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ABSTRACT OF THE DISSERTATION 

EXONUCLEASE DIGESTION ASSAY FOR STREAMLINING APTAMER 

CHARACTERIZATION, ENGINEERING, AND SENSOR DEVELOPMENT 

by 

Juan Canoura 

Florida International University, 2022 

Miami, Florida 

Professor Yi Xiao, Major Professor 

Aptamers are DNA or RNA oligonucleotide-based bioreceptors isolated in vitro 

through the Systematic Evolution of Ligands by Exponential Enrichment. Given the ease 

with which a selection can be customized, aptamers can be evolved to function in nearly 

any chemical environment, making them tailormade for their final application. However, 

the post-SELEX characterization of the 100-1000’s aptamer candidates remains a 

significant bottleneck as there are no suitable techniques for high-throughput 

characterization of each candidate’s affinity/specificity. Moreover, the final aptamer must 

be engineered to possess signal reporting functionality; this is often done via trail-and-error 

truncation to yield a structure-switching aptamer. This dissertation describes the 

development of an exonuclease-based fluorescence assay that can simultaneously engineer 

structure-switching aptamers from their parent aptamers and provide the binding profile of 

these truncated aptamers. We first demonstrate that a mixture of Exonuclease III (Exo III) 

and Exonuclease I (Exo I) could detect small-molecule target-binding events in fully folded 

aptamers yielding a truncated intact oligonucleotide product in the presence of the target, 

but completely digests unbound aptamers into mononucleotides. We utilized this 
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phenomenon to construct a highly sensitive enzyme-assisted aptamer-based sensor using 

SYBR Gold dye to report the presence of the inhibition product as a proxy for target 

concentration in biological matrixes or molecular beacons for multiplexed detection of 

small-molecule targets simultaneously in a single reaction volume. We then used a panel 

of aptamer mutants to demonstrate a qualitative relationship between target-induced 

enzymatic inhibition and a mutant’s binding affinity. This was further confirmed as a 

qualitative relationship using a testbed of 28 newly isolated aptamers for 655 aptamer-

ligand pairs. Characterization of the inhibition products observed during these tests 

revealed that it possesses structure-switching functionality, and the truncated products can 

be incorporated into electrochemical aptamer-based (E-AB) sensors. Finally, we applied 

our assay to generate a truncated THC-binding aptamer, which was then incorporated into 

an E-AB sensor to detect THC in the plant extract. The work done in this dissertation 

highlights the strength of the exonuclease-based fluorescence assay for aptamer 

characterization, engineering, and sensor development.
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CHAPTER 1: Introduction 

1.1. Overview 

Aptamers are nucleic acid-based biorecognition elements that are isolated in vitro via 

a technique termed Systematic Evolution of Ligands by Exponential Enrichment (SELEX). 

This process isolates specific nucleic acid sequences from a randomized DNA or RNA 

pool to yield aptamers that bind to a target of interest, which may be a protein, small 

molecule, ion, or cell type. There are several advantages of aptamers which highlight their 

use over conventional protein-based bio-affinity element such as antibodies and enzymes. 

Since SELEX is an entirely in vitro process, there are few limitations in terms of the range 

of targets that can be used for aptamer generation, including non-immunogenic molecules 

and even highly toxic small molecules. This also means that the ionic strength, pH, 

temperature, and solvent composition of the selection process can be precisely controlled 

to yield an aptamer that performs optimally in a given final application. Additionally, 

aptamers are highly stable over a range of pH conditions, from mildly acidic to basic, and 

their function can even be recovered after being exposed to denaturing conditions. This is 

in stark contrast to antibodies, which can only reliably be applied in physiological 

conditions and lose their functionality upon denaturation. Finally, once an aptamer 

sequence is identified, that aptamer can be routinely chemically synthesized with low 

batch-to-batch variation, and readily modified with different signaling reporters for various 

applications. These capabilities make aptamers a versatile for applications including 

medical diagnostics, environmental monitoring, medical therapeutics, and food safety. 

The exceptional customizability of the SELEX process allows for the isolation of 

highly specialized aptamers. However, once the SELEX process has been completed, there 
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are still several steps that must be taken to facilitate the identification of a high-performance 

aptamer. A SELEX experiment typically yields hundreds or thousands of aptamer 

candidates, from which the aptamer with the highest affinity/specificity must be selected. 

This is problematic, as a sequence’s abundance in the final round and degree of enrichment 

between rounds are not always indicative of its binding properties. As a result, it is 

necessary to conduct thorough screening of the binding profile of many individual aptamer 

candidates. In some cases, the final aptamer’s affinity or specificity may still be inadequate 

for its intended sensing application, possibly due to poorly-planned SELEX experiments 

or selection bias. In this situation, the affinity or specificity of the aptamer can be further 

improved via mutagenesis or reselection using a biased library based on the isolated 

aptamer (Doped SELEX). Once the ideal aptamer has been identified, further engineering 

must often be performed before it can be introduced into a sensor, as newly-selected 

aptamers seldom possess the intrinsic signal-reporting functionality needed for target 

detection. In many cases, this requires the introduction of structure-switching functionality, 

such that the aptamer undergoes a large conformational change upon target binding. These 

aptamers exist in an unfolded state in the absence of the target, but fold into a double-

stranded state in the presence of its target. Introducing such functionality is a lengthy trial-

and-error process, typically entailing extensive engineering such as aptamer truncation or 

splitting the aptamer into thermally-destabilized fragments that reassemble in the presence 

of target. Finally, the engineered aptamers can be modified with a label, such that the target-

induced conformational change is readily transduced into a measurable signal.  
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1.2. Motivation and goals 

The primary goal of this dissertation was to develop a generalizable strategy for 

expediting the screening, optimization, engineering, and sensor development process for 

small-molecule-binding aptamers. To achieve this, we first developed an exonuclease-

based fluorescence assay that can be used to detect multiple small-molecule targets 

simultaneously without the need for a binding-induced conformational change (see Chapter 

3). This assay is based on previous studies that have shown that exonuclease III (Exo III), 

a 3’-to-5’ double-strand DNA exonuclease, is sensitive to local structural changes induced 

in the aptamer binding domain by small-molecule target interaction. These changes result 

in halted digestion 3–4 bases prior to the binding domain, yielding a truncated, target-

bound digestion product. In contrast, unbound aptamers are progressively digested by Exo 

III into a single-stranded product. Based on this finding, we also employed exonuclease I 

(Exo I), a 3’-to-5’ single-strand DNA exonuclease, to fully digest these single-stranded 

products into mononucleotides while leaving target-bound aptamers intact. These partially 

digested products can then be detected using SYBR gold, a DNA-binding dye, as a signal 

reporter. Using this assay, we demonstrated highly sensitive detection of small-molecule 

targets using various aptamers that bind to dehydroepiandrosterone-3-sulfate, cocaine, and 

ATP. Importantly, this assay was also compatible with molecular beacon-based signal 

reporting, allowing for multiplexed detection of cocaine and ATP in a single sample. 

This exonuclease-based fluorescence assay can clearly indicate the binding of 

aptamers to their respective targets without any need for prior sequence engineering, 

truncation, or labeling, making it an ideal method for rapidly screening aptamer affinity 

and specificity (see Chapter 4). We first validated this approach using a panel of ochratoxin 
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A-binding aptamer mutants with known binding affinities, and found that the degree of 

target-induced inhibition demonstrated a qualitative inverse relationship with the binding 

affinity measurements obtained using a fluorescence polarization assay. Based on these 

results, we tested the assay on a panel of newly isolated pool of ATP-binding aptamers 

including single and double point mutants, and screened these for their specificity against 

ATP, ADP, AMP, and adenosine. Our exonuclease-based fluorescence assay enabled us to 

identify two adenosine-specific mutants. Further characterization of the resulting 

exonuclease digestion products revealed that they possess structure-switching 

functionality, simplifying the subsequent fabrication of an electrochemical aptamer-based 

(E-AB) sensor based on these aptamers, which we then used for the detection of adenosine 

in 50% serum.  

We then attempted to extract quantitative information from the digestion time-

course of aptamers using this exonuclease-based fluorescence assay (see Chapter 5). We 

digested a panel of aptamer candidates from three separate SELEX experiment in the 

presence of various concentrations of their respective targets. The target-binding affinities 

of the parent aptamers and their respective digestion product were determined using 

isothermal titration calorimetry and plotted against their degree of enzymatic inhibition. 

We observed strong correlation between the extent of inhibition and the binding affinity of 

the truncated, structure-switching digestion product, indicating that this assay is ideal for 

screening high-affinity structure-switching aptamers from panels of newly-isolated 

aptamer candidates. This novel capability should expedite the development of optimal 

structure-switching candidates for aptamer-based sensors.  
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Finally, we fabricated an E-AB sensor for the detection of Δ9-tetrahydrocannabinol 

(THC), the primary psychoactive component of marijuana. We used our exonuclease-based 

fluorescence assay to generate a structure-switching THC-binding aptamer, which was 

then directly incorporated into an E-AB sensor (see Chapter 6). Once we had optimized 

the operating parameters of this sensor with respect to the backfilling molecule and 

measurement frequency, we were able to detect THC in a spiked marijuana placebo extract. 

1.3. Scope of the dissertation 

The organization of this dissertation is as follows. Chapter 2 will provide a general 

literature review of aptamer isolation, characterization, engineering, and sensor 

development for small-molecule targets, as well as the proteins and small molecules used 

in the work. Chapter 3 details the development of the exonuclease-based assay and its 

compatibility with signal-reporting strategies such as fluorescent dye molecules and 

fluorophore-quencher modified molecular beacons. Chapter 4 demonstrates the 

generalizability of our exonuclease-based assay by screening the affinity and specificity of 

aptamer mutants for ochratoxin A, ATP and its analogs, and thrombin. Chapter 5 

establishes an accurate and quantitative relationship between the target binding affinity of 

an aptamer’s digestion product and the degree of enzymatic inhibition observed during the 

digestion. Chapter 6 demonstrates rapid generation of a structure-switching THC-binding 

aptamer with our exonuclease-based assay, and the subsequent utilization of this aptamer 

in an E-AB sensor for the detection of THC in plant extract. Finally, Chapter 7 summarizes 

the dissertation and proposes future research directions. 
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CHAPTER 2: Background and Literature Review 

2.1. Importance of small-molecule biosensors.  

The detection of small-molecule analytes such as drugs, cell signaling molecules, 

antibiotics, pesticides, and mycotoxins is important for applications in clinical diagnostics, 

drug discovery, environmental monitoring, law enforcement, and food analysis.1–4 The 

most widely used instrument-based approaches for small-molecule detection include 

spectroscopic and spectrometric methods that require sample clean-up via techniques such 

as solid-phase extraction or chromatographic separation prior to detection.5 These 

preparatory steps are often expensive and time-consuming, limiting the throughput that can 

be achieved with screening workflows. Highly sensitive and specific biosensors that can 

achieve robust performance in complex sample matrices offer an ideal alternative for the 

rapid screening and monitoring of small-molecule analytes in various biological 

samples.4,6,7 These sensors utilize bioreceptors such as antibodies,8 enzymes,9 cells,10 or 

aptamers,11 which are integrated with a transducing element that converts bioreceptor 

binding events into a measurable (e.g. optical,12 piezoelectric,13 or electrochemical14) 

signal. One well-known example of a small-molecule biosensor is the glucose meter, which 

provides rapid, accurate measurements of blood glucose at low cost.15 This biosensor 

utilizes the enzyme glucose oxidase, which converts glucose into glucono-delta-lactone 

and hydrogen peroxide.16 The peroxide is either directly detected electrochemically, or via 

the inclusion of other enzymes that enable alternative electrochemical or optical signaling 

mechanisms.16 Numerous other biosensors are now commercially available for the 

detection of other small-molecule targets.17 
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2.2 Aptamers as biorecognition elements.  

Until relatively recently, the chemical functionality of nucleic acids was generally thought 

to be limited to the encoding of genetic information. However, these molecules can fold 

into complex 3D structures that are also capable of other functions such as catalyzing 

chemical reactions18 or binding to cellular metabolites,19 thereby contributing to a host of 

biological activities such as controlling gene expression, regulating cellular metabolism, 

and mediating protein synthesis.20–22 The emergence of the capacity to manufacture large 

populations of randomized oligonucleotides via solid-phase synthesis in the late 1990s has 

given researchers the ability to generate synthetic reagents that exert similar functions 

through screening protocols that facilitate the in vitro evolution of nucleic acid molecules 

with non-biological functions. A technique known as Systematic Evolution of Ligands by 

EXponential enrichment (SELEX) has proven especially powerful in this context, enabling 

the isolation of synthetic nucleic acid-based ‘aptamers’ that can bind to a specific molecular 

target.23,24 In one early demonstration of this approach, Szostak et al.23 isolated RNA 

molecules that bind to anionic organic dyes using a random DNA library containing 1015 

individual sequences. Each library molecule consisted of a 100-nucleotide random region 

flanked by primer binding sites and featuring a T7 RNA polymerase promoter. Prior to 

each selection round, the DNA library was transcribed to produce a random RNA library 

which was subjected to affinity chromatography for selection. The affinity column 

consisted of an organic dye covalently linked to agarose beads; RNA molecules with 

affinity for these dyes were retained on the column, whereas those with no affinity 

remained free in solution. Unbound RNA molecules were then washed away, while the 

bound RNA molecules were collected for subsequent reverse transcription and PCR 
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amplification, generating a new library for the next round of selection. The selection was 

repeated for 5–6 cycles, after which the pool was cloned and subjected to Sanger 

sequencing,25 yielding RNA aptamers with micromolar binding affinity for selected 

organic dyes including Cibacron Blue 3GA, Reactive Red 120, Reactive Yellow 86, 

Reactive Brown 10, Reactive Green 19, and Reactive Blue 4.  

Subsequent iterations of SELEX have introduced several changes to the selection 

procedure. Aptamers are typically isolated from random libraries of DNA, RNA, or 

synthetic nucleic acid molecules composed of a random nucleotide domain (typically 30–

70 nt) flanked by PCR primer-binding sites. The library molecules can also be biased 

towards specific structures such as G-quadruplexes,26 hairpin loops,27 or three-way 

junctions28 to expedite selection or impart additional functionalities onto the final aptamer. 

During the subsequent screening process, the amount of target available for binding can be 

reduced to create selection pressure for higher-affinity aptamers, or interfering molecules 

can be added to remove nonspecific aptamers.29 The separation efficiency during the 

partitioning step has been shown to be critical to the isolation of high-quality aptamers. 

High-efficiency separation methods such as microfluidic separation30,31 yield aptamers 

quickly (3–4 rounds) relative to low-efficiency separation methods such as nitrocellulose 

filtration (10–15 rounds).24 Finally, the binders are PCR amplified to generate a new 

population of library molecules for the next round of selection. The selection process is 

repeated until the pool is enriched with target-binding aptamers, after which the pool is 

sequenced using sequencing techniques such as Sanger or high-throughput sequencing. 
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2.3. Advantages of aptamers over other biorecognition elements.  

Aptamer isolation process is performed entirely in vitro, conferring several 

advantages to aptamers relative to conventional biorecognition elements such as 

antibodies.32,33 For example, the ionic strength, pH, temperature, and solvent composition 

during the screening process can be precisely controlled to match the aptamer’s final 

application. As such, aptamers can be isolated to function in physiological conditions for 

in vivo applications, or under non-physiological buffers and temperatures for in vitro 

diagnostics. In contrast, since antibodies are generated in vivo, their performance in 

different non-physiological conditions can be unpredictable and this may lead to loss of 

function.32,33 Moreover, aptamers—particularly DNA aptamers—are chemically robust, 

remaining stable under mildly acidic or highly basic conditions, and their function can be 

recovered even after being exposed to highly denaturing environments (e.g., chaotropic 

agents, high temperature, etc.). In contrast, the target-binding affinity of antibodies is 

nearly always lost after they have been denatured.32,33 Additionally, aptamers can be 

chemically synthesized via solid-phase synthesis with a high degree of purity, resulting in 

little to no batch-to-batch variation, whereas antibodies collected from different batches of 

serum or hybridomas may have entirely different binding properties.32,33 Moreover, the 

chemical synthesis process allows for the attachment of reporter molecules such as 

fluorescein and biotin at precise locations in the aptamer sequence.32,33 Finally, the aptamer 

selection process can be controlled to favor aptamers with desired target affinity or 

specificity, whereas no such control is possible with in vivo-generated antibodies.34 

 

 



10 
 

2.4. Small-molecule-binding aptamer isolation.  

The success of aptamer isolation is tied to the partitioning efficiency of target-

bound library molecules from unbound library molecules. This step is particularly difficult 

for small-molecule-binding aptamers, as the formation of the target-aptamer complex 

results in very little change in the physicochemical properties of the target-bound library 

molecule relative to unbound library molecules.35,36 As a result, most small-molecule 

aptamer isolation efforts rely on surface immobilization of the target23 or library28,37 to 

achieve physical separation of target-bound aptamers from unbound library molecules. 

These isolation strategies are referred to as target-immobilized and library-immobilized 

SELEX, respectively. 

2.4.1. Target-immobilized SELEX.  

The first examples of small-molecule-binding aptamer isolation were achieved with 

target-immobilized SELEX. This method requires the target to be covalently coupled to a 

solid support. Generally, this is done by using an activated solid support that possesses a 

good leaving group or other highly-reactive electrophile, which are susceptible to 

nucleophilic attack by the small-molecule target. Examples of activated solid supports 

employed during SELEX include N-hydroxysuccinimide-,38 tosyl-,39 epoxy-,40 and 

dihydrazine-activated41 magnetic beads or agarose beads/resins.42 Coupling can also be 

done by combining the electrophilic group of a small-molecule target with a solid support 

containing a nucleophilic group—most commonly, a primary amine.  

