratio can be used to discriminate 

high-affinity binding from weaker-binding ligands and to report the relative binding affinity 

of an aptamer to various ligands.
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Characterizing a Cross-Reactive ATP-Binding Aptamer.

To demonstrate the generality of our exonuclease fluorescence assay, we next studied a well-

characterized 33-nt ATP-binding DNA aptamer32,34 (ATPwt). This aptamer also binds to 

adensoine-5′-diphosphate (ADP), adenosine-5′-monophosphate (AMP), and ADE but not to 

uridine-5′-triphosphate (UTP), guanosine-5′-triphosphate (GTP), or cytosine-5′-

triphosphate (CTP).34,41 In order to determine whether our assay could accurately profile the 

binding spectrum of ATPwt, we first confirmed that the digestion of this aptamer follows 

first-order kinetics by digesting various concentrations of ATPwt (0.25–2 μM) with or 

without 250 μM ATP (Figure S7). We then digested ATPwt in the absence and presence of 

250 μM ATP or its analogues. The t1/2 ratio of digestion in the presence of UTP, GTP, and 

CTP was approximately 1, which corresponds to previous reports showing that ATPwt does 

not bind to these molecules.34,41 However, digestion of ATPwt was greatly reduced in the 

presence of ATP, ADP, AMP, and ADE (Figure 2A), with t1/2 ratios of 13.8, 14.0, 11.2, and 

14.9, respectively (Figure 2B), confirming that binding to these ligands strongly inhibits 

exonuclease digestion. These t1/2 ratios were essentially indistinguishable, which is most 

likely due to the saturating target concentration (250 μM) used in this experiment. When the 

same experiment was performed with 100 μM ligand, we observed significant differences, 

with a t1/2 ratio of 4.0, 6.4, 2.4, and 13.8 for ATP, ADP, AMP, and ADE, respectively (Figure 

S8 and Figure 2B). This indicated the following binding preference: ADE > ADP > ATP > 

AMP. We confirmed this by ITC, obtaining a K1/2 (concentration of ligand required to reach 

half saturation) of 4.2 ± 0.1, 6.3 ± 0.1, 10.2 ± 0.2, and 14.1 ± 0.2 μM for ADE, ADP, ATP 

and AMP, respectively (Figure S9). Again, t1/2 ratio is clearly a reliable indicator of the 

relative binding affinities of an aptamer to various ligands, including those with similar 

affinities.

Having demonstrated accurate and sensitive profiling of aptamer-ligand binding, we next 

tested whether this method could be used to screen for new aptamer candidates with 

improved binding properties from a panel of mutants. ATPwt has limited analytical utility in 

that it binds to ADE, AMP, ADP, and ATP, which typically coexist at similar concentrations 

in biological media,42 and we therefore set out to identify a more specific aptamer that 

selectively binds only to one of these molecules. On the basis of its NMR structure,43 ATPwt 

possesses two binding domains within the minor groove of a DNA helix composed of G·G 

and A·G mismatches (Figure 3A). In the first binding site, G12 forms hydrogen bonds with 

the adenine base of the ligand. G11 and G21 base stack with G12 to stabilize this binding 

domain, and further base-stacking occurs between the adenine of the ligand and G22. In the 

second binding site, the adenine of the ligand hydrogen bonds with G25, which is supported 

by base-stacking with G8 and G24. Similar stacking is also observed between the ligand and 

G9. These G’s are clearly crucial for ligand binding, and there is a high likelihood that 

mutations at these positions would greatly reduce the affinity of the aptamer. However, 

mutating the nucleotides at the periphery of these binding sites could yield aptamer 

sequences with improved binding affinity and/or specificity. We therefore mutated 

nucleotides G10, A13, A23, and A26 adjacent to the binding domain of ATPwt, generating a 

set of 12 point mutants in which we substituted each nucleotide with the three alternate 

nucleobases (Figure 3A, and Table S1).
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We then investigated the affinity and specificity of these mutants for ATP, ADP, AMP, and 

ADE using our exonuclease fluorescence assay. We digested each mutant as well as ATPwt 

in the absence of ligand and found that each had a different rate of digestion (Figures S10–