During target-immobilized SELEX, the library pool is first incubated with the 

unmodified solid support. Unbound library molecules remain free in solution whereas non-

specific bead-binding library strands will generally bind to the solid support.43 The 



11 
 

unbound library can then be collected with the aid of gravity flow, centrifugation, or 

magnetic separation.43 This is a critical step in target-immobilized SELEX as it prevents 

the enrichment of bead-binding aptamers that can otherwise quickly come to dominate the 

pool and prevent identification of a target-specific aptamer.43 The collected library 

molecules are then incubated with the target-modified support and subjected to several 

buffer washing steps to remove unbound or weakly-bound library molecules, after which 

the target-bound library molecules are eluted from the support via heat,44 EDTA, 

oligonucleotide denaturants,45 or any combination thereof46 for subsequent PCR 

amplification. The specificity of the final aptamer can also be enhanced by including 

counter-selection steps. This is often done by including washing steps with buffer 

containing selected interferent molecules, a procedure known as counter-SELEX.29 

Despite its widespread use, target-immobilized SELEX still faces many challenges. 

To begin with, immobilization of the target requires the formation of a covalent bond, 

which may require assistance from experienced chemists if the target is not compatible 

with well-established coupling chemistry.47 For example, EDC–NHS coupling is 

frequently employed for small molecules that contain a primary amine or carboxylic acid 

functional group, where these form an amide bond with the solid support’s carboxylic acid 

or primary amine functional group, respectively. However, this coupling strategy would 

not be ideal for small molecules which lack the necessary functional group, such as 

cannabinoids48 or steroids.49 Such scenarios may necessitate the design of custom coupling 

strategies or the synthesis of target analogs with desirable functional groups. The use of 

small-molecule functional groups also presents additional issues. For example, the 

exploitation of a small molecule’s functional group for coupling removes a potential 
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interaction site for the aptamer.50 Additionally, the coupling chemistry may create a novel 

functional group on the molecule that influences library binding such that the final selected 

aptamer exhibits weaker affinity for the free target in solution.51   

2.4.2. Library-immobilized SELEX.  

Library-immobilized SELEX provides an ideal alternative to target-immobilized 

SELEX, particularly for small-molecules with a limited number of functional groups.52 

During library-immobilized SELEX, a biotinylated complementary DNA strand (cDNA), 

is immobilized onto a streptavidin-modified solid support (typically magnetic beads or 

agarose beads/resin) via the high-affinity interaction between streptavidin and biotin (KD 

= ~10-15 M).53 These library molecules typically contain a constant region that forms a 15-

bp duplex with the cDNA, effectively immobilizing them to the support via non-covalent 

interactions. Once the library has been immobilized onto the beads, they are washed with 

buffer to remove nonspecific library strands. Following the addition of the target, library 

strands that bind to the target with sufficient affinity displace the cDNA and elute from the 

support into solution, allowing for easy collection via magnetic separation, centrifugation, 

or gravity flow.52  

Li et al.54 were the first to demonstrate library-immobilized SELEX, using a library 

whose cDNA-binding region was incorporated between two 20-nt randomized domains. 

After 18 rounds of selection, they were able to enrich ATP- and GTP-binding aptamers. 

Importantly, they observed several sequences enriched with mutations or deletions at the 

cDNA-binding site; these most likely arose from polymerase error during PCR 

amplification. This is problematic, as it is likely to result in reduced cDNA-binding affinity, 

effectively reducing the energetic barrier55 that target binding must overcome to elute a 
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sequence from the support, and thus undermining the overall stringency of selection. 

Stojanovic et al.28 later improved on this work by directly incorporating the cDNA binding-

domain into the PCR primer site. This simple design significantly reduces the opportunity 

for mutations to occur in the cDNA binding domain, as these sequences are chemically 

rather than enzymatically synthesized. This strategy has since been used to isolate aptamers 

with low nanomolar affinity for several small molecules with various physiochemical 

properties (e.g., anionic,56 cationic,57 hydrophilic,27 or hydrophobic58 targets). Library-

immobilized SELEX still faces two major challenges. First, since the immobilization of 

the library is noncovalent, nonspecific library sequences may also be collected upon 

addition of the target, resulting in co-enrichment of both target-specific and non-specific 

library strands during every round. This requires several washing steps to overcome, 

raising the risk of loss of high-quality aptamers—especially during early rounds of SELEX, 

when copy numbers are low. Additionally, the initial binding environment is confined to 

the solid surface, which may have different physiochemical conditions relative to the bulk 

solution or create steric hindrance that may be unfavorable for aptamer binding, resulting 

in the loss of potentially high-quality aptamers. 

2.4.3. Homogeneous SELEX.  

The ideal selection strategy allows for the target and library to interact freely in 

solution without restraints imposed by physical supports. These selection strategies are 

termed homogeneous SELEX, and there are only a few examples of such platforms for the 

isolation of small-molecule-binding aptamers. The first reported homogeneous SELEX 

technique was based on capillary electrophoresis separation, which utilizes the difference 

in mobility between unbound and target-bound library molecules under an external electric 
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field for partitioning. This technique was first pioneered by Bowser et al., with a focus on 

protein targets such as human immunoglobulin E59 and HIV-1 reverse transcriptase.60 

Capillary electrophoresis SELEX is ideal for protein targets, where binding causes a large 

shift in mobility. However, this technique has limited utility for small-molecule targets, 

where the mobility of target-aptamer complexes is very similar to that of unbound library 

molecules, resulting in poor separation efficiency. To date, the only small-molecule target 

for which this technique has been successfully employed is N-methyl mesoporphyrin, for 

which an aptamer was obtained after three rounds of selection.61  

Graphene oxide-based SELEX has demonstrated great potential as a homogeneous 

SELEX platform for small-molecule targets.62,63 This technique achieves partitioning of 

binders from nonbinders in solution via the preferential binding of graphene oxide to 

single-stranded DNA over folded DNA structures.64 Strands that bind to the target will fold 

into a duplexed structure that resists adsorption onto the graphene oxide surface, such that 

unbound single-stranded library molecules can rapidly be collected and removed via 

centrifugation. This technique has been used to obtain DNA aptamers against several 

pesticides and toxins within 5–10 rounds of selection.65,66 However, it does not allow for 

the use of structured libraries, requiring laborious post-SELEX optimization to generate 

structure-switching aptamers for use in biosensing platforms. Moreover, the incorporation 

of counter-SELEX only makes the technique partially homogeneous.62,63,65,66 During 

counter SELEX, the library is allowed to interact with interferent molecules free in 

solution. Specific library molecules remain in a single-stranded state and are capture by the 

graphene oxide while non-specific library strands are removed by centrifugation and 

removal of the supernatant. As a result, target-binding library strands are immobilized on 
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graphene oxide and eluted by affinity-based desorption with the target, a process which 

mimics heterogenous SELX platforms. Given the importance of aptamer specificity for 

detection of the target in complex matrices which contain the interferent molecule, the 

target-binding portion of this selection platform will generally mimic a heterogenous 

selection platform rather than a homogeneous one. 

Recently, a homogenous SELEX platform which employs restriction 

endonucleases, termed RE-SELEX,67 has been reported. The library design for RE-SELEX 

mimics that of library-immobilized SELEX, but with the addition of an EcoRI restriction 

site in the cDNA-binding domain.68 Digestion by EcoRI results in loss of the forward 

primer binding site, preventing exponential amplification during PCR. However, library 

molecules that bind to the target with sufficient affinity to displace the cDNA will disrupt 

the recognition site, preventing digestion by EcoRI. These intact library strands can be 

exponentially amplified during PCR and should outnumber the undigested library after 

sufficient rounds of amplification. This difference in PCR amplification efficiency forms 

the basis of partitioning between binders and non-binders and does not require any physical 

separation steps. Thus far this technique has been used to isolate an aptamer against 

kanamycin—albeit with questionable success, as the binding domain of the aptamer was 

determined to include the forward primer-binding site along with four nucleotides of the 

randomized domain.67 

2.5. High-throughput sequencing of enriched pools.  

The aptamer isolation process yields a library pool enriched with sequences that 

bind to the target. Bacterial cloning, wherein aptamer sequences are incorporated into 

vectors that are infected into E. coli, combined with Sanger sequencing of individually-
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picked clones is the classical aptamer identification method.25 Due to the limited 

throughput of Sanger sequencing, only 30–100 clones are typically selected. This requires 

the final pool to be highly enriched, as otherwise no dominating sequence may be observed. 

Today, high-throughput sequencing (HTS) technologies allow for the simultaneous 

analysis of millions to billions of candidate aptamer sequences.69 Due to the high number 

of reads and multiplexing capability, HTS can feasibly be done for each round of selection, 

allowing for the monitoring of dynamic sequence changes between rounds. The first 

demonstration of the utility of HTS for aptamer sequencing was by Soh et al.69 in 2010, 

during selection of an aptamer for the platelet-derived growth factor BB protein. Three 

rounds of microfluidic device-assisted selection were performed, and each enriched pool 

was subjected to HTS. More than 107 sequences were obtained for each pool, enabling 

determination of the population growth, or ‘enrichment-fold’, of each sequence between 

rounds. The three most abundant aptamers in the final pool were compared to the top three 

sequences based on enrichment-fold, and it was discovered that the aptamers with highest 

affinity and specificity all came from the high enrichment-fold category. The ability to 

identify aptamers using enrichment-fold requires the use of HTS, as Sanger sequencing is 

limited to only 50–100 sequences. Other groups have attempted to employ enrichment-fold 

as a predictor of an aptamer candidate’s success but with mixed results. A hallmark study 

by Glökler et al.70 revealed that this may be linked to the number of rounds of selection 

performed, where the performance of aptamers from rapid selections (3–4 rounds) is 

closely tied to enrichment-fold, whereas this relationships is minimal for aptamers 

identified from lengthier selections (>5 rounds). This is presumably due to the increased 

cycles of PCR performed in lengthier selection processes; this introduces PCR 
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amplification bias based on the polymerase enzyme’s preferences with regard to nucleotide 

composition and secondary structure.71–73 To date, no single factor has been identified that 

can consistently successfully predict an aptamer candidate’s performance independent of 

the total of selection rounds performed.  

2.6. Characterization of aptamer candidates.  

Thorough characterization of the selected aptamer candidates is a critical aspect of 

aptamer development. Even carefully designed selections can yield candidates with little-

to-no target-binding affinity. This is primarily due to three reasons. First, differences in the 

experimental conditions used during the intended application of the aptamer relative to 

those used in the selection process may result in loss of binding.74,75 For example, aptamers 

isolated using target-immobilized beads may experience complete loss of binding for the 

free target.51 Second, aptamer representation in the final pool does not solely depend on an 

aptamer’s affinity, but also its PCR amplification efficiency.71,72 Thus, the sequence’s final 

population or degree of enrichment does not necessarily reflect its binding performance. 

Finally, the primer-binding regions of the library molecules are often truncated after 

selection, and in certain cases these may be necessary for stabilizing the aptamer 

structure.76 More recently, several groups have developed more sophisticated 

characterization methodologies using specialized instrumentation, competition-based 

assays, or target-based properties. 

2.6.1. Instrument-based approaches.  

These methods directly measure the thermodynamic or kinetic properties of 

aptamer-ligand interactions. Although they are incredibly accurate and provide extensive 

information, they are generally limited by their cost and sample throughput. 
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2.6.1.1. Isothermal titration calorimetry (ITC).  

ITC allows for the determination of thermodynamic properties of small-molecule-

binding aptamers that cannot be easily measured by other means.77,78 During a typical ITC 

experiment, the ligand is repeatedly injected into a sample cell containing the aptamer until 

all binding sites are saturated. Each injection results in a release in heat, which is the 

concatenation of aptamer-ligand binding events, dilution of the ligand, and stirring of the 

cell. This heat is then subtracted from the heat generated by the same titration into a cell 

that does not contain the aptamer. A binding curve is then constructed using the heat 

measured after each titration, and this allows for the determination of the aptamer’s 

dissociation constant (KD), stoichiometry, and enthalpy (ΔH) of binding. From these 

measurements, the Gibbs free energy (ΔG) and entropy (ΔS) can then be extrapolated.79 A 

major advantage of ITC is that there is no need for aptamer labeling. Moreover, the 

technique is compatible with various measurement temperatures (4–80 °C) and buffer 

compositions (e.g., pH, salts, organic co-solvents). However, ITC experiments require high 

aptamer and target concentrations, which may be a limitation in terms of cost or solubility. 

2.6.1.2. Microscale thermophoresis (MST).  

MST relies on measuring the change in an aptamer’s thermophoretic properties.80 

Thermophoresis describes the movement of molecules through a temperature gradient, a 

property that depends on its size, charge, and hydration shell.81,82 Upon binding to a small-

molecule target, one of these properties is expected to change, resulting in altered 

thermophoretic movement in unbound versus bound aptamers. To perform this assay, 

either the aptamer or the target must be fluorescent or labeled so that their movement can 

be monitored. After allowing the aptamer and its target to reach binding equilibrium, the 
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solution is loaded into a capillary tube and the fluorescence in a small area of the tube is 

continuously monitored. An infrared laser is then used to heat the monitored area, causing 

the fluorescence in the heated area to diffuse away, resulting in a reduction of fluorescence 

that is proportional to the formation of the aptamer–target complex. The concentration of 

the fluorescent molecule is kept constant, while the partner molecule is varied over a large 

concentration range. A binding-isotherm can be fitted based on the fluorescence change 

after heating versus the concentration of unlabeled aptamer or target to determine KD.83 

Although this technique provides limited information, it is the only instrument that can 

directly measure aptamer binding affinity in complex biological matrices such as whole 

blood.84 

2.6.1.3. Surface plasmon resonance (SPR) spectroscopy.  

SPR spectroscopy has become the gold standard technique for the characterization 

of protein–aptamer interactions.85 This technique monitors the change in refractive index 

caused by ligand-binding events occurring on a gold sensor surface in real time. It can 

provide information on an aptamer’s kinetic and thermodynamic properties, but is hindered 

by the need to immobilize the aptamer86 or target87 onto the gold surface. Immobilization 

of the aptamer can hinder its target binding, resulting in a different affinity then would be 

observed in solution. Moreover, there are few examples of SPR spectroscopy being applied 

to small-molecule-binding aptamers, as the change in refractive index produced by small-

molecule binding events is far smaller than for proteins. 

2.6.2. Assay-based approaches.  

The high cost and general low throughput of the instrument-based approaches 

described above makes thorough characterization of large numbers of aptamer candidates 
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nearly impossible.  As such, these specialized techniques are typically reserved for the top 

aptamer identified in a given pool of candidates. This is typically achieved using various 

assays, which can generally be categorized as cDNA-based competition assays, target 

property-based assays, and bead-based competition assays. 

2.6.2.1. cDNA-based competition assays.  

cDNA-based competition assays offer a reliable and accurate method to measure 

the affinity and specificity of small-molecule binding aptamers. This method relies on 

target-induced displacement of a cDNA stand that is initially hybridized to a constant 

region adjacent to the target-binding domain of the aptamer.27 The KD for the target is 

calculated by determining the affinity between the aptamer and cDNA (KD1), followed by 

the affinity of the target for the aptamer–cDNA complex (KD2). The KD is equal to the ratio 

of KD1/KD2.88 The thermodynamic basis of this method was first established by Easley and 

Hu,88 using microchip electrophoresis to assess aptamer–cDNA binding and was later 

adapted by Stojanovic et al. using a fluorescence-based approach.27 Their widely-used 

approach employs a quencher-modified cDNA and fluorophore-modified aptamer. 

Hybridization of these two strands brings the fluorophore and quencher into close 

proximity, resulting in reduced fluorescence; this fluorescence can then be recovered upon 

target-induced displacement of the cDNA.27,56,57 The cDNA-based competition assay is 

simple, rapid, and accurate, and can be used to screen the cross-reactivity of an aptamer 

towards numerous targets. However, this method may involve some trial-and-error to 

identify a suitable cDNA length that can be efficiently displaced by target binding.55 

Additionally, certain ligands have been found to affect the optical properties of the 

fluorophore or quencher, requiring carefully designed control experiments.89 
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2.6.2.2. Target-based approaches.  

Aptamer binding can result in a change in the optical properties of certain small-

molecule targets. This means that a binding isotherm can be generated by recording the 

changes in absorbance,90 fluorescence,91,92 or fluorescence polarization93 of the small 

molecule as a function of the aptamer concentration. This method is easily applied to DNA-

binding dyes with strong optical properties in the visible light range,94,95 but is much more 

challenging for small molecules that lack absorbance or fluorescence signatures in the 

visible light range.  

2.6.2.3. Bead-based competition assays.  

Bead-based assays utilize physical separation to quantify the fraction of bound 

aptamers over a range of target concentrations.23 The target is immobilized onto a solid 

support (typically magnetic beads or agarose beads/resins) via an appropriately chosen 

coupling reaction.96,97 This method is most often employed for aptamers isolated via target-

immobilized SELEX, with a coupling method that mimics what was used during selection. 

Next, fluorescent- or P32- labeled aptamers are incubated with various concentrations of 

the target-immobilized beads. Unbound aptamers are removed by washing with buffer, 

after which the bead-bound aptamers are collected by applying mildly denaturing 

conditions (e.g. heat, urea, EDTA, or a combination thereof) and the collected aptamers 

are quantified. Alternative approaches have also employed PCR prior to measurement to 

improve the detection limit of the assay. The amount of target immobilized onto the beads 

can be quantified via UV absorption, and the half saturation point (K1/2) can be measured 

by constructing a calibration curve of target concentration versus collected aptamer signal. 

Importantly, the K1/2 of the assay can provide information about each aptamer’s relative 
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affinity for the target. However, the relative affinities obtained from this assay do not 

necessarily reflect the binding affinity of the aptamer for free target. Additionally, it can 

be challenging to screen aptamer specificity against interferent molecules that may not be 

compatible with the same immobilization chemistry, which thus requires competition 

between the free interferent molecule and bead-immobilized target.48,98 

2.7. Post-engineering of small-molecule-binding aptamers.  

Occasionally, SELEX fails to yield aptamers with suitable affinity and specificity 

for an intended application, and this can be attributed to a variety of reasons. First, since 

starting oligonucleotide libraries encompass anywhere from 1018 to 1040 possible unique 

sequences (for libraries containing 30–70 random nucleotides), it is unrealistic to include 

every possible sequence in a SELEX experiment, which inevitably excludes high-quality 

aptamer candidates.73 Second, given that most sequences are initially present as just a single 

copy in the starting library, oligonucleotides with desirable binding properties can 

spontaneously be lost during washing steps in the early rounds of SELEX. Finally, the best 

aptamer candidates can be outcompeted by weaker sequences if they have low PCR 

amplification efficiency due to their sequence and/or structure.99–101  

Several strategies have been developed to improve the binding affinity or 

specificity of aptamers isolated by SELEX. These methods focus on exploring the 

surrounding sequence space of the isolated aptamer to identify mutants with enhanced 

binding properties. These mutants are typically identified by reselection using an aptamer 

sequence-doped library (termed ‘doped-SELEX’)102 or by mass synthesis and screening of 

several aptamer mutants.103 During doped-SELEX, a sequence with known binding affinity 

to the desired target is used as a template for a new doped library. The first example of 
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doped selection was done by Szostak et al.102 using a mutagenized library based on the 

Rev-responsive element of the HIV genome. Each base from the random domain in a given 

library molecule had a 65% chance of being the wild-type base, 30% chance of being 

another base, and 5% chance of being deleted. This pool contained the original sequence 

as well as single, double, triple, and higher-order mutants that may have improved binding 

affinity or specificity. This mutagenized library was used to isolate a Rev protein-binding 

aptamer mutant. The final mutant possessed two mutations relative to the wild-type 

sequence, and demonstrated 2.4-fold greater binding to the Rev protein. Famulok et al.40 

later employed a doped-SELEX approach with a similar pool design to modify the 

specificity of an L-citrulline-binding aptamer so that it bound to L-arginine. The final 

aptamer possessed micromolar affinity for L-arginine with no binding-affinity for L-

citrulline. There are few examples to date of successful doped selections for small 

molecules, and the extent of improvement in binding performance is typically 

modest.98,104,105 This is primarily attributable to the fact that each mutant is not being 

represented equally: doped libraries are greatly biased towards the parent sequence, with 

the abundance of each mutant diminishing as more mutations are incorporated into the 

sequence.106  

Mass synthesis and individual testing of aptamer mutants provides a less biased and 

more accurate approach for identifying the best mutant. However, the lack of high-

throughput screening techniques for aptamer characterization limits this procedure to only 

a handful of aptamer mutant. As such, the mutants must be intelligently designed to 

eliminate oligonucleotides that lack binding affinity. This is often done with guidance from 

genetic algorithms,107 computationally-predicted secondary structures,108,109 or 3D 
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structures110,111 in order to selectively mutate nucleotides located either in the target-

binding domain109,112 or surrounding scaffold regions.103,108,110 With the aid of 2D-nuclear 

magnetic resonance (NMR) experiments, Liu et al.110 were able to improve the binding 

affinity of an ochratoxin A-binding aptamer by 50-fold via strategically-designed base 

mutations and insertions. This method eliminates the population bias associated with 

doped-SELEX but is ultimately reliant on the use of data to guide mutagenesis. In the 

absence of an 3D aptamer structure, it may be necessary to screen hundreds or thousands 

of mutants to achieve significant improvements in affinity or specificity, creating high costs 

in terms of time and money. 

2.8. Small-molecule aptamer-based sensors.  

Many signal transduction strategies have been developed that enable aptamer-based 

sensors to generate optical, electrochemical, or electrical readouts in response to target 

binding. 

2.8.1. Structure-switching aptamer-based sensors.  

To achieve aptamer-based sensing, the aptamer-target binding event must generate 

a measurable signal. Many sensors rely on aptamers with structure-switching functionality 

that undergo a large conformational change upon binding to the target, and thereby produce 

a change in absorbance, fluorescence, or electrochemical signal.113 This functionality can 

be introduced by truncating the primary stem of the aptamer, such that it exists in an 

unfolded state at room temperature but refolds into its native state in the presence of its 

target, forming a target-aptamer complex.114 Each end of the aptamer can be modified with 

a signal reporter that produces an optical114,115 or electrochemical signal116,117 upon 

undergoing a target-induced conformational change. The first example114 of such a small-
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molecule biosensor employed a cocaine-binding aptamer that had been modified with 

fluorescein and dabcyl at its 5’- and 3’-ends, respectively. In the absence of the target, the 

aptamer was unfolded, producing a strong fluorescent signal. Cocaine-binding stabilized 

the aptamer, bringing its ends into close proximity and resulting in concentration-

dependent quenching of the fluorophore. This simple sensing strategy has been 

successfully applied to a variety of other small-molecule aptamers as well.118,119  

Electrochemical aptamer-based (E-AB) sensors are another standard format for 

aptamer-based sensors.116 These sensors are capable of real-time, interferent-free detection 

of small-molecule targets in complex matrices.117,120 These sensors utilize structure-

switching aptamers modified with a thiol group at one end and a methylene blue redox tag 

at the other. The thiol group allows the aptamer to be immobilized onto a gold electrode 

surface via thiol-gold chemistry, whereas the redox tag produces a measurable current 

dependent on its distance from the electrode surface. Plaxco et al.117 were the first to 

demonstrate detection of cocaine in bulk powders using an E-AB sensor constructed from 

a structure-switching aptamer. In the absence of target, the unfolded aptamer orients the 

redox reporter away from the electrode surface, resulting in low background current. 

However, in the presence of cocaine, the aptamer folds into a duplexed state, bringing the 

redox reporter close to the surface and producing a large increase in measured current. This 

sensor platform has since been used to detect a variety of small molecules with various 

physiochemical properties in biological samples.121–123 

Despite their conceptual simplicity, the engineering of a structure-switching 

aptamer can be challenging. Most SELEX experiments use unstructured libraries, yielding 

aptamers with unpredictable binding domains that seldom possess structure-switching 
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functionality.54 Thus, additional engineering steps are required to introduce such 

functionality into the aptamer. First, the binding domain of the aptamer is identified, after 

which the primary stem is systematically truncated to identify a minimal aptamer sequence 

that can undergo a large target-induced conformational change.124,125 This trial-and-error 

process is labor-intensive and costly, and often results in aptamers with significantly 

reduced affinity relative to their parent aptamers.124 

2.8.2. Split aptamer-based sensors. 

Splitting aptamers into fragments is an alternative to conventional structure-

switching aptamers.126 By cutting single-stranded loops in an aptamer’s structure, one can 

obtain two127 or three128 fragments that are thermodynamically unstable on their own at 

room temperature, but which reassemble in the presence of the target to form a stabilized 

target-bound complex. Reporting of target-binding events can be achieved by labeling 

aptamer fragments with small-molecule reporters127,128 or enzyme fragments129 that 

generate an electronic,130 fluorescent,127 or colorimetric128 signal upon assembly. 

Successful splitting requires prior knowledge of the binding domain and is most feasible 

with aptamers that have predictable secondary structures with well-defined stems, such as 

three-way-junction structured aptamers.131 Split aptamers can still be generated from 

parent molecules with greater structural complexity, such as G-quadruplexes98 and 

triplexes,132 although this generally requires more trial-and-error testing. 

One general advantage that split aptamers have over traditional structure-switching 

aptamers is incredibly low background signal. This has been showcased by Zuo et al.,133 

who utilized split aptamers for the detection of small-molecule targets in blood and crude 

cell lysates. They modified one fragment with a thiol group to facilitate immobilization 
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onto a gold electrode surface and modified the second fragment with a methylene blue 

redox tag. The presence of the target promoted the assembly of the aptamer fragments on 

the surface of the gold electrode, bringing methylene blue close to the surface and resulting 

in a large increase in measured current. The minimal self-assembly of the fragments in the 

absence of the target yielded negligible background current, resulting in large signal gains 

in the presence of target, even in complex matrices. The authors were able to detect cocaine 

and ATP in blood and crude cell lysates, respectively, albeit with moderate detection limits 

of 1 µM. This limited sensitivity is a consequence of the large disruption in target-binding 

affinity—typically 10–100-fold127,134,135—that aptamers experience when split. To 

overcome this issue, Yu et al.136 has developed cooperative-binding split aptamers 

(CBSA), in which incorporate two sequential target-binding domains into a split aptamer 

which are separated by a short nucleotide stem. The initial target-binding event assembles 

one binding pocket as well as the connecting stem, and this in turn stabilizes the second 

binding domain, facilitating subsequent binding of a second target with greater binding 

affinity. This ‘positive cooperativity’137 effect is responsible for improving the target 

responsiveness of CBSAs at low target concentrations relative to traditional split aptamers. 

Yu et al.136 constructed a cocaine sensor by modifying one of the CBSA strands with a 

fluorophore and quencher at its ends. Due to the flexibility of the single-stranded fragment, 

the fluorophore and quencher remain in relatively close proximity, quenching its 

fluorescence. The addition of target facilitates the assembly of the full CBSA, physically 

separating the fluorophore and quencher and producing a fluorescence signal. This CBSA 

format was able to detect 50 nM cocaine in 10% saliva, which is far more sensitive than 

conventional split-aptamer-based sensors. To date, CBSAs have been constructed from 
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cocaine-,136,138–140 3,4-methylenedioxypyrovalerone (MDPV)-,140 and 

dehydroepiandrosterone-3-sulfate (DIS)138-binding aptamers, all of which possess three-

way-junction structures. However, there remains a need for strategies to engineer CBSAs 

from aptamers with more complex secondary structures.  

2.8.3. cDNA displacement sensors. 

 Strand displacement-based sensors provide an alternative approach for generating 

large target-induced conformational changes without the need for engineering structure-

switching or split aptamers.141 These strategies utilize a short cDNA strand, which is 

complementary to and forms a stable duplex with the aptamer in the absence of the target. 

In the presence of the target, the aptamer undergoes a conformational change that displaces 

the cDNA, and this can be transduced into a measurable signal by modifying the aptamer 

and cDNA with reporters. The earliest example of such a sensor was described by Nutiu et 

al.,142 who utilized an ATP-binding aptamer hybridized to two different cDNAs. The first 

cDNA was labeled with a fluorophore, and did not overlap with the aptamer’s target-

binding domain. As a result, target-binding events should not displace this cDNA. The 

second cDNA was modified with a quencher and overlapped with the aptamer domain, 

allowing for displacement in the presence of the target. In the absence of ATP, both cDNAs 

were hybridized to the aptamer, bringing the fluorophore and quencher into close proximity 

and resulting in a low fluorescence signal. Upon binding to ATP, the aptamer displaces the 

quencher-modified strand, resulting in a target-dependent fluorescence increase. Although 

this assay does not require aptamer engineering, the cDNA length, incorporation of 

mismatches, and choice of hybridized nucleotides in the aptamer domain are all critical to 

the assay’s performance and require careful optimization.105 This was demonstrated by 
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Munzar et al.,55 who studied the binding dynamics of strand-displacement assays using 

hundreds of cDNAs of varying lengths, hybridization locations, and mismatched bases, 

which were immobilized as separate features on a DNA microarray. The array was then 

incubated with fluorophore-modified aptamer, enabling simultaneous monitoring of the 

hybridization and subsequent target-induced displacement of each cDNA. Based on this 

assay, the optimal cDNA length as well as critical nucleotides for initial target-binding 

could be identified. Alternatively, isolating aptamers via library-immobilized SELEX 

bypasses the need for trial-and-error testing or massive screening, as the final aptamer has 

already been evolved to readily displace the cDNA employed during selection.28,37  

2.8.4. Aptamer beacon-based sensors. 

Displacement-based sensors typically require long cDNA sequences to achieve 

stable hybridization and maintain a low background signal, and this can make optimization 

challenging given the length of the overlapping region in the original aptamer. Tang et 

al.143 greatly reduced the length of the cDNA required by using a molecular beacon-style 

design that exploits intramolecular displacement, in which the cDNA competitor is 

physically coupled to the aptamer via a PEG linker. This ‘aptamer-switch probe’ construct 

consists of three sections: a fluorophore-modified aptamer domain, a quencher-modified 

cDNA domain, and the linker connecting the two. In the absence of target, the short cDNA 

hybridizes with a small section of the aptamer, quenching the aptamer’s fluorescence 

signal. Target binding causes the aptamer to undergo a large conformational change, 

displacing the short cDNA and recovering the fluorescence. Tang et al.143 constructed an 

aptamer-switch probe using the ATP-binding aptamer that achieved a measurable detection 

limit of 10 µM. Although they did not observe improved sensitivity compared to traditional 
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strand displacement-based sensors,142 aptamer-switch probes can achieve maximal signal 

within seconds as opposed to hours. Moreover, additional sensing functionality can be 

incorporated by modifying the PEG linker. For example, Thompson et al.144 replaced the 

PEG linker with a pH-responsive cytosine-rich i-motif.145 At pH < 6.5, the linker domain 

adopts a structure that imposes steric hindrance on the cDNA domain, facilitating 

displacement by the target. However, at pH >7, the i-motif instead adopts a hairpin 

structure that stabilizes the cDNA domain, requiring a ~100-fold greater concentration of 

target to achieve the same degree of strand displacement relative to low pH.  

2.8.5. Fully-folded aptamer based sensors.  

The sensitivity of structure-switching, split aptamer, and strand-displacement 

sensors ultimately suffer from impaired aptamer binding affinity due to destabilization of 

the aptamer’s structure103,124 or competition with high-affinity cDNAs142 (with nM KD). 

Dye-displacement assays146 offer an appealing alternative for two reasons. First, they do 

not require truncation or splitting, and instead utilize aptamers in their native, high-affinity 

state.108 Second, they rely on small-molecule dyes that compete with the target at the 

aptamer’s binding domain. These dyes bind with significantly reduced affinity (μM KD) 

relative to cDNAs,147 allowing for facile displacement by the target. Aptamer binding 

events are then reported by a change in the absorbance or fluorescence properties of the 

dye as a consequence of the change in its physiochemical environment.148,149 These assays 

are highly effective, as they are label-free, simple, sensitive, and have rapid turnaround 

times, but they are generally hindered by the limited compatibility between dyes and 

different aptamer structures. Stojanovic and Landry146 described the first aptamer-based 

dye-displacement assay, using a cocaine-binding aptamer and the cyanine dye 
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diethylthiotricarbocyanine iodide (Cy7). In aqueous solution, Cy7 exists mainly as a dimer 

with peak absorbance at 670 nm. However, the authors showed that Cy7 preferentially 

binds to the binding domain of a three-way-junction structured cocaine-binding aptamer in 

its monomeric form, which has peak absorbance at 760 nm. Bound Cy7 monomers could 

be displaced by cocaine, resulting in a decrease in the monomer peak that yielded a 

measurable detection limit of 0.5 M cocaine. However, Cy7 was only identified as a 

suitable dye after screening 35 dyes for their compatibility with dye-displacement sensors. 

Another study by the Stojanovic149 group tested the applicability of the dye thiazole orange 

with various DNA and RNA aptamers for construction of a dye-displacement sensor, and 

found that only eight of the 19 tested aptamers were compatible with this dye. These results 

suggest that not every dye can be used for dye-displacement-based sensors, and that a given 

dye may not be compatible with all aptamers. Importantly, the ratio of dye to aptamer was 

not explored in these studies. Recent work by Alkhamis et al.147 has demonstrated that the 

DNA-to-dye ratio is critical to the potential performance of a dye-displacement assay. 

Specifically, they demonstrated that different aptamers have varying affinity for the dyes 

Cy7 and 3,3’-di(3-sulfopropyl)-4,5,4’,5’-dibenzo-9-methyl-thiacarbocyanine (MTC).150 

As such, optimization of the DNA-to-dye ratio was required to reach an appropriate 

equilibrium of complexed dye that could be displaced upon target binding. Of the 12 

aptamer/dye pairs tested, three had low displacement efficiency (~30%); however, all 

sensors were able to achieve reproducible detection of their respective targets. These results 

demonstrate that dye displacement assays may be generalizable after empirical 

optimization of the sensor. 
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Aptamer-immobilized field effect transistors (FETs) offer an alternative approach 

to the construction of fully-folded aptamer sensors. FETs are composed of an electron 

source and electron drain separated by a semiconductor layer. These sensors are incredibly 

sensitive to local conductivity changes imposed by charged small molecules that approach 

the semiconductor surface.151 However, FETs face two major challenges. First, high ionic 

strength solutions limit the sensing distance to < 1 nm at physiological conditions.152 

Second, the approach of small molecules that have little or no charge has little effect on 

the semiconductor and thus produces minimal sensor response.153 To overcome these 

obstacles, Nakatsuka et al.57 immobilized aptamers onto a semiconductor surface. Given 

the high anionic charge of the aptamer backbone and its proximity to the surface, the FET 

becomes highly sensitive to minor conformational changes in the aptamer. Upon 

constructing FET sensors with immobilized dopamine and serotonin aptamers, they were 

able to achieve detection of 10 fM concentrations of their respective target in artificial 

cerebrospinal fluid.57 This is particularly impressive given that these detection limits are 

~1,000,000-fold lower than the binding affinities of the receptors (30–150 nM). Similar 

sensors constructed using a glucose aptamer also achieved impressive detection limits of 

10 µM concentrations in diluted mouse blood, which is 1,000-fold below the aptamer’s 

KD.57 Although structure-switching functionality did not need to be engineered into these 

aptamers, the sensor response was strongly affected by the distance of the aptamer binding 

domain from the surface, and required minor truncation of the aptamer stem to achieve a 

robust target response.57 Moreover, the generality of this approach still needs to be 

demonstrated for other aptamer-ligand pairs.154,155 
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2.9. Enzyme-based aptamer characterization, engineering, and sensing. 

2.9.1. Exonuclease-based affinity characterization.  

The increased availability and affordability of HTS has opened new possibilities 

for aptamer selection. HTS allows selection to be completed in far fewer rounds, yielding 

thousands of possible aptamer candidates—and this in turn introduces new challenges in 

terms of characterizing the affinity and specificity of so many aptamer candidates. 