S13). G10T, A13T, A13G, A13C, A23T, A23C, A26T, and A26G were digested slightly 

faster (t1/2 = 6–8 min) than ATPwt (t1/2 = 10 min). Two mutants (G10C and A23G) had the 

same t1/2 as ATPwt, while the remaining two (G10A and A26C) had much slower digestion 

rates (t1/2 = 25–35 min). We believe that these disparities can be attributed to differences in 

the tertiary structures of the aptamers. All of the mutants were then digested in the presence 

of 250 μM of each ligand, and we observed different digestion rates and levels of enzymatic 

inhibition (Figures S10–S13). Our results demonstrated that G10 and A13 mutants had no 

meaningful affinity for any of the analogues, with t1/2 ratios of ~1 (Figure 3B). A26 mutants 

demonstrated low levels of enzymatic inhibition for all tested ligands, with t1/2 ratios 

ranging from 1 to 2.4, indicating greatly reduced affinity relative to ATPwt, with t1/2 ratios 

of 11.2–14.9. Notably, we also observed that mutations at this site altered aptamer 

specificity: A26T and A26G showed a minor preference for ADE over the other analogues, 

while A26C had slightly better specificity for ATP (Figure 3B). A23 mutants displayed the 

highest levels of enzymatic inhibition among all mutants, with a notable preference for 

ADE. Notably, A23T had the highest ligand specificity, with a t1/2 ratio of 4.6 for ADE 

versus <1.7 for ATP, ADP, and AMP (Figure 3B). To more closely evaluate the binding 

spectra of the A23 mutants, we performed the same digestion experiment at a lower ligand 

concentration (100 μM). As expected, the level of exonuclease inhibition was lower, but we 

were better able to identify differences in mutant specificity. These results confirmed that 

A23T offered the greatest level of ligand discrimination, with a t1/2 ratio of 2.5 for ADE but 

nearly 1 for the other analogues (Figure S14). These results clearly show that this 

exonuclease fluorescence assay enables rapid post-SELEX identification of alternative 

aptamer sequences with altered binding properties. We further determined the relationship 

between the t1/2 ratios of the mutants and their ligand affinity. On the basis of the t1/2 ratios, 

we predicted that the affinity of the A23 and A26 mutants for ADE would be A23C > A23G 

≈ A23T > A26G ≈ A26T. We confirmed an identical relative affinity profile for this set of 

mutants via ITC (Figure S15).

Identification of a New Highly ADE-Specific Aptamer.

On the basis of our point mutation experiments, G10 is essential for target binding, while T23 

greatly enhances specificity toward ADE. According to the reported three-dimensional 

structure of ATPwt, nucleotides G10 and T23 base-stack with binding sites 1 and 2, 

respectively.43 Previous work has also reported that interchanging the nucleotides at these 

two positions in ATPwt does not impair aptamer affinity.34 To confirm that this held true for 

A23T, we designed a double mutant (G10T-A23G) in which we swapped the G at position 

10 with the T at position 23 (Figure 4A). Digestion of G10T-A23G in the absence and 

presence of 250 μM ATP or its analogues demonstrated greater inhibition than A23T in the 

presence of ADE (Figure 4B), with a t1/2 ratio of 9.5 (Figure 4C). This double mutant also 

exhibited excellent specificity against other ligands, with a t1/2 ratio of 1.6, 2.4, and 1.4 for 

ATP, ADP and AMP, respectively (Figure 4C). Using ITC, we determined that G10T-A23G 

tightly binds to ADE, with a K1/2 of 15.3 ± 0.2 μM (Figure S16).
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A23T and G10T-A23G possess similar target affinities but have different t1/2 ratios. To 

determine the reason for the greater ADE-induced enzymatic inhibition of G10T-A23G 

relative to A23T we identified the digestion products using polyacrylamide gel 

electrophoresis (PAGE). We observed that exonuclease digestion halted 3 or 4 nt from the 3′ 
end of both aptamers, resulting in two major products of 30 nt and 29 nt (Figure S17, parts 

A and B). We synthesized these digestion products of A23T (A23T-30 and A23T-29) and 

G10T-A23G (G10T-A23G-30 and G10T-A23G-29) (Figure S18) and determined their 

affinity for ADE using ITC (Figure S19). A23T-30 (K1/2 = 18.6 ± 1.7 μM), G10T-A23G-30 

(K1/2 = 18.1 ± 0.4 μM), and G10T-A23G-29 (K1/2 = 18.5 ± 0.4 μM) had similar ADE 

affinities to their parent aptamers. However, A23T-29 had nearly 3-fold poorer affinity for 

this ligand (K1/2 = 37.4 ± 6.2 μM). Thus, the observed t1/2 ratios are not only linked to the 

binding affinity of the parent aptamer but the truncated products as well. This accounts for 

the lower enzymatic inhibition and smaller t1/2 ratio value displayed by A23T relative to 

G10T-A23G.