Alkhamis et al.89 developed a high-throughput label-free exonuclease-based assay for 

profiling aptamer binding properties. This strategy relies on the discovery that aptamer 

digestion by T5 exonuclease (T5 Exo), a 5’-to-3’ single- and double-stranded DNA 

exonuclease with single-stranded endonuclease and 5’-flap endonuclease activities,156–158 is 

inhibited by small-molecule binding, where the degree of inhibition is proportional to the 

aptamer’s affinity for the small-molecule ligand.89 They determined that T5 Exo digests 

unbound aptamers into a single-stranded product, which can then be digested by 

exonuclease I (Exo I) into mononucleotides.159 In contrast, the T5-truncated, target-bound 

aptamer inhibits further digestion by both exonucleases, and these intact oligonucleotides 

can then be quantified using the DNA-binding dye, SYBR Gold. Using this assay, 

Alkhamis et al.89 profiled the affinity and specificity of ATP-,98 MDPV-,160 and several 

mephedrone-binding aptamers 89 with various secondary structures. 

2.9.2. Nuclease-based footprinting and aptamer engineering. 

 Exonucleases are enzymes that digest nucleic acids from either the 3’-end (such as 

Exonuclease III)161 or 5’-end (such as T7 exonuclease)162 in a double- or single-stranded 

specific manner, whereas endonucleases digest internal nucleic acid regions in a sequence-

dependent (such as EcoRI)68 or -independent (such as deoxyribonuclease I)163 manner. 
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These enzymes are further subcategorized as deoxyribonucleases and ribonucleases, which 

have activity on DNA and RNA, respectively. A pioneering study by Galas and Schmitz164 

revealed that protein-bound DNA nucleotides are protected from cleavage by 

deoxyribonuclease I (DNase I)163, an enzyme that induces phosphodiester bond cleavage 

at random positions on DNA duplexes. By optimizing the DNAse I concentration, they 

were able to control the digestion of 5’-P32 labeled DNA molecules so that each DNA 

molecule is cut only once. In the absence of DNA-binding protein, polyacrylamide gel 

electrophoresis analysis of the digested sample revealed truncated fragments spanning the 

entirety of the molecule. In contrast, protein binding to the duplex protects interacting 

nucleotides from cleavage by DNase I, resulting in an absence of digested fragments in the 

region containing the protein-binding sequence.164 Since then, several studies have revealed 

that this same phenomenon also holds true for minor-groove-binding small molecules such 

as actinomycin, chromomycin, and distamycin.165  

A similar mechanism has been observed with exonuclease III (Exo III). Exo III 

induces phosphodiester bond cleavage at the 3’-end of double-stranded DNA, 

progressively releasing mononucleotides until the duplex is completely digested or only 

single-stranded DNA remains. However, in the presence of a minor-groove-binding 

adduct, Exo III digestion is inhibited 3–4 bases prior to the binding site, resulting in a 

clearly truncated strand that can be visualized using polyacrylamide gel 

electrophoresis.166,167 Since Exo III digestion occurs in a single direction rather than 

randomly across the duplex, this Exo III assay does not require optimization of the enzyme 

concentration to generate single-nucleotide cleavage fragments, making its application 
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much simpler. This assay has been demonstrated for footprinting the binding of saframycin 

A, saframycin S, saframycin MX1, DAPI, Hoechst 33258, and distamycin A.168,169  

Exo III-based footprinting has since been extended to non-minor-groove-binding 

small molecules. Wang et al.170 recently discovered that Exo III-mediated digestion of 

small-molecule-binding aptamers is inhibited in the vicinity of the target-binding domain. 

Specifically, they found that digestion of a three-way-junction structured cocaine-binding 

aptamer and stem-loop-structured ATP-binding aptamer yields a truncated product 3–4 

bases prior to the binding domain. The structural properties of the inhibition product were 

probed using Exo I, which catalyzes the consecutive cleavage of mononucleotides from the 

3’-end of single-stranded DNA. They observed that the chemically-synthesized cocaine 

and ATP aptamer inhibition products were completely digested by Exo I, indicating that 

the unbound aptamer exists in predominantly single-stranded state.170 However, digestion 

of these same aptamer byproducts was greatly inhibited in the presence of their respective 

targets, indicating that it has folded into a double-stranded target-bound state. These results 

suggest that the inhibition products produced by Exo III possesses structure-switching 

functionality which is a critical component of several aptamer-based sensor platforms such 

as E-AB sensors and fluorophore-quencher assays.170 Indeed, these enzyme-truncated 

inhibition products are directly compatible with both of these assay formats. This single-

step truncation strategy based on Exo III thus provides an ideal alternative to the traditional 

trial-and-error process of incorporating structure-switching functionality into recently 

isolated aptamers.  
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2.9.3. Nuclease-based sensing. 

2.9.3.1. Nuclease-based signal amplification.  

Traditional aptamer-based sensor platforms rely on a single receptor producing a 

single signal upon target binding. These methods are straightforward, but generally not 

sensitive enough for real-world detection applications in which targets may be present at 

ultra-low concentrations.113 To remedy this issue, several groups have attempted to 

combine nucleases and polymerases to achieve ultra-sensitive detection of small-molecule 

targets.171 Specifically, a nuclease is employed to generate a nicked or intact 

oligonucleotide with a free 3’-end, which is then extended by a polymerase to generate a 

multitude of signaling strands from each single target-binding event.171 One such strategy 

developed by Shlyahovsky et al.,172 termed nicking enzyme signal amplification (NESA), 

uses the nicking endonuclease Nt.BbvC I173 in combination with the Klenow polymerase174 

fragment for amplification. Specifically, they modified the 5’-end of a cocaine-binding 

aptamer to contain a partial Nt.BbvC I recognition site, which acts as a template for 

polymerase extension of the aptamer’s 3’ end when the sequence is fully folded. The 

cocaine aptamer was then hybridized to a cDNA that blocks this 3’ extension in the absence 

of target. But when the aptamer binds to cocaine, the cDNA is displaced, creating a 

duplexed 3’-end that can then be extended by the polymerase to complete the Nt.BbC I 

recognition site. Nt.BbvC I cleavage results in a new 3’-end which can again be used for 

polymerase extension, displacing the nicked strand, and resulting in a continuous cycle of 

isothermal polymerase extension and strand displacement. The nicked strands are then 

measured using sequence-specific molecular beacons. This assay achieved a detection limit 

of 5 µM cocaine,172 and the use of strand displacement as a NESA initiator may have been 
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a severe limiting factor, as the binding of the cDNA to the aptamer is significantly stronger 

(nM KD) than that of cocaine to the aptamer (µM KD)103. Additional downstream signal 

amplification can improve the sensitivity of these strand-displacement-mediated NESA 

assays. For example, Wang et al.175 improved on the previously described sensor by 

modifying the released signaling DNA sequence into a Mg2+-dependent DNAzyme, which 

catalyzed the cleavage of linear beacon probes to produce a fluorescence signal. The 

addition of this downstream amplification strategy resulted in an impressive 50-fold 

reduction in the detection limit to 0.1 µM, albeit at the cost of increased assay time (12 

hours).175 

Leung et al.176 developed an alternative nuclease-based signal amplification 

strategy using Exo I to distinguish target-binding events for structure-switching aptamers, 

along with deoxynucleotidyl transferase (TdT)177 to amplify the resulting intact 

oligonucleotides. During this assay, unbound aptamers exist in a single-stranded state and 

are rapidly digested by Exo I, whereas target-bound aptamers fold into double-stranded 

state that resists digestion and remains intact. The 3’-ends of these target-bound aptamers 

are then extended by TdT, which adds deoxyguanosine and deoxyadenosine to the 3’-end 

of the intact oligonucleotide in a template-independent manner. The final amplified 

sequence possesses several G-quadruplexes, which are specifically detected using an Ir(III) 

complex-based dye, resulting a detection limit of 0.5 µM for cocaine, which is 10-fold 

lower than a similar Exo I assay that does not utilize TdT amplification.178  

2.9.3.2. Enzyme-assisted target recycling.  

An alternative approach to enhancing the sensitivity of aptamer-based assays relies 

on ‘recycling’ the target to increase the number of binding events generated by a single 
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target.179 In such enzyme-assisted target recycling (EATR) assays,180 target-bound 

aptamers are specifically digested by a nuclease, degrading the aptamer and releasing the 

target back into solution. The target then binds to another aptamer and facilitates its 

digestion by the nuclease. This process allows more target-binding events to occur, 

effectively amplifying the signal generated by each small-molecule analyte.181,182 To 

facilitate detection, aptamers are often modified with an optical or redox label that emits a 

signal after it has been released from the aptamer via nuclease digestion. One such assay 

was developed by Lu et al.181, who utilized DNase I to selective digest target-bound 

structure-switching aptamers while leaving unbound single-stranded aptamers intact. They 

used graphene sheets that strongly adsorb these single-stranded aptamers through π-

stacking interactions with the nucleobases,183 thereby protecting them from digestion. 

Target-bound aptamers fold into a double-stranded state that resists adsorption by the 

graphene sheets, allowing for DNase I digestion. This releases the target, allowing 

subsequent target-binding events to occur. To achieve target detection, aptamers were 

modified with fluorescein, a dye that is quenched by graphene but fluoresces strongly when 

free in solution.181 Using cocaine- and ATP-binding aptamers as an example, the authors 

achieved a detection limit of 0.1 and 0.2 µM for ATP and cocaine, respectively, which is 

100-fold lower than a 1:1 binding strategy that does not use DNase I. Several other EATR 

variants have been described that use alternative enzymes such as Exo III182 and T7184 

exonuclease. Although these achieved amplified detection via target recycling, the use of 

exonucleases is problematic because target-bound aptamers often adopt complex tertiary 

structures such as G-quadruplexes, which have been shown to inhibit exonucleases.178 

Moreover, small-molecule binding to DNA has also been shown to inhibit nuclease 
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digestion.170,185 Endonucleolytic EATR strategies could offer an ideal alternative in this 

regard. Yu et al.138 demonstrated one such approach, in which they inserted an abasic site 

between the binding domains of a dehydroepiandrosterone-3-sulfate (DIS)-binding CBSA 

construct. Specifically, they modified the short fragment of the CBSA at its ends with a 

fluorophore and quencher, and with an abasic site at its center. In the absence of DIS, the 

flexibility of the short fragment causes the fluorophore to come into close proximity with 

the quencher, resulting in reduced fluorescence. In the presence of DIS, CBSA assembly 

creates a double-stranded abasic site that Exo III can recognize and cleave. The cleavage 

of the short fragment results in dissociation of the CBSA, releasing the target to undergo 

subsequent rounds of CBSA assembly and digestion, each of which liberates a fluorophore 

molecule from the quencher, resulting in recovery of fluorescence. This assay achieved 

100-fold improved sensitivity compared to a similar assay without Exo III.138 

2.10. Small molecule targets used in this work  

2.10.1. Dehydroepiandrosterone-3-sulfate (DIS). 

DIS is the major metabolite of dehydroepiandrosterone and an intermediate in the 

biosynthesis of other androgen and estrogen steroids.186 DIS is nearly exclusively produced 

and excreted by the adrenal gland and has no hormonal function.186 The concentration of 

DIS in blood is highly correlated with sexual maturity, peaking between ages 20–30, and 

its levels in urine reflect the health of the adrenal gland.187 This concentration ranges from 

~0.1–3 µM188,189 in healthy adults with increases or decreases in excretion indicative of 

malignancy in adrenal tumors190 or hypertension,191 respectively.  

 

 



40 
 

2.10.2. Cocaine. 

Cocaine is a schedule II-controlled substance obtained from the leaves of the 

Erythroxylum coca and Erythroxylum novogranatense species.192 Although this drug has 

limited medical use, the illicit production, trafficking, and abuse of cocaine poses a serious 

threat to public health and safety.193 Cocaine is the third most abused drug (as of 2020)194 

and is highly addictive. Long-term use is associated with several health risks including 

increased risk of stroke, seizures, and heart attack, as well as inflammation of the heart 

muscle and neurological problems.193,195 On-site testing of seized cocaine powder currently 

relies on the cobalt (II) thiocyanate test,196,197 which produces a bright blue color in the 

presence of cocaine. Further confirmatory testing is then done using gas chromatography 

(GC)- or liquid chromatography-mass spectrometry (LC-MS) techniques.198 

2.10.3. Adenosine and its analogs. 

Adenosine and its analogs are important organic compounds that are cofactors for 

numerous enzymes.199,200 Adenosine is composed of an adenine base and ribose sugar, with 

ATP, ADP, and AMP possessing an additional tri-, di-, and mono-5’-phosphate tail, 

respectively.201,202 ATP, ADP, and AMP are heavily involved in cellular metabolism; ATP 

is the energy currency of the cell, and ADP and AMP are the key metabolic byproducts 

and regulators of its synthesis and consumption.201,202 Adenosine mainly behaves as a 

neurotransmitter, and regulates myocardial and coronary circulatory functions.203–205 

Adenosine is normally present at nanomolar concentrations, and spikes to 1–50 µM are 

indicative of cardiac problems such as ischemia.206–208 
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2.10.4. Ochratoxin A. 

Ochratoxin A is a mycotoxin produced by several fungi species including 

Aspergillus ochraceus and Penicillium verrucosum.209 It is a common contaminant found 

in food products worldwide, including cereals, coffee beans, dry vine fruits, and wine.210–

212 Effects of ochratoxin A poisoning include nephrotoxicity and carcinogenicity for 

humans and livestock.213 The economic impact of ochratoxin A is particularly evident in 

contaminated poultry feed, which results in reduced weight gain, poor feed conversion, 

reduced egg production, and poor eggshell quality.214,215 

2.10.5. Fentanyl and its analogs.  

Fentanyl and its analogs are potent narcotic analgesics which activate the µ-opioid 

receptors, with widespread medical use for the treatment of pain.216,217 Fentanyl belongs to 

a family of synthetic opioids based on a phenyl-4-piperidinyl-acetamide backbone, and 

possesses multiple sites that allow for the addition or substitution of various chemical 

functional groups to produce novel compounds with similar or greater analgesic 

effects.216,217 As of 2020, fentanyl and its analogs are the fourth most abused illicit substance 

and the greatest cause of drug-related overdose deaths.194 These opioids can be encounter 

as powders or pills, and law enforcement institutions have reported the presence of at least 

56 fentanyl analogs in seized substances.218–221 This number is only expected to rise, as the 

fentanyl core-structure is postulated to accommodate an estimated total of 1,400 

modifications while still retaining its analgesic effects.222–224 Presumptive testing for 

fentanyl and its analogs currently relies on several color spot tests whose aggregated results 

indicate the presence of fentanyl or its analogs.225,226 Lateral-flow immunoassays, which 

utilize antibodies as biorecognition elements, are a quick and highly specific alternative 
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that allows for the visual detection of fentanyl with the naked eye after five minutes.227–229 

However, immunoassays typically have limited or no cross-reactivity for many of the 

fentanyl analogues.227–229 

2.10.6. Δ9-Tetrahydrocannabinol (THC). 

Marijuana is a plant from the Cannabis family and is the second most widely abused illicit 

drug in the United States.193,194 Marijuana’s psychoactive effects originate from the 

compound THC.230,231 With the passage of the Hemp Farming Act of 2018,232 cannabis 

plants have been differentiated into two categories: hemp (legal) and marijuana (illegal). 

Hemp is a non-psychoactive subtype of cannabis that is valued for its fibers and seeds, 

which have been turned into a variety of commercial and industrial products.233–235 Hemp 

may possess up to 0.3% THC by dry weight and remain legal for commercial use. In 

contrast, cannabis containing > 0.3% THC is characterized as marijuana, and remains 

illegal under federal law.232 Hemp and marijuana are morphologically identical and require 

chemical analysis of the THC content for identification.236 Current THC screening utilizes 

the Duquenois-Levine test, which employs a chemical reaction with THC that produces a 

colored product.237,238 However, this test cannot provide quantitative information on the 

amount of THC present, and is thus unsuitable for distinguishing marijuana from hemp, 

which requires more costly confirmatory testing.236  

2.11. Proteins and enzymes used in this work.  

2.11.1. Exo III (E. coli.). 

 Exo III is an exonuclease from Escherichia coli. that catalyzes the accretive 

hydrolysis of phosphodiester bonds from the 3’-hydroxy termini of double-stranded DNA 

as well as RNA/DNA hybrid duplexes.161 The primary cofactor for Exo III is Mg2+; it has 
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also been reported that Mn2+ can provide greater activity as a cofactor, albeit at the cost of 

poorer specificity.239 Exo III recognizes blunt or recessed 3’-termini as well as nicks in 

duplex DNA.240,241 Although Exo III is not active on single-stranded DNA, it retains low 

activity for 3’-overhangs of 1–4 nt.242 Exo III also possesses 3’-phosphatase activity, and 

apurinic/apyrimidinic (AP)-endonuclease activities have been reported as well.240,241 Exo 

III’s biological purpose is to participate in the base excision repair pathway for E. coli, 

allowing for the repair of oxidizing or ionizing radiation-induced DNA damage.243 Its wide 

assortment of catalytic activities and robust performance at room temperature and across 

various buffer conditions has made Exo III one of the most widely-used exonucleases for 

a variety of sensors.171,244 

2.11.2. Exo I (E. coli.). 

Exo I is an exonuclease from E. coli that catalyzes the hydrolysis of phosphodiester 

bonds from the 3’-hydroxy termini of single-stranded DNA.159 This enzyme digests ~250–

300 nt per binding event, making it highly processive.245–247 When it encounters a double-

stranded region, the enzyme dissociates from the substrate, preventing further 

digestion.245,246 Exo I also interacts with the single-stranded DNA-binding protein, which 

enhances its activity by loading single-stranded DNA into the Exo I binding domain and 

unwinding DNA secondary structures.248 Exo I’s biological purpose is to digest the 3’-

overhangs generated during the DNA mismatch repair process.243 Similar to Exo III, Exo 

I maintains its activity at room temperature making it ideal for enzyme-assisted aptamer-

based assays performed at room temperature.249 
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2.11.3. Immunoglobulin E (IgE). 

IgEs are primary component of the body’s immune response to parasites and 

allergens.250,251 IgE have been demonstrated to elicit physiologic response including local 

inflammation, itching, mucus production, and bronchial constriction.250,252 For certain 

individuals, overproduction of IgE can result in IgE-mediated diseases including allergies, 

atopic dermatitis, and allergic asthma.252 

2.11.4. Thrombin. 

 Thrombin is a serine protease involved in the clotting process.253,254 Thrombin is 

produced by proteolytic cleavage of prothrombin, and subsequently converts water-soluble 

fibrinogen into strands of fibrin that, together with platelets, form clots at wound sites.253,254 

Given its role in both the contact activation pathway and tissue factor pathway of 

coagulation, several thrombin/prothrombin inhibitors such as heparin and warfarin have 

been developed to reduce or halt coagulation.255,256 
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CHAPTER 3: No Structure-Switching Required: A Generalizable Exonuclease-Mediated 

Aptamer-Based Assay for Small-Molecule Detection 

3.1. Introduction. 

Aptamers are nucleic acid-based affinity reagents, isolated via in vitro systematic 

evolution of ligands by exponential enrichment (SELEX).23,24 They have gained 

considerable attention as excellent biorecognition elements, with diverse applications in 

areas such as drug screening,114 environmental monitoring,257 molecular and cell 

imaging,95,258,259 and medical diagnostics.260,261 This is in part because aptamers can be 

isolated for essentially any target, including metal ions, small molecules, proteins, or whole 

cells.32,33 Aptamers have desirable properties such as high chemical stability and long shelf 

life and can be chemically synthesized in an inexpensive and reproducible manner.32,33 

These advantages make aptamers ideal for use in biosensors. Aptamer-based assays have 

been developed for the detection of a multitude of targets, particularly small molecules.35,262 

Most aptamer-based assays are based on structure-switching aptamers which undergo large 

conformational changes to report the presence of the target.114,127,142 Upon binding to the 

sensing aptamer, the target induces a specific folding event that produces a colorimetric,263 

fluorescent,114,127 or electrochemical readout.116 However, most SELEX methods use 

unstructured libraries and therefore yield aptamers that have unpredictable binding 

domains and no structure-switching functionality.50,142 Thus, additional engineering steps 

are typically required to introduce structure-switching functionality into such 

aptamers.114,127,142 Specifically, truncation must first be performed to identify the target-

binding domain of the aptamer and then to destabilize it so that the aptamer can undergo a 

large target-induced conformational change. To report this change, the truncated aptamer 
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must be chemically modified with a signal-reporting element such as a fluorophore,114 

electroactive tag,116 enzyme,129 or quantum dot.264 This sensing strategy is labor intensive 

and costly, and destabilization of the aptamer greatly reduces its target-binding 

affinity.103,124 Strand displacement strategies offer an alternative for small-molecule 

detection, in which the target-binding domain of an aptamer is identified and then partially 

blocked via hybridization to a complementary DNA (cDNA) strand. Detection relies on 

target-induced displacement of the cDNA and quantification of either the displaced 

cDNA265 or the target-aptamer complex.142 Since aptamers generally have higher affinity 

for the cDNA strand than the small-molecule target, strand-displacement methods are 

hindered by competition between the cDNA and the target for binding to the aptamer, 

which reduces target-binding affinity and undermines sensor performance.266,267  

To overcome the limitations described above, we developed a generalizable 

aptamer-based assay based on target-induced exonuclease inhibition to detect small-

molecule targets without the need for binding-induced conformational changes. Previous 

studies have shown that exonuclease III (Exo III), a 3′-to-5′ double-strand DNA 

exonuclease,161 is sensitive to local structural changes in double-stranded DNA induced by 

small-molecule binding and that such binding can halt digestion a few bases before the 

binding site.166,167,169 We recently found that this phenomenon also holds true for small-

molecule binding aptamers and exploited this finding to introduce structure-switching 

functionality into fully folded aptamers.170  

Here, we develop an assay that utilizes high-affinity, prefolded aptamers and two 

exonucleases, Exo III and exonuclease I (Exo I), to detect small molecules. Favorably, this 

assay does not require any sequence engineering, truncation, or labeling. As proof of 
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concept, we performed Exo III digestion of a dehydroisoandrosterone-3-sulfate (DIS)-

binding 37-nt aptamer,28 DIS-37, which has a three-way-junction-structured binding 

domain and a duplexed, blunt-ended 3′ terminus. Exo III catalyzed the 3′-to-5′ digestion of 

the double-stranded stem of DIS-37, removing three nucleotides to form a 34-nt product 

regardless of the presence or absence of DIS. Further digestion of the target-bound 34-nt 

product was halted in the presence of DIS, but in the absence of DIS, the 34-nt product was 

further digested to produce a single-stranded 30-nt product that was resistant to Exo III 

digestion. We found that Exo I, a 3′-to-5′ single-strand exonuclease,159 was able to degrade 

this 30-nt single-stranded, nontarget-bound digestion product into mononucleotides but 

was incapable of digesting the 34-nt double-stranded digestion product of the target-bound 

aptamer. We therefore used a mixture of Exo III and Exo I to develop a fluorescence assay 

to detect DIS using SYBR Gold, a DNA-binding dye,268 as a signal reporter. Our assay 

proved to be very sensitive and had low background, achieving a detection limit of 500 nM 

DIS in 50% urine within 15 min. We further demonstrated the generality of this 

fluorescence assay with a three-way-junction-structured cocaine-binding aptamer and a 

hairpin-structured ATP-binding aptamer. We observed that minimal signal was generated 

in the absence of target due to the fact that both exonucleases completely digested the 

nontarget-bound aptamers. In contrast, a large signal was produced in the presence of target 

as exonuclease digestion of target-bound aptamers was strongly inhibited. Notably, our 

assay is highly robust as it maintains excellent performance in a variety of buffer conditions 

and biological sample matrices. Finally, we demonstrated our assay’s potential for single-

pot, multiplex small-molecule detection by exploiting the fact that the digestion product of 

each aptamer−target pair has a unique sequence that can be specifically recognized by an 
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antisense DNA probe. As a demonstration, we used fluorophore− quencher-modified 

molecular beacons to quantify the digestion products produced by the exonuclease mixture 

to simultaneously detect ATP and cocaine. Due to the high target specificity of the 

aptamers and high sequence specificity of the molecular beacons, we were able to 

simultaneously quantify both targets in microliter-volume samples without any cross talk 

in 25 min. We believe our assay should be broadly generalizable and can be combined with 

different DNA signal reporting strategies for multiplexed small-molecule detection in 

applications such as medical diagnostics, drug screening, food safety, environmental 

monitoring, and biodefense. 

3.2. Experimental section. 

3.2.1. Reagents. 

Exonuclease III and exonuclease I (both from E. coli) were purchased from New 

England Biolabs. Adenosine-5′-triphosphate (ATP) disodium salt trihydrate was purchased 

from MP Biomedical. Formamide was purchased from Fisher Scientific. SYBR Gold was 

purchased from Invitrogen. Cocaine hydrochloride, dehydroisoandrosterone-3-sulfate, and 

all other chemicals were purchased from Sigma-Aldrich unless otherwise specified. All 

oligonucleotides were ordered from Integrated DNA Technologies and purified with 

HPLC. COC-MB was purchased from LGC Biosearch Technologies with HPLC 

purification. Oligonucleotides were dissolved in PCR-quality water, and the concentrations 

were measured using a spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific). All 

sequences employed in this work are listed in Table 3-1. 
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Table 3-1. Sequences ID and DNA sequences used in Chapter 3. 

 
(a, /56-FAM/represents FAM; b, /5Cy5/represents Cy5; c, /BHQ-1/represents Blackhole 

Quencher 1; d, /3IAbRQSp/represents Iowa Black RQ) 

 

3.2.2. Aptamer Digestion Experiments. 

Aptamer digestion experiments were performed using the following procedure 

unless otherwise specified. A 1 μL amount of 50 μM aptamer or mutant aptamer was added 

into 44 μL of reaction buffer containing various concentrations of the appropriate target in 

a 200 μL PCR tube. The buffer composition varied for each aptamer−target pair, with final 

concentrations for each reaction as follows: DIS (20 mM Tris, 25 mM MgCl2, 1% DMSO, 

0.1 mg/mL BSA, pH 7.4), cocaine (10 mM Tris, 100 mM NaCl, 1 mM MgCl2, 0.1 mg/mL 

BSA, pH 7.4), and ATP (10 mM Tris, 10 mM MgCl2, 0.1 mg/mL BSA, pH 7.4). Reaction 

mixtures were placed in a thermal cycler (C1000 Touch, Bio-Rad) and incubated at 23 °C 

for 60 min, after which 5 μL of the enzyme(s) was added to each reaction mixture. For 

DIS, the enzyme concentrations used were 0.13 U/μL Exo III, 1.5 U/μL Exo I, or a mixture 

of 0.13 U/μL Exo III + 1.5 U/μL Exo I. For cocaine, the enzyme concentrations used were 

0.4 U/μL Exo III, 0.9 U/μL Exo I, or a mixture of 0.4 U/μL Exo III + 0.9 U/μL Exo I. For 

Sequence ID Sequence (5’–3’) 

DIS-37 TCGGGACGTGGATTTTCCGCATACGAAGTTGTCCCGA 

DIS-34 TCGGGACGTGGATTTTCCGCATACGAAGTTGTCC 

DIS-33 TCGGGACGTGGATTTTCCGCATACGAAGTTGTC 

DIS-30 TCGGGACGTGGATTTTCCGCATACGAAGTT 

DIS-37-M TCGGGACGTGGATTTTCCGCCTACGAAGTCGTCCCGA 

ATP-33 CGCACCTGGGGGAGTATTGCGGAGGAAGGTGCG 

ATP-30 CGCACCTGGGGGAGTATTGCGGAGGAAGGT 

ATP-25 CGCACCTGGGGGAGTATTGCGGAGG 

ATP-33-M CGCACCTGGGGAAGTATTGCGGTGGAAGGTGCG 

COC-38 GGGTGACAAGGAAAATCCTTCAATGAAGTGGGTCACCC 

COC-35 GGGTGACAAGGAAAATCCTTCAATGAAGTGGGTCA 

COC-33 GGGTGACAAGGAAAATCCTTCAATGAAGTGGGT 

COC-38-M GGGTGACAAGGAAAATCCTTCGATGAAGTGGGTCACCC 

COC-MB /56-FAM/GCGAGCACCCACTTCATTGAAGGATTTTCCTTGTCACCCGCTCGC/BHQ-1/ 

ATP-MB /5Cy5/GCGAGCCTTCCTCCGCAATACTCCCCCAGGTGCGGCTCGC/3IAbRQSp/ 
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ATP, the enzyme concentrations used were 0.5 U/μL Exo III, 1.4 U/μL Exo I, or a mixture 

of 0.5 U/μL Exo III + 1.4 U/μL Exo I. For all experiments, 5 μL of sample was collected 

at various time points and mixed with 10 μL of formamide loading buffer (75% formamide, 

10% glycerol, 0.125% SDS, 10 mM EDTA, and 0.15% (w/v) xylene cyanol) to quench the 

reaction. Digestion products were analyzed by denaturing polyacrylamide gel 

electrophoresis (PAGE). Specifically, 3 μL of each collected sample was loaded into the 

wells of a 15% denaturing PAGE gel. Separation was carried out at 20 V/cm for 3 h in 0.5× 

TBE running buffer. The gel was stained with 1× SYBR Gold for 25 min and imaged using 

a ChemiDoc MP Image system (BioRad). 

3.2.3. SYBR Gold Fluorescence Experiments. 

The dual-exonuclease mediated assay was performed using various concentrations 

of DIS (0, 0.5, 1, 2.5, 5, 10, 15, 25, 33, 50, 75, 100, and 250 μM), cocaine (0, 0.1, 0.25, 

0.5, 1, 2.5, 5, 10, 20, 35, 50, 75, 125, 200, 500, and 1000 μM), and ATP (0, 0.25, 0.5, 1, 

2.5, 5, 10, 15, 25, 50, 100, and 250 μM). After digestion, 50 μL of digestion products was 

mixed with 50 μL of 2× SYBR Gold diluted in 10 mM Tris buffer (pH 7.4) containing 100 

mM EDTA and 25% formamide (v/v). On the basis of the estimated extinction coefficient 

of SYBR Gold as reported in the literature (ε494 = 50,000 M−1cm−1 ),269,270 the concentration 

of 1× SYBR Gold is equivalent to 1.21 μM. An 80 μL amount of the mixture was loaded 

into the wells of a 96-well plate. Fluorescence emission spectra were recorded from 510 to 

850 nm using a Tecan microplate reader (Infinite M1000 PRO, Switzerland) with a 495 

nm excitation wavelength. The fluorescence intensity recorded at 545 nm was used to 

calculate signal gain using the equation (F − F0)/F0, where F and F0 represent fluorescence 

intensity in the presence and absence of target, respectively. Calibration curves were 
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constructed by plotting signal gains against target concentrations. Each experiment was 

performed in triplicate, and error bars represent the standard deviation of three 

measurements. 

3.2.4. Multiplex Target Detection Using Fluorophore-Quencher-Modified Molecular 

Beacons. 

A 1 μL amount of 25 μM COC-38 and 1 μL of 25 μM ATP-33 were added into 43 

μL of reaction buffer (10 mM Tris, 100 mM NaCl, 1 mM MgCl2, and 0.1 mg/mL BSA, pH 

7.4) containing various concentrations of either cocaine, ATP, or both in a 200 μL PCR 

tube. Reaction mixtures were placed in a thermal cycler and incubated at 23 °C for 60 min, 

after which 5 μL of Exo III (0.5 U/μL) only, Exo I (1.5 U/μL) only, or exonuclease mixture 

(0.5 U/μL Exo III + 1.5 U/μL Exo I) was added into each sample. After a 20 min reaction, 

40 μL of stop solution (10 mM Tris, 12.5 mM EDTA, and 500 mM NaCl, pH 7.4) was 

added to quench the enzymatic reaction. Then 10 μL of molecular beacon mixture (final 

concentration 200 nM COC-MB + 200 nM ATP-MB) prepared in hybridization buffer (10 

mM Tris buffer, 500 mM NaCl, and 1 mM MgCl2, pH 7.4) was introduced to quantify the 

digested aptamer(s). An 80 μL amount of the mixture was immediately loaded into the 

wells of a 96-well plate. Fluorescence emission spectra were recorded with a 495 nm 

excitation wavelength for FAM and with a 645 nm excitation wavelength for Cy5 using a 

Tecan microplate reader (excitations were performed separately). Calibration curves were 

generated using varying concentrations of either ATP (0, 2.5, 5, 10, 25, 50, 75, 100, 250, 

350 μM) or cocaine (0, 15, 20, 25, 50, 75, 100, 250, 500, 1000 μM). 
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3.2.5. Isothermal Titration Calorimetry (ITC) Experiments. 

All ITC experiments were performed in reaction buffer with a MicroCal ITC200 

instrument (Malvern). The sample cell contained 20 μM aptamer, with 500 μM DIS, 500 

μM cocaine, or 800 μM ATP loaded in the syringe. Each experiment consisted of 19 

successive 2 μL injections after a 0.4 μL purge injection with a spacing of 180 s to a final 

ligand to aptamer molar ratio of 5.5:1 for the cocaine-binding aptamers and DIS-binding 

aptamers and 8.8:1 for the ATP-binding aptamers. All experiments were performed at 

23 °C. The raw data were first corrected based on the dilution heat of each target and then 

analyzed with the MicroCal analysis kit integrated into Origin 7 software with a single-site 

binding model for DIS and cocaine or a two-site sequential binding model for ATP. 

3.3. Results and Discussion. 

3.3.1. Structure Selectivity of Exo III for Target-Aptamer Complexes. 

Prior work has shown that the 3′-to-5′ exonuclease activity of Exo III on double-

stranded DNA can be stalled by covalent166,167 and noncovalent169 DNA-binding small 

molecules. For example, benzo-α-pyrene and benzo-c-phenanthrene react with the primary 

amine group of deoxyadenosine and deoxyguanosine bases, forming covalent DNA 

adducts within the helical minor groove166,167 that halt Exo III digestion 3−4 bases prior to 

the binding site. Similar behavior was observed with noncovalent DNA-binding small 

molecules, such as 4′,6-diamidino-2-phenylindole, Hoechst 33258, and distamycin A, 

which inhibit Exo III digestion 3−6 bases prior to the binding site.169 We therefore 

predicted that Exo III activity could be similarly affected by aptamer−target interactions.  

As proof of concept, we performed Exo III digestion using a previously reported 

DIS-binding aptamer (DIS-37).28 DIS-37 exists in a fully folded state even in the absence 
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of DIS, due to the seven Watson−Crick base pairs (bp) in stem 1 (Figure 3-1A). DIS binds 

within the aptamer’s prefolded three-way-junction-structured target-binding domain 

without inducing a large conformational change in the aptamer. We performed a time 

course of DIS-37 Exo III digestion in the presence and absence of DIS and characterized 

the digestion products using denaturing PAGE, with concentrations calculated relative to 

a customized DNA ladder loaded in the gel. Regardless of the presence or absence of DIS, 

Exo III rapidly removed the first three nucleotides from the 3′ end of DIS-37. In the absence 

of DIS, Exo III continued digestion, forming three intermediate products (33-, 32-, and 31-

nt) and eventually resulting in a 30-nt major product (Figure 3-1B). In the presence of DIS, 

further Exo III digestion was greatly inhibited, resulting in accumulation of 33- and 34-nt 

major products (Fig. 3-1B & C). These results demonstrate that Exo III digestion of DIS-

37 is strongly inhibited upon the addition of target.  

 
Figure 3-1. Time course of Exo III digestion of a DIS-binding aptamer (DIS-37) in the 

absence or presence of DIS. (A) Oligonucleotide structure of DIS-37. (B) PAGE analysis 

of DIS-37 digestion products over 60 min with or without 250 μM DIS. (C) Schematic of 

Exo III-mediated digestion of nontarget-bound (left) and target-bound (right) DIS-37. 
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Figure 3-2. Characterization of target-binding affinity of DIS-binding aptamers using ITC. 