Fabrication of E-AB Sensors from ADE-Specific Aptamers.

ADE is a ubiquitous extracellular signaling molecule that has diagnostic value for 

cardiovascular diseases including cerebral ischemia, tissue ischemia, and cardiac ischemia.
44–46 Basal ADE levels in the cerebrospinal fluid and circulatory system are in the 

nanomolar range but increase to 1–50 μM during ischemic episodes, with large variations.
47–49 We anticipated that our engineered aptamers A23T and G10T-A23G could be useful 

for the clinical detection of ADE in serum due to their high specificity.

E-AB sensors represent an excellent platform for the sensitive and specific detection of 

small-molecule analytes in complex samples such as serum50 and whole blood.51 These 

consist of thiolated aptamers that are tagged with electroactive molecules (e.g., methylene 

blue, MB) and immobilized onto gold electrodes. Aptamer-ligand binding induces a 

conformational change that repositions the MB tag, resulting in a target-concentration-

dependent change in current. We have previously determined that exonuclease-truncated 

aptamers have structure-switching functionality33,52 and thus determined that it should be 

feasible to directly incorporate the exonuclease-truncated ADE-specific aptamers into an E-

AB sensor. We first assessed the structure-switching functionality of A23T-30, A23T-29, 

G10T-A23G-30, and G10T-A23G-29 based on circular dichroism (CD), a well-established 

method for studying conformational changes in aptamers.53 In the absence of target, we 

observed a negative peak at 245 nm and a broad positive peak ranging from 255 to 300 nm, 

with a maximum at 265 nm (Figure S20), indicating an unfolded single-stranded DNA 

structure.53 Upon addition of ADE, all aptamers produced similar spectra but with target-

concentration-dependent increases in the intensity of all peaks (Figure S20). The observed 

increases in the intensities of the 245 and 265 nm peaks indicate a target-induced transition 

from a single-stranded structure to a folded structure with anti-anti stacking of guanine 

bases.54 This is consistent with the previously described NMR structure of the ligand-bound 

ATPwt aptamer.43 Since A23T-29 and G10T-A23G-29 displayed the largest target-induced 

conformational changes, we used these aptamers to fabricate the E-AB sensors. We further 

confirmed that these aptamers retain high specificity for ADE via ITC. A23T-29 exhibited 

binding affinities of 37.4 ± 6.2, >1000, 285.4 ± 5.7, and 406.3 ± 21.8 μM for ADE, AMP, 
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ADP, and ATP, respectively (Figure S21). Similarly, G10T-A23G-29 exhibited binding 

affinities of 18.5 ± 0.4, 214.7 ± 7.2, 162.9 ± 2.8, and 171.9 ± 4.3 μM for ADE, AMP, ADP, 

and ATP, respectively (Figure S22).

We then synthesized 5′-thiolated/3′-MB-modified versions of G10T-A23G-29 and A23T-29 

(G10T-A23G-29-MB and A23T-29-MB) and immobilized 50 nM of each aptamer onto 

individual gold disk electrodes to fabricate single-aptamer E-AB sensors. Using a previously 

reported method,38 we determined that both sensors had similar surface coverages of 4.6 ± 

0.3 and 4.2 ± 0.3 pmol/cm2, respectively (Figure S23). We used both sensors to perform 

ADE detection (Figure S24A). The G10T-A23G-29-MB sensor produced a linear range 

from 1 to 25 μM with a limit of detection of 1 μM, whereas the A23T-29-MB sensor had a 

linear range from 25 to 500 μM with a limit of detection of 25 μM (Figure S24B). The lower 

sensitivity of the A23T-29-MB sensor can be attributed to the lower ADE affinity of this 

aptamer relative to G10T-A23G-29.

Clinically useful detection requires a sensor that responds to ADE across a large range of 

concentrations (1–50 μM),47–49 and we were unable to achieve this using our single-aptamer 

E-AB sensors. It has been reported that the linear range of an aptamer-based sensor can be 

expanded by using a mixture of different aptamers with varying target-binding affinities.
55–57 We therefore fabricated a dual-aptamer E-AB sensor using a 1:1 ratio of A23T-29-MB 

and G10T-A23G-29-MB (Figure 5A). This dual-aptamer modified electrode had similar 

surface coverage (4.3 ± 0.3 pmol/cm2) to the single-aptamer E-AB sensors fabricated with 

each individual aptamer (Figure S23). Importantly, the dual-aptamer sensor produced a 

broader linear range from 1 to 100 μM ADE (Figure S24B), which was probably facilitated 

by the relatively low ADE affinity of A23T-29-MB. Importantly, this dual-aptamer sensor 

still retained a limit of detection of 1 μM, presumably due to the high affinity of G10T-