Top panels present raw data showing the heat generated from each titration of DIS for (A) 

DIS-34, (B) DIS-37, (C) DIS-33, and (D) DIS-30. Bottom panels show the integrated heat 

of each titration after correcting for dilution heat of the titrant. 

 

We then synthesized the 30-, 33-, and 34-nt major products (DIS-30, DIS-33, DIS-

34) and used isothermal titration calorimetry (ITC)77 to investigate their binding affinity 
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for DIS (Figure 3-2). We obtained an equilibrium dissociation constant (KD) of 4.0 ± 0.2 

μM for DIS-34 (Figure 3-2A), which is very similar to the KD of DIS-37 (3.4 ± 0.2 μM, 

Figure 3-2B). A 4-fold decrease in binding affinity was observed for DIS-33 (KD = 16.0 ± 

1.0 μM, Figure 3-2C) due to its reduced thermostability. These results suggest that the 

major products generated in the presence of DIS remain bound to the target. In contrast, 

DIS-30 resists Exo III digestion but retains no binding affinity for DIS (Figure 3-2D), 

indicating this product presumably exists in a single-stranded state.159  
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Figure 3-3. Aptamer mutant DIS-37-M and its binding affinity to DIS. (A) Oligonucleotide 

structure of DIS-37-M. Mutated nucleotides are marked in red. (B) Characterization of DIS 

binding affinity of DIS-37-M using ITC. Top panel presents raw data showing the heat 

generated from each titration of DIS for DIS-37-M. Bottom panel shows integrated heat of 

each titration after correcting for dilution heat of the titrant. 

3.3.2. Inhibition of Exo III Requires Formation of the Target-Aptamer Complex. 

To confirm that Exo III digestion of DIS-37 is modulated specifically by target 

binding, we designed a mutant aptamer with no binding affinity for DIS (Figure 3-3A). 
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This mutant (DIS-37-M) was designed by changing two nucleotides within the target-

binding domain; specifically, the adenine at position 21 and the thymine at position 30 

were both changed to cytosine (Figure 3-3A). We expected that DIS-37-M would retain a 

three-way junction structure but with impaired target-binding affinity. In order to verify 

that the aptamer is fully folded, we made use of Exo I, which is able to digest single-

stranded but not double-stranded DNA.159 We incubated both DIS-37 and DIS-37-M with 

Exo I and found that it was unable to digest either aptamer regardless of the presence or 

absence of DIS (Figure 3-4). This indicated that stem 1 was fully folded in both aptamers. 

We then used ITC to confirm that DIS-37-M possesses greatly reduced binding affinity for 

DIS (KD > 1000 μM, Figure 3-3B). To evaluate whether the target itself inhibits Exo III 

activity, we performed Exo III digestion with DIS-37-M. We found that Exo III digestion 

of the mutant yielded the same major products (32-, 31-, and 30-nt) regardless of the 

presence or absence of DIS (Figure 3-4A). Given that DIS-37-M cannot form the 

aptamer−target complex, these results clearly indicate that DIS itself does not impair the 

function of Exo III. We performed the same experiment with DIS-37 and found that DIS 

binding inhibited Exo III digestion, whereas the aptamer alone was readily digested by the 

enzyme (Figure 3-4B). These results demonstrated that the formation of the 

target−aptamer complex is directly responsible for inhibiting Exo III digestion. 
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Figure 3-4. PAGE analysis of exonuclease-treated DIS-37 and DIS-37-M after a 15-

minute reaction in the absence or presence of DIS. Oligonucleotide structure of (A) DIS-

37 and (B) DIS-37-M and PAGE analysis of their digestion products generated by Exo I 

or Exo III. Mutated nucleotides marked in red.  

 

 
Figure 3-5. PAGE analysis of DIS-30 and DIS-34 after 15 minutes of exonuclease 

digestion in the absence and presence of 250 μM DIS. Oligonucleotide structure and PAGE 

analysis of exonuclease digestion products of (A) DIS-30 and (B) DIS-34. 

 

3.3.3. Mechanism of Exo III Inhibition and Development of the Dual-Exonuclease-

Mediated Assay. 

We experimentally observed that Exo III digestion of DIS-37 occurred via a two-

phase process. First, Exo III rapidly catalyzed the digestion of the double-stranded 3′ end 

of DIS-37, removing three nucleotides to form a 34-nt product regardless of the presence 

or absence of DIS. In the absence of target, Exo III continued to digest the 34-nt product 

into 33-, 32-, and 31-nt products at a progressively slower rate, eventually resulting in a 

30-nt major product. In the presence of target, the 34-nt product greatly inhibited Exo III 

digestion. To understand the mechanism of inhibition, we digested DIS-30 and DIS-34 
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with either Exo III or Exo I. Regardless of the presence or absence of target, DIS-30 was 

not digested by Exo III but was completely digested by Exo I (Figure 3-5A). This confirms 

that the 30-nt product primarily exists in a single-stranded state, even in the presence of 

250 μM DIS. Both Exo III and Exo I could digest DIS-34 in the absence of target (Figure 

3-5B), indicating that nontarget-bound DIS-34 is in equilibrium between single- and 

double-stranded states. In contrast, Exo III digestion of DIS-34 was greatly inhibited in the 

presence of DIS due to formation of the target−aptamer complex. Similarly, target-bound 

DIS-34 was not digested by Exo I, indicating that the aptamer was predominantly in a 

double-stranded state when bound to DIS (Figure 3-5B).  

 
Figure 3-6. Exonuclease digestion of (A) DIS-37 and (B) its mutant (DIS-37-M) at 

increasing concentrations of DIS after 15 min. Aptamers were digested with a mixture of 

Exo III and Exo I, and PAGE analysis was used to characterize the digestion products. (C) 

Calibration curves of the calculated concentration of all digestion products of DIS-37 and 

DIS-37-M (based on DNA ladder intensity) versus DIS concentration. 

 

On the basis of these results, we developed a dual-exonuclease-mediated assay that 

utilizes synergistic digestion by Exo III and Exo I to quantify DIS concentrations. We 

predicted that nontarget-bound DIS-37 would first be digested by Exo III to form several 

products that are in equilibrium between single- and double-stranded states, which can be 

completely digested by Exo I. In contrast, in the presence of DIS, Exo III will remove only 
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three nucleotides from DIS-37, with the resulting target-bound 34-nt product remaining 

resistant to digestion by both exonucleases. PAGE analysis of this digestion experiment 

confirmed that DIS-37 was completely digested in the absence of target. In the presence of 

target, we observed a 34-nt major product, and the concentration of this product increased 

with increasing concentrations of DIS until reaching saturation at 250 μM (Figure 3-6A & 

C). In order to determine whether higher concentrations of DIS might inhibit either 

exonucleases’ activity, we digested the mutant aptamer, DIS-37-M, with the exonuclease 

mixture. The mutant was completely digested at DIS concentrations of up to 500 μM 

(Figure 3-6B & C), confirming that DIS itself inhibits neither Exo III nor Exo I. 
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Figure 3-7. DIS detection using our label-free, aptamer-based dual-exonuclease-mediated 

fluorescence assay. (A) Scheme of the DIS-detecting assay using SYBR Gold as a signal 

reporter. (B) Fluorescence spectra of SYBR Gold for exonuclease-mixture-treated (red and 

black lines) and untreated (blue line) DIS-37 in the presence or absence of 250 μM DIS. 

(C) Fluorescence spectra of the samples generated at various DIS concentrations. (D) 

Calibration curve derived from the fluorescence spectra. (E) Linear range of the assay in 

buffer as well as 50% urine. 
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3.3.4. Label-Free Detection of DIS Using a Dual-Exonuclease-Mediated Fluorescence 

Assay. 

We subsequently adapted our dual-exonuclease-inhibition approach into a label-

free fluorescence-based assay for the sensitive detection of DIS. Digestion of DIS-37 

yielded intact oligonucleotide products in the presence of DIS, whereas the aptamer was 

completely degraded into mononucleotides in the absence of DIS (Figure 3-7A). 

Therefore, we selected SYBR Gold as a signal reporter since it fluorescently stains only 

oligonucleotides but not mononucleotides.268 Following a 15 min digestion of DIS-37 by 

the exonuclease mixture, we added a solution containing EDTA and formamide to 

deactivate the exonucleases and denature all major products into single-stranded structures. 

After adding 1× SYBR Gold, we observed a 40-fold signal gain for a sample containing 

250 μM DIS relative to the target-free sample, with only minimal background in the 

absence of DIS (Figure 3-7B). As a control, we monitored target-binding induced 

fluorescence changes of DIS-37 without exonuclease treatment and observed virtually no 

difference in fluorescence intensity upon the addition of 250 μM DIS (Figure 3-7B). We 

further measured the sensitivity of our assay by generating a fluorescence calibration curve 

using different concentrations of DIS (Figure 3-7C). The fluorescence signal gain 

increased as the DIS concentration increased (Figure 3-7D) with a linear range from 0 to 

10 μM and a measurable detection limit271 of 500 nM (Figure 3-7E). Importantly, our dual-

exonuclease-mediated assay demonstrated robust performance in biological matrices, and 

we obtained a similar linear range and detection limit for DIS in 50% urine samples (Figure 

3-7E).  
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Figure 3-8. Quantification of the digestion product of DIS-37 generated by the exonuclease 

mixture with 0 – 250 µM DIS via staining with SYBR Gold. (A) PAGE analysis of retained 

inhibition product with varying concentrations of DIS, with major products denoted by the 

box. (B) Calculated inhibition product based on a DIS-34 standard loaded in the gel. Inset 

shows 34-nt digestion product generated at low concentrations of DIS. 

 

 

 

Figure 3-9. Quantification of the digestion product of DIS-37 generated by the exonuclease 

mixture with 0 – 10 µM DIS via staining with SYBR Gold. (A) Fluorescence spectra of 

SYBR Gold in the presence of varying concentrations of DIS. (B) Fluorescence of SYBR 

Gold in the presence of varying concentrations of synthesized DIS-34. (C) Quantification 

of the 34-nt inhibition product generated in the presence of low concentrations of DIS. 

 

The quantity of 34-nt digestion product generated at different DIS concentrations 

was then characterized using denaturing PAGE, with concentrations calculated relative to 

a DIS-34 standard loaded in the gel (Figure 3-8). We found that 173, 287, 359, 507, 667, 

718, and 863 nM 34-nt product were generated in the presence of 15, 25, 33, 50, 75, 100, 

and 250 μM DIS, respectively. It was difficult to accurately determine the concentration of 
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34-nt product formed at low concentrations of DIS (0.5−10 μM). Therefore, we used 1× 

SYBR Gold to create a calibration curve using DIS34 (Figure 3-9). On the basis of this 

curve, we obtained concentrations of 8.6, 11, 25, 60, and 111 nM of the 34-nt product in 

the presence of 0.5, 1, 2.5, 5, and 10 μM DIS, respectively. 

 
Figure 3-10. PAGE analysis of exonuclease digestion products of COC-38 and COC-38-

M with and without 250 μM cocaine after 25 min of reaction and performance of the 

cocaine-detecting dual-exonuclease-mediated fluorescence assay. Oligonucleotide 

structure of (A) COC-38 and (B) COC38-M and PAGE analysis of their digestion products 

generated by Exo III, Exo I, or a mixture of both. Mutated nucleotides are marked in red. 

(C) Fluorescence spectra of the samples generated at various cocaine concentrations. (D) 

Calibration curve derived from the fluorescence spectra. (E) Linear range of the assay in 

buffer as well as 10% saliva. 

 

Figure 3-11. Schematic of dual-exonuclease-mediated COC-38 digestion in the absence 

(left) and presence (right) of cocaine.   
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Figure 3-12. Characterization of target-binding affinity of cocaine-binding aptamers and a 

mutant using ITC. Top panels present raw data showing the heat generated from each 

titration of cocaine for (A) COC-35, (B) COC-38, (C) COC-33 and (D) COC-38-M. 

Bottom panels show the integrated heat of each titration after correcting for dilution heat 

of the titrant. 
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3.3.5. Application of the Dual-Exonuclease-Mediated Assay to a Three-Way Junction 

Cocaine Aptamer. 

We next demonstrated the generality of our assay with a cocaine-binding aptamer 

(COC-38), which is prefolded and contains a three-way-junction-structured binding 

domain like DIS-37. COC-38 contains a 7-base-pair blunt-ended stem and is a preferred 

substrate for Exo III. We incubated COC-38 with Exo I, Exo III, or the exonuclease mixture 

in the absence and presence of cocaine and characterized the digestion products using 

PAGE (Figure 3-10A). Exo I alone did not digest this prefolded aptamer regardless of the 

presence or absence of cocaine (Figure 3-10A, Exo I). However, Exo III showed a target 

dependent digestion profile (Figure 3-10A, Exo III). Specifically, we observed a 33-nt 

major product in the absence of target, which we believe is single stranded due to the 

destabilization of the stems. In the presence of cocaine, only three nucleotides were 

removed from COC-38 to form a 35-nt product, and further Exo III digestion was strongly 

inhibited (Figure 3-11). As with DIS-34, this 35-nt product is presumably capable of 

retaining the target and thus remains folded. ITC experiments confirmed that this 35-nt 

product binds to cocaine (COC-35, KD = 16.9 ± 0.7 μM) (Figure 3-12A) with a similar 

affinity to COC-38 (KD = 11.2 ± 0.6 μM) (Figure 3-12B), whereas the 33-nt product (COC-

33) has no affinity for cocaine (Figure 3-12C). Similar to DIS-37, nontarget-bound COC-

38 was completely digested by the exonuclease mixture, but both enzymes were strongly 

inhibited by the target-bound 35-nt product (Figure 3-10A, Exo M). To confirm that 

enzymatic inhibition was specifically associated with formation of the target-aptamer 

complex, we performed exonuclease digestion with a COC-38 mutant (COC-38-M) 

containing a single adenine-to-guanine mutation at position 22 (Figure 3-10B) that 

eliminates its binding affinity for cocaine (Figure 3-12D).136 COC-38-M was resistant to 
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Exo I digestion, indicating that it retains the same prefolded structure as COC-38. (Figure 

3-10B, Exo I). The Exo III digestion profiles of COC-38-M were identical regardless of 

the presence or absence of cocaine (Figure 3-10B, Exo III), and the mutant was completely 

digested by the exonuclease mixture with and without cocaine (Figure 3-10B, Exo M). 

Taken together, these results show that target binding is crucial for exonuclease inhibition. 

We also found that the concentration of the major 35-nt product of COC-38 increased with 

increasing concentrations of cocaine when the exonuclease mixture was used, while up to 

800 μM cocaine did not inhibit exonuclease digestion of COC-38-M (Figure 3-13). When 

we replicated our dual-exonuclease-mediated fluorescence assay for the detection of 

cocaine (Figure 3-10C & D), we obtained a linear range from 0 to 10 μM with a 

measurable detection limit of 100 nM in both buffer and 10% saliva (Figure 3-10E). 

 
Figure 3-13. Target concentration-dependent inhibition of dual-exonuclease-mediated 

digestion of a cocaine-binding aptamer (COC-38) and its mutant (COC-38-M) after a 25-

min reaction. PAGE analysis of digestion products at increasing concentrations of cocaine 

for (A) COC-38 and (B) COC-38-M. (C) Calibration curve of the calculated concentration 

of digestion product versus cocaine concentration for COC-38 (black) and COC-38-M 

(red). The intensity of the DNA ladder was used to calculate product concentrations. 
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Figure 3-14. PAGE analysis of exonuclease digestion products of ATP-33 and ATP-33-M 

with and without 250 μM ATP after 20 min of digestion and performance of the dual-

exonuclease-mediated fluorescence assay for ATP detection. Oligonucleotide structure of 

(A) ATP-33 and (B) ATP-33-M and PAGE analysis of their digestion products generated 

by Exo III, Exo I, or a mixture of both. Mutated nucleotides are marked in red. (C) 

Fluorescence spectra of the samples generated at various ATP concentrations. (D) 

Calibration curve derived from the fluorescence spectra. (E) Linear range of the assay in 

buffer. 

 

3.3.6. Application of Our Assay to a Hairpin-Structured ATP Aptamer. 

We further demonstrated the generality of the dual-exonuclease-mediated assay 

using an ATP-binding aptamer (ATP-33) of which the exact structure of its target-binding 

domain has not been conclusively determined. ATP-33 is prefolded and forms a hairpin 

structure with a 7-bp blunt ended stem that is resistant to Exo I digestion (Figure 3-14A, 

Exo I). Despite its structural difference relative to both DIS-37 and COC-38, ATP-33 also 

exhibited a target binding-dependent Exo III digestion profile. Exo III digestion produced 
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a single-stranded 25-nt major product in the absence of ATP and a 30- nt product in the 

presence of ATP (Figure 3-15) (Figure 3-14A, Exo III).  

 

Figure 3-15. Schematic of dual-exonuclease-mediated ATP-33 digestion in the absence 

(left) and presence (right) of ATP. 
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Figure 3-16. Characterization of target binding affinity of ATP-binding aptamers and a 

mutant using ITC. Top panels present raw data showing the heat generated from each 
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titration of ATP for (A) ATP-30, (B) ATP-25, (C) ATP-33 and (D) ATP-33-M. Bottom 

panels show the integrated heat of each titration after correcting for dilution heat of the 

titrant. 

 

We measured the ATP-binding affinity of the 25-nt (ATP-25) and 30-nt (ATP-30) 

major products as well as the parent aptamer using ITC. Given that the ATP-binding 

aptamer binds to two ATP molecules, we assessed the binding affinity of ATP-33 and ATP-

30 in terms of the target concentration required to reach half-saturation (K1/2).
272 We found 

that the binding affinity of ATP-30 (K1/2 = 2.8 ± 0.1 μM, Figure 3-16A) was much higher 

than that of ATP-25 (KD = 595 ± 86 μM, Figure 3-16B) (KD is used for ATP-25 as it only 

binds a single target).109 As with the other two aptamers, the major product of Exo III 

digestion from target-bound ATP-33 essentially retained the affinity of the undigested 

aptamer (K1/2 = 2.8 ± 0.1 μM, Figure 3-16C). We also observed a target-dependent 

digestion profile with the exonuclease mixture (Figure 3-14A, Exo M). 