A23G-29-MB (Figure S24B). Finally, we used our dual-aptamer E-AB sensor to perform 

detection in 50% fetal bovine serum and evaluated the sensor’s specificity against ADE as 

well as AMP, ADP, ATP, UTP, GTP, and CTP. The dual-aptamer sensor produced ~30% 

lower current in 50% serum (Figure S25), regardless of the absence or presence of ADE, 

presumably due to protein fouling of the electrode surface.58 However, the linear range and 

limit of detection remained the same in 50% serum as in buffer (Figure 5B and Figure 

S24B), demonstrating the sensor’s excellent performance in biological samples. We further 

determined that the dual-aptamer E-AB sensor had less than 10% cross-reactivity to the 

various nucleotide analogues in 50% serum relative to ADE at a concentration of 100 μM 

(Figure 5C and Figure S26), reflecting the high specificity of the aptamers we used.

Generality of the Exonuclease Fluorescence Assay for Protein-Binding Aptamers.

We finally used our exonuclease fluorescence assay to determine the binding characteristics 

of three different G-quadruplex aptamers that bind to human α-thrombin: Tasset,59 Bock,60 

and Bock-hang61 in Tris-buffered saline. We digested 500 nM aptamer in the absence and 

presence of 500 nM thrombin or human factor X, which was reported to have no binding 

affinity to these aptamers.62 For all three aptamers, relative fluorescence intensities 

decreased in the absence of target at an exponential rate down to 2–5% within 30 min, 

indicating complete digestion into mononucleotides (Figure 6A–C). The aptamers were 
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likewise completely digested in the presence of factor X (t1/2 ratios: ~1), confirming that 

they did not have any affinity for this protein. In the presence of thrombin, the digestion of 

all three aptamers was greatly inhibited, with t1/2 ratios of 14.0, 10.4, and 3.6 for Tasset, 

Bock, and Bock-hang, respectively (Figure 6D). These results suggested that the thrombin 

affinity of these aptamers follows the order of Tasset > Bock > Bock- hang. We confirmed 

this by measuring the thrombin-binding affinity of these aptamers using ITC in Tris-buffered 

saline at 23 °C, observing KD’s of 13.6 ± 3.1, 23.1 ± 5.4, and 97 ± 19 nM for Tasset, Bock, 

and Bock-hang, respectively (Figure S27).

We then performed our exonuclease fluorescence assay to characterize a stem-loop-

structured DNA aptamer that has nanomolar affinity for IgE but at least 1000-fold lower 

affinity for IgG.63 We digested the aptamer in the absence and presence of these proteins in 

Tris-buffered saline. This aptamer was completely digested in the absence of target and in 

the presence of 500 nM human IgG, confirming that the aptamer does not strongly bind this 

protein. However, digestion was greatly inhibited in the presence of 500 nM human IgE, 

with a t1/2 ratio of 5.4 (Figure S28), demonstrating that the aptamer binds IgE. Thus, our 

method is generalizable for protein-binding aptamers regardless of their binding affinity, 

secondary structure, or the size of the target protein.

CONCLUSION

Aptamers offer a variety of advantages relative to antibodies that make them desirable 

biorecognition elements for a variety of applications. The SELEX procedure efficiently 

partitions and amplifies target-binding sequences from large random oligonucleotide 

libraries but often yields aptamers with suboptimal binding properties due to the limited 

sequence capacity of the library employed for selection and the biases from PCR 

amplification. Post-SELEX mutagenesis can facilitate identification of new high-

performance aptamers, but current characterization strategies are limited by low throughput 

and the need for specialized instrumentation (e.g., SPR or ITC) or require the use of 

aptamers or targets that are intrinsically fluorescent or fluorescently labeled (e.g., for 

microarray assays), which is unfeasible for small-molecule-binding aptamers.

We have developed a novel exonuclease-based fluorescence assay for characterizing the 

binding properties of small-molecule-binding aptamers in a high-throughput, label-free 

manner. We determined that there is a strong correlation between relative aptamer-ligand 

binding affinity and the kinetics of aptamer digestion by the exonucleases Exo III and Exo I. 