 

Figure 3-17. Target concentration-dependent inhibition of dual-exonuclease-mediated 

digestion of an ATP-binding aptamer (ATP-33) and its mutant (ATP-33-M) after a 20 min 

reaction. PAGE analysis of digestion products at increasing concentrations of ATP for (A) 

ATP-33 and (B) ATP-33-M. (C) Calibration curve of the calculated concentration of all 

digestion products versus ATP concentration for ATP-33 (black) and ATP-33-M (red). The 

intensity of the DNA ladder was used to calculate product concentrations.  

 

To confirm that enzymatic inhibition is specifically due to ATP binding, we 

engineered an ATP-33 mutant (ATP-33-M) by changing guanine to adenine at position 12 
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and adenine to thymine at position 23 (Figure 3-14B). ATP-33-M possesses no binding 

affinity to ATP (Figure 3-16D) but maintains the same secondary structure as ATP-33, as 

confirmed by inhibition of Exo I digestion (Figure 3-14B, Exo I). As expected, the Exo III 

and exonuclease mixture digestion profiles of ATP-33-M were identical regardless of the 

presence or absence of ATP (Figure 3-14B, Exo III and Exo M). We performed digestion 

of ATP-33 and ATP-33-M with the exonuclease mixture at various concentrations of ATP 

and observed that the concentration of the major 30-nt product of ATP-33 increased with 

increasing concentrations of target (Figure 3-17A & C). Moreover, we found that ATP 

itself did not inhibit exonuclease activity, even in the presence of 250 μM ATP (Figure 3-

17B & C). Finally, we carried out our dual-exonuclease-mediated fluorescence assay using 

ATP-33 and achieved a linear range from 0 to 10 μM, with a detection limit of 250 nM 

(Figure 3-14C–E). These results clearly demonstrated that our exonuclease assay is 

broadly applicable to diverse aptamers with different secondary structures. 

 

Figure 3-18. Design of molecular beacons for the ATP- and cocaine-binding aptamer 

digestion products produced by the exonuclease mixture. 
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Figure 3-19. Scheme of dual-exonuclease-mediated, molecular beacon-based multiplexed 

detection of (A) cocaine alone, (B) ATP alone, (C) both cocaine and ATP, and (D) neither 

target. Fluorescence spectra of FAM (green) and Cy5 (red) generated in the presence or 

absence of 100 μM cocaine and/or ATP. 

 

3.3.7. Multiplex Detection of Cocaine and ATP Using Fluorophore-Quencher-

Modified Molecular Beacons. 

Multiplex detection is a valuable tool for medical diagnostics, drug screening, and 

food safety as it enables detection of a multitude of analytes with only a single low-volume 

sample.273–275 Our dual-exonuclease-mediated assay can be easily expanded for 

simultaneous detection of multiple small-molecule analytes. The nucleotide sequences of 

each aptamer digestion product are known and unique for each aptamer–target pair. These 

aptamer digestion products can therefore serve as proxies for each individual target and 

can be quantified using molecular beacons that are designed to specifically hybridize with 



71 
 

an individual digested aptamer strand. The resulting signal can be used to accurately 

determine the concentration of the target. As a demonstration, we employed our dual-

exonuclease-mediated assay with two fluorophore− quencher-modified molecular beacons 

to simultaneously detect ATP and cocaine. The design of our molecular beacons is very 

simple, as they share the same 6-bp stem but with different complementary loop regions. 

The molecular beacon for ATP (ATP-MB) contains a 28-nt loop that is complementary to 

the 30-nt product and is modified with a 5′-Cy5 and 3′-Iowa Black RQ quencher, while the 

molecular beacon for cocaine (COC-MB) contains a 33-nt loop that is complementary to 

the 35-nt product and is modified with a 5′-FAM and 3′-Black Hole Quencher 1 (Figure 

3-18). To perform the multiplex assay, we digested an aptamer mixture of COC-38 and 

ATP-33 with both Exo III and Exo I in the presence or absence of cocaine and/or ATP, 

after which we added a mixture of molecular beacons to achieve target detection (Figure 

3-19). In the presence of cocaine or ATP, the exonucleases generate specific aptamer 

digestion products (35-nt from COC-38 or 30-nt product from ATP-33, respectively) that 

hybridize with their corresponding molecular beacon, separating the fluorophore from the 

quencher and generating a single target-related fluorescence signal (Figure 3-19A & B). 

When both targets are present, two specific exonuclease digestion products are generated 

and both COC-MB and ATP-MB hybridize with their respective digestion product, 

resulting in two fluorescence signals (Figure 3-19C). In contrast, both exonucleases 

completely digest all aptamers in the absence of target, and no fluorescence signal is 

generated as the beacons remain in a closed and therefore quenched state (Figure 3-19D). 
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Figure 3-20. Fluorescence spectra of COC-MB (green, emission peak at 520 nm) and ATP-

MB (red, emission peak at 668 nm) for exonuclease mixture-treated samples with no, 

either, or both cocaine and ATP at concentrations of 0, 25, or 100 μM. 

 

We confirmed that our dual-exonuclease-mediated assay performs effectively for 

multiplex detection of ATP and cocaine (Figure 3-20). After 20 min of digesting COC-38 

and ATP-33 in the presence of various concentrations of cocaine and ATP (0, 25, or 100 

μM), we added EDTA to stop digestion and then added a mixture of beacons (Final 

concentration: 200 nM COC-MB + 200 nM ATP-MB) to determine target concentrations 

through quantification of the aptamer digestion products. In the absence of target, minimal 

fluorescence signal was observed (Figure 3-20A). In the presence of 25 or 100 μM cocaine 

alone, we observed a concentration dependent fluorescence signal at 520 nm (COC-MB; 
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FAM) but minimal signal at 668 nm (ATP-MB; Cy5) (Figure 3-20B & C). Likewise, when 

ATP alone was present, we observed a concentration-dependent fluorescence signal at 668 

nm, with minimal signal detectable at 520 nm (Figure 3-20D & E). In the presence of a 

mixture of both targets at various concentrations, we observed distinct concentration-

dependent fluorescence signals at both 520 and 668 nm that corresponded to the presence 

of cocaine and ATP, respectively (Figure 3-20F–I). Notably, the presence of one target 

did not affect the fluorescence intensity of the other, as the signals generated in the presence 

of cocaine and ATP were identical regardless of whether the targets were present in a 

mixture or alone. There was no cross-talk between the molecular beacons since each 

fluorophore was individually excited at their respective excitation wavelength. At 495 nm, 

only FAM emits at 520 nm, and we collected the spectra up to 650 nm. Cy5 may become 

weakly excited at 495 nm, but the emitted light (with a peak at 668 nm) does not overlap 

with the spectrum of FAM. Conversely, with excitation at 645 nm, only Cy5 emits at 668 

nm, as FAM cannot be excited at this wavelength. These results demonstrated the 

capability of our dual-exonuclease mediated assay to rapidly achieve simultaneous 

detection of multiple small-molecule targets in a single sample. We then generated 

calibration curves for our multiplex assay and obtained a linear range from 0 to 100 μM 

with a measurable detection limit of 15 μM for cocaine (Figure 3-21A) and a linear range 

from 0 to 75 μM with a measurable detection limit of 5 μM for ATP (Figure 3-21B). 
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Figure 3-21. Calibration curves of the dual-exonuclease-mediated molecular-beacon-

based multiplex assay for the detection of (A) cocaine and (B) ATP. Inset presents linear 

range at low concentrations of target. [cocaine] = 0, 15, 20, 25, 50, 75, 100, 250, 500, 1000 

µM. [ATP] = 0, 2.5, 5, 10, 25, 50, 75, 100, 250, 350 µM. Each experiment was performed 

in triplicate and error bars represent the standard deviation of three measurements. 

 

 

 

Figure 3-22. Comparison of the performance of the molecular-beacon-based multiplex 

assay with individual exonucleases versus both. Fluorescence spectra of COC-MB (FAM 

excitation wavelength = 495 nm) in the presence or absence of 100 µM cocaine, ATP, or 

both using both COC-38 and ATP -33 with (A) Exo III alone, (B) Exo I alone, or (C) both 

exonucleases. 

 

To determine the effectiveness of using the exonuclease mixture relative to each 

enzyme alone, we performed a series of control experiments with cocaine as the target. 

Specifically, we performed Exo III, Exo I, and dual-exonuclease digestion of a mixture of 
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COC-38 and ATP-33 with no, either, or both cocaine and ATP at a concentration 100 μM 

each and then added COC-MB (Figure 3-22). Using Exo III alone, we observed a large 

background signal in the absence of cocaine and a very small signal gain in the presence 

of cocaine (Figure 3-22A). This large background arises from the leftover single-stranded 

digestion products of nontarget-bound aptamers hybridizing with COC-MB to produce a 

nonspecific signal. Performing the assay with Exo I alone yielded a low fluorescence signal 

regardless of the presence or absence of target. This was expected since Exo I cannot digest 

the duplexed stems of fully folded aptamers, and the molecular beacon can only hybridize 

with a small fraction of such undigested aptamers in the absence of target. The addition of 

cocaine stabilizes the folded aptamers, which makes it more difficult to open the molecular 

beacon, yielding slightly reduced fluorescence (Figure 3-22B). When a mixture of Exo III 

and Exo I was employed, we observed an extremely low background in the absence of the 

cocaine due to complete digestion of the aptamers, while a clear and large target-related 

signal gain was obtained in the presence of target (Figure 3-22C). These results clearly 

demonstrate the necessity of using the exonuclease mixture. 

3.4. Conclusion. 

The binding of small molecules to DNA has been shown to inhibit exonuclease 

activity.166,167,169,170 In this work, we found that the binding of small-molecule targets to 

their respective aptamers can also inhibit exonuclease digestion, and to the best of our 

knowledge, this is the first work to take advantage of this fact to develop a small-molecule 

detection assay based on the quantification of aptamer digestion products. We first 

developed a simple dual-exonuclease-mediated assay that can be generally implemented 

with unmodified, prefolded aptamers for small-molecule detection. In the absence of target, 
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Exo III digests the aptamer to produce a single-stranded product, which is then completely 

digested by Exo I. Aptamer-target binding inhibits Exo III digestion four nucleotides prior 

to the binding site, leaving behind a double-stranded, target-bound product that remains 

invulnerable to Exo I digestion. We then used SYBR Gold, a DNA-binding dye that stains 

DNA in a sequence-independent manner, to quantify the remaining intact aptamer 

fragments, which reflect the concentration of target present in the sample. This assay allows 

for rapid, label-free, simple, and sensitive detection of small-molecule targets. We finally 

demonstrated the generality of our dual-exonuclease-mediated approach and fluorescence 

assay using aptamers with various secondary structures, including three-way junction and 

hairpin structures. Importantly, our assay also demonstrated excellent performance in 

complex biological samples such as saliva and urine.  

Our method provides many advantages over existing aptamer-based assays. First, 

no sequence engineering or aptamer truncation is required, and prefolded aptamers are used 

instead. Second, target detection is achieved via the quantification of aptamer digestion 

products instead of target-displaced cDNA, which is preferable given that the use of cDNA 

usually reduces assay sensitivity.266,267 Moreover, our assay showed much higher sensitivity 

compared with previously reported nuclease-assisted aptamer-based assays (Table 3-2). 

For example, we achieved a 50-fold lower limit of detection for cocaine than an Exo I-

based assay reported by Lou, which used structure-switching aptamers for target 

detection.178 This can be attributed to two factors. First, we employed a prefolded aptamer 

which has a higher target-binding affinity than the structure-switching aptamer used by 

Lou. Second, their assay suffered from high background because Exo I could not 

completely digest all nontarget-bound aptamers. In our assay, the synergistic activity of 
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Exo III and Exo I completely removed all nontarget-bound aptamers, resulting in minimal 

background and a robust signal-to-noise ratio. 

Since each aptamer−target pair generates a digestion product possessing a unique 

sequence, we were able to achieve multiplex small-molecule detection within 25 min in a 

single sample. This was done by quantifying the digestion product of each aptamer−target 

pair with a complementary fluorophore− quencher-modified molecular beacon. We 

demonstrated one-pot detection of ATP and cocaine, where each target could be 

individually or simultaneously detected via the corresponding molecular beacon(s). We 

observed no cross talk between either aptamer-molecular beacon pair in binary target 

mixtures, allowing for rapid and robust simultaneous detection. On the basis of these 

successful results, we believe our assay can be applied for various applications where 

simultaneous detection of small-molecule targets is key, such as medical diagnostics, drug 

screening, food safety, environmental monitoring, and biodefense.273–275 Importantly, since 

the detection of small-molecule targets in our assay is achieved via quantification of DNA, 

one can readily envision adopting different DNA signal-amplification strategies such as 

enzyme-assisted target recycling179,276 and rolling circle amplification277,278 to achieve 

subnanomolar small-molecule detection. Although our assay in its current format is not 

well suited for on-site detection given the requirement of multiple steps and a fluorimeter, 

we believe that these limitations can be overcome with the use of a multichannel 

microfluidic device combined with a colorimetric signal reporter (e.g., gold nanoparticles). 
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Table 3-2. Comparison of various structure-switching aptamer-based assays for detection 

of cocaine or ATP. 

Sensing 

element 
Detection strategy Target 

Measurable 

LOD (µM) 

Detection 

time 
ref 

Structure-

switching 

aptamer 

Exonuclease digestion Cocaine 5 30 min 178 

Aptamer 

& cDNA 

Strand displacement 

Nick/polymerase/DNAzyme 

amplification 

Cocaine 0.1 8 h 175 

Aptamer 

& cDNA 

Strand displacement 

Nick/polymerase amplification 
Cocaine 5 70 min 172 

Structure-

switching 

aptamer 

Exonuclease digestion/ 

Transferase amplification 
Cocaine 0.5 120 min 176 

Structure-

switching 

aptamer 

DNAzyme amplification ATP 1 60 min 279 

Aptamer 

& cDNA 

Strand displacement 

Lipase amplification 
Cocaine 5 60 min 280 

Aptamer 

& cDNA 

Target-induced 

Quencher-modified cDNA 

displacement 

ATP 50 5 min 142 

Aptamer 

& cDNA 

Target-induced  

gold-nanoparticle-modified cDNA 

displacement 

Cocaine 10 5 min 263 

Structure-

switching 

aptamer 

Electrochemical aptamer-based 

sensing 
Cocaine 10 <1 min 281 

Structure-

switching 

aptamer 

Target-induced 

stem formation 
Cocaine 10 <1 min 114 

Split 

aptamer 

Target-induced split aptamer 

assembly 
Cocaine 12.5 60 min 127 

Split 

aptamer 

Target-induced split aptamer 

assembly 
ATP 20 60 min 127 

Split 

aptamer 

Target-induced split aptamer 

assembly 
Cocaine 1 <1 min 133 

Split 

aptamer 

Target-induced split aptamer 

assembly 
ATP 1 < 1 min 133 

Structure-

switching 

aptamers 

Target-induced disassembly of 

fluorophore-quencher modified 

aptamer beacon 

ATP 1 < 1 min 143 

Pre-folded 

aptamer 
Exonuclease digestion Cocaine 0.1 25 min 

This 

work 

Pre-folded 

aptamer 
Exonuclease digestion ATP 0.25 20 min 

This 

work 
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CHAPTER 4: Accelerating Post-SELEX Aptamer Engineering Using Exonuclease 

Digestion 

4.1. 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.23,24 This multistep process involves iterative rounds of 

partitioning target-binding oligonucleotides from nonbinding sequences and amplification 

of the binders via polymerase chain reaction (PCR).37 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.32,33 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.35,282 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.73,283 Finally, these aptamers can be eliminated if they have low 

PCR amplification efficiency due to their sequence and/or structure.71,100,101  

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.40,102 
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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.284 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.106 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.284 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 

domain109,112 or surrounding scaffold regions,103,108,110 with guidance from genetic 

algorithms,107 computationally predicted secondary structures,103,108 or three-dimensional 

structures based on nuclear magnetic resonance (NMR) data.110,111 This method overcomes 

the competition problem associated with doped-SELEX because mutants are screened 

individually using instrument-based approaches or microarrays. Techniques such as 

surface plasmon resonance (SPR) spectroscopy,285 isothermal titration calorimetry (ITC),77 

and microscale thermophoresis80 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 

nano calorimeters have been reported that allow for simultaneous high-throughput binding 

affinity determination.286,287 However, these instruments are not yet commercially 

available, and it is difficult to fabricate these devices without sufficient resources and 
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expertise. Microarray-based techniques enable high-throughput characterization of large 

pools of aptamer mutants288 but require targets that are either inherently fluorescent or 

labeled with a fluorophore.288–290 This is feasible for protein targets288,289 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.291,292 We 

first digested an ochratoxin binding DNA aptamer and its six mutants110 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.292 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 
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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. 

4.2. Experimental section. 

4.2.1. 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 
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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 Table 4-1. Nunc 384-well black plates were purchased from 

Thermo Fisher Scientific. 

Table 4-1. All oligonucleotide sequences used in chapter 4. 