By profiling previously reported aptamers and mutants that bind to ochratoxin A, we 

determined that the ratio of exonuclease digestion half-lives (t1/2) in the presence versus the 

absence of target could be used to compare aptamer affinity in an unbiased fashion and the 

aptamer with a longer t1/2 ratio has a higher binding affinity compared to those that yielded 

shorter t1/2 ratios. After examining the affinity and specificity of 14 aptamer-ligand pairs, we 

were able to identify those with the highest affinity for OTA (OBA3) and the greatest 

capability to distinguish OTA from OTB (OBA1 and OBA2). Importantly, the results of our 

exonuclease assay closely matched those in a previous report as well as results from the 

gold-standard method, ITC.
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We then characterized a DNA aptamer isolated by Huizenga and Szostak that binds to ATP, 

ADP, AMP, and ADE with similar binding affinities and improved its binding characteristics 

by designing and testing 13 mutants. We screened 59 aptamer-ligand pairs and identified two 

new aptamers with high specificity for ADE relative to its phosphorylated analogues while 

still retaining the high affinity of the parent aptamer sequence. Again, the results of our 

exonuclease-based fluorescence assay correlated well with ITC but offer a more high-

throughput and cost-effective alternative. Notably, the Liu group64 recently engineered a 

new derivative of the ADE-binding DNA aptamer (A10-excised) that also specifically binds 

to ADE, but this has 20-fold lower ADE affinity compared to our aptamers under the same 

buffer conditions (Figure S29). Our assay can also generate structure-switching aptamers 

during the screening process, which can be directly incorporated into folding-based sensing 

platforms. As a demonstration, we employed two ADE-specific, structure-switching 

aptamers identified from our screen to construct a dual-aptamer E-AB sensor that achieved 

sensitive and specific detection of ADE with a measurable limit of detection of 1 μM and no 

cross-reactivity to ATP, ADP, or AMP in 50% serum.

Finally, we assessed the generality of our assay by determining the binding properties of 

protein-binding aptamers. We digested three G-quadruplex-structured DNA aptamers which 

bind to human α-thrombin and once again observed a clear correlation between aptamer-

ligand binding affinity and t1/2 ratio. We also performed our assay with a stem-loop-

structured IgE-binding aptamer and determined that the aptamer binds to IgE but not IgG, 

which is consistent with previously reported findings. These examples demonstrate that our 

assay is not only applicable for small-molecule-binding aptamers but also for protein-

binding aptamers regardless of their binding affinity, secondary structure, or the size of the 

target protein.

On the basis of the systems we have studied, we provide a guide to interpreting t1/2 ratio 

values as well as using other methods of analyzing the kinetic data. The t1/2 ratio values are 

not necessarily directly proportional to the KD of the aptamer, but the t1/2 ratio can be used 

as a relative measure of affinity. Generally, lower t1/2 ratios imply weaker binding and vice 

versa. As described above, the t1/2 ratio is dependent on the affinity of both the parent and 

truncated products. Thus, for a single aptamer, t1/2 ratios can be used to compare the relative 

affinity of the aptamer to a set of ligands. Similarly, t1/2 ratios can also be used to evaluate 

the relative affinity of a set of aptamer mutants derived from a common parent aptamer for 

the same ligand. We have also identified two other parameters to assess exonuclease 

digestion assay data: first-order reaction rates of digestion and aptamer resistance to 

digestion. To demonstrate these different methods of analysis, we digested 1 μM OBA3 with 

Exo III and Exo I in the presence of 0–100 μM OTA (Figure S30A). We respectively plotted 

the reduction in first-order reaction rate of aptamer digestion (Figure S30B), aptamer 

resistance to digestion (calculated as resistance value)(Figure S30C), and t1/2 ratio (Figure 

S30D) at each ligand concentration. We found that the first-order reaction rate was the most 

sensitive parameter to ligand concentration, followed by aptamer resistance. However, the 

t1/2 ratio demonstrated a linear relationship across a broader range of target concentrations. 

We believe that all three parameters are interchangeable and can be used to accurately 

perform data analysis.
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Together, these results indicate that our exonuclease fluorescence assay can be used to 

determine the binding profiles of aptamers regardless of their sequence, structure, binding 

affinity, or the properties of the ligand being tested. Although we studied aptamer mutants 

designed with the guidance from their known tertiary structures, we believe that our method 

can be generally applied to other small-molecule-binding aptamers without any need for 

prior knowledge of the target-binding site or overall structure. We recommend two methods 

to design mutants. First, for in silico maturation techniques, genetic algorithms create 

mutants via a combination of crossing over different aptamer sequences and point mutations, 

and these are then tested in vitro. The outcome of these experiments is used by the algorithm 

to generate a new batch of mutants, and the process is iterated several times until an aptamer 

with the desired binding characteristics is found.22 Second, for aptamers found through 

high-throughput sequencing, the sequencing data can be analyzed using clustering 

algorithms such as aptaMOTIF65 and MEME66 to identify consensus sequences and variable 

motifs or nucleotides. This information can be used to design mutants. Although it is 

difficult to estimate the likelihood of finding a better aptamer from a collection of mutants, 

this probability can be greatly increased by testing more mutants and higher-order mutants 

(i.e., double or triple mutants). Since our assay only requires a single mix-and-read step, it 

can readily be performed using multichannel pipettes and 384-microwell plates to screen 

hundreds of aptamer-ligand combinations simultaneously within <2 h or even adapted into a 

high-throughput screening format using an automated liquid handling system. As such, we 

believe our approach should allow for the greatly accelerated characterization of aptamers 

for a variety of applications.
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Figure 1. 
Design and characterization of binding properties of OBAwt and six mutant derivatives. (A) 

Schematic of the exonuclease digestion assay based on Exo III and Exo I. (B) Secondary 

structure of ligand-bound aptamers, with mutated nucleotides relative to the OBAwt parent 

sequence highlighted in red. (C) Time-course plot of OBA3 digestion by Exo III and Exo I 

in the absence and presence of 25 μM ochratoxin A (OTA). (D) The half-life (t1/2) ratio of 

the digestion reaction was used to determine the relative binding affinity of OBAwt and its 

six mutants to 100 μM OTA or OTB. The red line indicates a t1/2 ratio of 1, which means 

there was no inhibition of aptamer digestion.
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Figure 2. 
Exonuclease-based fluorescence profiling of ATPwt binding to various targets. (A) Time-

course plot of ATPwt digestion by Exo III and Exo I in the absence and presence of various 

ribonucleotides at a concentration of 250 μM. (B) The t1/2 ratio was used to determine the 

relative binding affinity to each ligand at 100 and 250 μM. The red line indicates a t1/2 ratio 

of 1, which reflects no inhibition of aptamer digestion.
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Figure 3. 
Design and characterization of ATPwt mutants. (A) Secondary structure of ligand-bound 

ATPwt, with mutated nucleotides highlighted in red. The ligand is highlighted in gold, and 

nucleotide positions are marked. Twelve different point mutants were generated by changing 

G10, A13, A23, A26 to either of the three alternative nucleobases. (B) The t1/2 ratio (with log2 

scale) for each mutant in the presence of ATP, ADP, AMP, or ADE. The red line indicates a 

t1/2 ratio of 1, reflecting no binding-induced inhibition of enzyme digestion.
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Figure 4. 
Design and characterization of a double-mutant aptamer. (A) Inversion of nucleotides G10 

and T23 in construct A23T results in a double-mutant G10T-A23G. (B) Fluorescence time-

course plot of G10T-A23G digestion by Exo III and Exo I in the absence and presence of 

250 μM ADE, AMP, ADP, and ATP. (C) The t1/2 ratio (with log2 scale) for ATPwt, A23T, 

and G10T-A23G in the presence vs the absence of 250 μM of each ligand. The red line 

indicates a t1/2 ratio of 1, reflecting no inhibition of aptamer digestion. Error bars represent 

the standard error of fitting.
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Figure 5. 
Specific detection of ADE in serum using the dual-aptamer E-AB sensor. (A) Schematic of 

the dual-aptamer-modified E-AB sensor. (B) Linear range of the sensor in buffer and 50% 

fetal bovine serum. (C) Signal gain and cross-reactivity (relative to ADE) of the sensor to 

100 μM ADE, AMP, ADP, ATP, UTP, GTP, and CTP in 50% serum. Error bars represent the 

average standard deviation of three electrodes.
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Figure 6. 
Exonuclease-based fluorescence profiling of thrombin-binding aptamers. Time-course plot 

of digestion of 500 nM (A) Tasset, (B) Bock, and (C) Bock-hang by Exo III and Exo I in the 

absence (black) and presence of 500 nM human α-thrombin (red) or human factor X 

(brown). (D) The half-life (t1/2) ratio of the digestion reaction was used to determine relative 

aptamer binding affinity to α-thrombin and factor X. The y-axis is log2-scaled. The red line 

indicates a t1/2 ratio of 1, which means there was no inhibition of aptamer digestion.
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