Sequence ID Sequence (5’–3’) 

OBAwt GGG GTG AAA CGG GTC CCG 

OBA1 CGG GGT GAA ACG GGT CCC G 

OBA2 GGG GCG AAG CGG GTC CCG 

OBA3 CGG GGC GAA GCG GGT CCC G 

OBA4 GGG GTG AAA CGG TCC CG 

OBA5 CCG GGG CGA AGC GGG TCC CGG 

OBA6 GCG GGG CGA AGC GGG TCC CGC 

ATPwt CGC ACC TGG GGG AGT ATT GCG GAG GAA GGT GCG 

G10A CGC ACC TGG AGG AGT ATT GCG GAG GAA GGT GCG 

G10T CGC ACC TGG TGG AGT ATT GCG GAG GAA GGT GCG 

G10C CGC ACC TGG CGG AGT ATT GCG GAG GAA GGT GCG 

A13T CGC ACC TGG GGG TGT ATT GCG GAG GAA GGT GCG 

A13G CGC ACC TGG GGG GGT ATT GCG GAG GAA GGT GCG 

A13C CGC ACC TGG GGG CGT ATT GCG GAG GAA GGT GCG 
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A23T CGC ACC TGG GGG AGT ATT GCG GTG GAA GGT GCG 

A23T-30 CGC ACC TGG GGG AGT ATT GCG GTG GAA GGT 

A23T-29 CGC ACC TGG GGG AGT ATT GCG GTG GAA GG 

A23G CGC ACC TGG GGG AGT ATT GCG GGG GAA GGT GCG 

A23C CGC ACC TGG GGG AGT ATT GCG GCG GAA GGT GCG 

A26T CGC ACC TGG GGG AGT ATT GCG GAG GTA GGT GCG 

A26G CGC ACC TGG GGG AGT ATT GCG GAG GGA GGT GCG 

A26C CGC ACC TGG GGG AGT ATT GCG GAG GCA GGT GCG 

G10T-A23G CGC ACC TGG TGG AGT ATT GCG GGG GAA GGT GCG 

G10T-A23G-30 CGC ACC TGG TGG AGT ATT GCG GGG GAA GGT 

G10T-A23G-29 CGC ACC TGG TGG AGT ATT GCG GGG GAA GG 

G10T-A23G-29-MB /Thiol-C6/-CCT GGT GGA GTA TTG CGG GGG AAG G-/MB/ 

A23T-29-MB /Thiol-C6/-CGC TCC TGG GGG AGT ATT GCG GTG GAAG GTTT-/MB/ 

A10-excised GTA TTG CGG AGG AAG GTT TTT AAC CTT CGG GG 

Tasset AGT CCG TGG TAG GGC AGG TTG GGG TGA CT 

Bock GGT TGG TGT GGT TGG 

Bock-hang TAA GTT CAT CTC CCC GGT TGG TGT GGT TGG 

IgE Aptamer GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C 

a. Mutated nucleotides are colored red and underlined 

b. /Thiol-C6/ represents a 5’ modified thiol group with a six-carbon spacer 

c. /MB/ represents a 3’ modified methylene blue redox reporter 

 

4.2.2. 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 
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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, 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. 

4.2.3. 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 4-1: 

𝐹𝑡 = 𝐹02
−𝑡/𝑡1/2 + 𝐶 

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 
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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.89 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. 

4.2.4. 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 4-2. 
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Each titration consisted of an initial purge injection of 0.4 μL and 19 successive injections 

of 2 μL 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. 

Table 4-2. Aptamers, ligands, and aptamer/ligand concentration used for reverse ITC 

experiments and determined KD.  

Aptamer Ligand [Ligand] (µM) [Aptamer] (µM) KD (µM) 

OBA1 OTA 15 250 5.5 ± 0.2 

OBA1 OTB 15 500 74.1 ± 9.5 

OBA3 OTA 15 250 1.8 ± 0.1 

OBA3 OTB 15 500 25.5 ± 1.2 

OBA5 OTA 15 250 3.4 ± 0.1 

OBA5 OTB 15 500 59.9 ± 6.9 

Tasset Thrombin 5 50 0.0136 ± 0.0031 

Bock Thrombin 5 50 0.0231 ± 0.0054 

Bock-hang Thrombin 7.5 75 0.097 ± 0.019 

 

4.2.5. 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 4-3. Each 

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

Table 4-3. ATP-binding aptamers, ligands, and ligand concentration used for ITC and 

determined KD1, KD2, and K1/2. 

 

Aptamer Ligand 
[Ligand]  

(µM) 

Injection 

volume (µL) 
KD1 (µM) KD2 (µM) K1/2 (µM) 

ATPwt ADE 800 1  1.3 ± 0.1 13.7 ± 0.3 4.2 ± 0.1 

ATPwt AMP 800 1 6.4 ± 0.1 30.9 ± 0.4 14.1 ± 0.2 

ATPwt ADP 800 1 2.1 ± 0.1 19.1 ± 0.3 6.3 ± 0.1 

ATPwt ATP 800 1 4.4 ± 0.1 23.9 ± 0.4 10.2 ± 0.2 

A23T ADE 1,800 1 7.0 ± 0.5 29.1 ± 0.6 14.3 ± 0.5 

A23T-30 ADE 1,800 1 13.1 ± 0.5 26.6 ± 0.6 18.6 ± 1.7 

A23T-29 ADE 1,800 1 35.3 ± 1.0 39.8 ± 0.6 37.4 ± 6.2 

A23T-29 AMP 1,200 2 NA NA NA 

A23T-29 ADP 1,200 2 169.5 ± 3.4 480.8 ± 9.7 285.4 ± 5.7 

A23T-29 ATP 1,200 2 327.8 ± 17.2 505.0 ± 28.1 406.3 ± 21.8 

G10T-A23G ADE 1,200 1 7.3 ± 0.2 32.4 ± 0.5 15.3 ± 0.2 

G10T-A23G-30 ADE 1,200 1 8.8 ± 0.2 37.1 ± 0.6 18.1 ± 0.4 

G10T-A23G-29 ADE 1,200 1 9.2 ± 0.2 37.4 ± 0.6 18.5 ± 0.4 

G10T-A23G-29 AMP 1,200 2 352.1 ± 12.4 131.4 ± 4.3 214.7 ± 7.2 

G10T-A23G-29 ADP 1,200 2 167.9 ± 3.0 142.6 ± 2.4 162.9 ± 2.8 

G10T-A23G-29 ATP 1,200 2 50.2 ± 1.4 591.7 ± 13.6 171.9 ± 4.3 

A23G ADE 1,500 1 6.7 ± 0.4 28.3 ± 0.9 13.8 ± 0.6 

A23C ADE 1,500 1 1.5 ± 0.1 17.1 ± 0.5 5.0 ± 0.3 

A26T ADE 1,000 1 8.6 ± 0.6 1297 ± 153 105.6 ± 9.5 

A26G ADE 1,000 1 5.5 ± 0.6 3246 ± 1897 133.6 ± 33.0 

A10-excised ADE 1,000 2 311.5 ± 11.3 NA NA 
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4.2.6. Polyacrylamide Gel Electrophoresis (PAGE) Analysis of Digestion Products. 

Digestion products were analyzed by denaturing PAGE by combining 5 µL of 

sample with 10 µL of formamide loading buffer (75% formamide, 10% glycerol, 0.125% 

SDS, 10 mM EDTA, and 0.15% (w/v) xylene cyanol), and then loading 6 µL of each 

sample into the wells of a 15% denaturing PAGE gel. Separation was carried out at 6 V/cm 

for 30 mins followed by 25 V/cm for 3 h in 0.5 × TBE. The gel was stained with 1× SYBR 

Gold solution for 25 mins and imaged using a ChemiDoc MP Image system (Bio-Rad). 

4.2.7. Circular Dichroism (CD) Spectroscopy. 

All CD experiments were performed at room temperature in 10 mM Tris-HCl, 20 

mM NaCl, and 1.5 mM MgCl2 (pH 7.4) using a Jasco J-815 circular dichroism 

spectropolarimeter. Prior to each experiment, 1.5 µM aptamer (final concentration) was 

heated to 95 °C for 10 mins in Tris buffer and then immediately cooled on ice. Afterwards, 

salt was added. Blank solution or ADE was then added to aptamer solution to a final 

concentration of 25, or 50 µM. 300 µL of sample was transferred into a 1 cm quartz cuvette 

(Hellma Analytics) for measurements. The following parameters were used: 210 to 310 nm 

scan range, 50 nm/min scan speed, 5 mdeg sensitivity, 4 s response time, 1 nm bandwidth, 

and 5 accumulation scans total. Reference spectra of reaction buffer without aptamer were 

taken with 0, 25, or 50µM ADE. Reference spectra were subtracted from CD spectra 

collected in the presence of aptamer with ADE. To correct for differences in nucleotide 

length, the CD signal was converted to the mean residue molar extinction coefficient 

(ΔεMR).293  
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4.2.8. 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.294 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/cm2.295 The roughness factor of the electrodes was calculated based on the 

ratio between the electrochemically 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.296 The electrodes were stored in 10 mM 

Tris buffer (pH 7.4) for at least 1 h prior to use. 

 

 



91 
 

4.2.9. Electrochemical Measurements. 

Electrochemical measurements were taken using a CHI 760 bipotentiostat (CH 

Instruments). Prior to measurement, the electrodes were incubated in 10% SDS for 15 mins 

followed by a 20s DI water rinse, after which the electrode was stored in 10 mM Tris-HCl, 

20 mM NaCl, and 1.5 mM MgCl2 (pH 7.4) reaction buffer. All measurements were 

performed at room temperature using a three-electrode system, including an aptamer-

modified gold working electrode, a platinum wire counter electrode, and an Ag/AgCl (3M 

KCl) reference electrode (CH Instruments) in a 2 mL electrochemical cell. Square-wave 

voltammetry was used for sensor measurements, and voltammograms were collected from 

-0.1 to -0.4 V (vs Ag/AgCl) using a frequency of 200 Hz with an amplitude of 25 mV. 

Calibration curves were collected by challenging the E-AB sensors with varying 

concentrations of ligand dissolved in reaction buffer or 50% fetal bovine serum diluted in 

reaction buffer. The sensor was equilibrated for 1 min at each target concentration prior to 

measurements. Signal gain (SG) was calculated using eq. 4-2: 

𝑆𝐺 = [(𝐼 − 𝐼0)/𝐼0)] × 100 

here I0 and I are the peak currents obtained in the absence and presence of target, 

respectively. Cross-reactivity of the sensor to AMP, ADP, ATP, GTP, CTP and UTP was 

calculated relative to the signal gain produced by 100 µM ADE. 

4.3. Results and Discussion. 

4.3.1. 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.292 Specifically, we determined that a mixture 
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of Exo III and Exo I digests aptamers into mononucleotides (Figure 4-1A, left), whereas 

the digestion of target-bound aptamers is stalled several bases prior to the binding domain 

(Figure 4-1A, right). We quantified the concentration of these partially digested aptamers 

at a single time-point using SYBR Gold (Figure 4-1A) 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. 
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Figure 4-1. Design and characterization of binding properties of OBAwt and six mutant 

derivatives. (A) Secondary structure of ligand-bound aptamers, with mutated nucleotides 

relative to the OBAwt parent sequence highlighted in red. (B) Schematic of the 
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exonuclease digestion assay based on Exo III and Exo I. (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) 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.  

 

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 4-1B). 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.110 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.110,297 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 4-1C, blank). However, 

digestion of OBA3 was inhibited and the decrease of fluorescence intensity was greatly 

reduced in the presence of 25 μM OTA (Figure 4-1C, OTA), and a further increase in 

inhibition was observed when the concentration of OTA was raised to 100 μM (Figure 4-
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2A). This suggests that aptamer binding to OTA inhibits enzymatic digestion in a 

concentration-dependent manner. 

0 10 20 30

0

25

50

75

100

F
lu

o
re

s
c

e
n

c
e

 R
e

te
n

ti
o

n
 (

%
)

Time (min)

OTA or Blank

0 10 20 30

0

25

50

75

100
F

lu
o

re
s

c
e

n
c

e
 R

e
te

n
ti

o
n

 (
%

)

Time (min)

Blank

OTA

 
Figure 4-2. Fluorescence time-course of the digestion of (A) OBA3 and (B) OBA4 with 

the mixture of Exo III and Exo I in the absence (black) and presence of 100 µM OTA (red).  

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.110 We observed no inhibition of digestion of OBA4 in the presence of OTA (Figure 

4-2B), 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 4-3), 

which indicates that digestion obeys first-order reaction kinetics under the experimental 

conditions we employed.298 To determine the half-life (t1/2) of digestions, we fit each time-

course plot using a first-order exponential decay equation (see section 4.2.3). Notably, the 

t1/2 of aptamer digestion in the presence of 25 μM OTA was approximately 4.8-fold higher 
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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 4-1C). 
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Figure 4-3. Characterization of OBA3 digestion kinetics by Exo III and Exo I. 

Fluorescence time-course of the digestion (left) of 0.25, 0.5, 0.75, 1, or 2 µM OBA3 

(indicated by black to red color gradient) and   natural log plot (right) of fluorescence 

retention in the (A) absence and (B) presence of 25 µM OTA. 
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Figure 4-4. Evaluation of the binding profile of OTA-binding aptamers using the 

exonuclease digestion assay. Digestion of (A) OBAwt, (B) OBA1, (C) OBA2, (D) OBA3, 

(E) OBA4, (F) OBA5, and (G) OBA6 with the mixture of Exo III and Exo I in the absence 

(black triangles) or presence of 100 µM OTA (red circles) or 100 µM ochratoxin B (OTB) 

(burgundy squares). 
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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 4-4). 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 4-1D). 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 (Figure 4-5), 3.4 ± 0.1 

(Figure 4-6), and 5.5 ± 0.2 μM (Figure 4-7), respectively. This confirms that our assay 
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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 4-1D), 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 4-1D). These results again correlated well with 

our ITC results which determined the KD values for OTB of 25.5 ± 1.2 (Figure 4-5), 59.9 

± 6.9 (Figure 4-6), and 74.1 ± 9.5 μM (Figure 4-7) for OBA3, OBA5, and OBA1, 

respectively. 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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Figure 4-5. Characterization of OBA3 affinity for OTA and OTB using ITC. Top panels 

display the heat generated from each titration of OBA3 to (A) buffer (red) or OTA (black) 

and (B) buffer (red) or OTB (black). Bottom panels show the integrated heat of each 

titration after correcting for the heat of dilution of the titrant.  
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Figure 4-6. Characterization of OBA5 affinity for OTA and OTB using ITC. Top panels 

display the heat generated from each titration of OBA5 to (A) buffer (red) or OTA (black) 

and (B) buffer (red) or OTB (black). Bottom panels show the integrated heat of each 

titration after correcting for the heat of dilution of the titrant. 
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Figure 4-7. Characterization of OBA1 affinity for OTA and OTB using ITC. Top panels 

display the heat generated from each titration of OBA1 to (A) buffer (red) or OTA (black) 

and (B) buffer (red) or OTB (black). Bottom panels show the integrated heat of each 

titration after correcting for the heat of dilution of the titrant.  
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Figure 4-8. Characterization of ATPwt digestion kinetics by Exo III and Exo I. Time-

course digestion (left) of 0.25, 0.5, 0.75, 1, or 2 µM ATPwt (indicated by the black to red 

color gradient) and natural log plot (right) of digestion progress (A) in the absence and (B) 

presence of 250 µM ATP.  
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4.3.2. 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 aptamer (ATPwt).98,292 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).83,98 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 4-8). 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.83,98 However, digestion of 

ATPwt was greatly reduced in the presence of ATP, ADP, AMP, and ADE (Figure 4-9A), 

with t1/2 ratios of 13.8, 14.0, 11.2, and 14.9, respectively (Figure 4-9B), 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 4-9B and Figure 4-10). 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 
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4-11). 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. 
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Figure 4-9. 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) 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 4-10. Digestion of ATPwt with Exo III and Exo I in the absence and presence of 

100 µM ADE, AMP, ADP, or ATP. 
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Figure 4-11. Characterization of affinity of ATPwt to ATP, ADP, AMP, and ADE using 

ITC. Top panels display the heat generated from each titration of (A) ATP, (B) ADP, (C) 

AMP, and (D) ADE to ATPwt. Bottom panels show the integrated heat of each titration 

after correcting for the heat of dilution of the titrant. 
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Figure 4-12. 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) 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. 

 

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,202 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 NMR299 

structure, ATPwt possesses two binding domains within the minor groove of a DNA helix 

composed of G·G and A·G mismatches (Figure 4-12A). 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 
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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 4-12A and Table 4-1). 
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Figure 4-13. Evaluating the binding profile of various G10 mutant aptamers using the 

exonuclease digestion assay. Fluorescence time-course for the digestion (left) and 



106 
 

calculated t1/2 (right) of (A) G10A, (B) G10T, and (C) G10C in the absence or presence of 

250 µM ATP, ADP, AMP, or ADE.  
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Figure 4-14. Evaluating the binding profile of various A13 mutant aptamers using the 

exonuclease digestion assay. Fluorescence time-course for the digestion (left) and 

calculated t1/2 (right) of (A) A13T, (B) A13G, and (C) A13C in the absence or presence of 

250 µM ATP, ADP, AMP, or ADE. 
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Figure 4-15. Evaluating the binding profile of various A23 mutant aptamers using the 

exonuclease digestion assay. Fluorescence time-course for the digestion (left) and 

calculated t1/2 (right) of (A) A23T, (B) A23G, and (C) A23C in the absence or presence of 

250 µM ATP, ADP, AMP, or ADE. 
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Figure 4-16. Evaluating the binding profile of various A26 mutant aptamers using the 

exonuclease digestion assay. Fluorescence time-course for the digestion (left) and 

calculated t1/2 (right) of (A) A26T, (B) A26G, and (C) A26C in the absence or presence of 

250 µM ATP, ADP, AMP, or ADE. 

 

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 
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(Figures 4-13 – 4-16). 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 4-13 – 4-16). Our results demonstrated 

that G10 and A13 mutants had no meaningful affinity for any of the analogues, with t1/2 

ratios of ∼1 (Figure 4-12B). 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 4-12B). 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 A23G ≈ A23T > A26G ≈ A26T. 

We confirmed an identical relative affinity profile for this set of mutants via ITC (Figure 

4-17). 
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Figure 4-17. Characterization of affinity of single-site mutants for ADE using ITC. Top 

panels display the heat generated from each titration of ADE to (A) A23C, (B) A23G, (C) 

A23T, (D) A26G, and (E) A26T. Bottom panels show the integrated heat of each titration 

after correcting for the heat of dilution of the titrant. 
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Figure 4-18. 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) t1/2 ratio (with log2 scale) for 

ATPwt, A23T, and G10T-A23G in the presence versus 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. 

 

4.3.3. 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 basestack with binding sites 1 

and 2, respectively.299 Previous work has also reported that interchanging the nucleotides 

at these two positions in ATPwt does not impair aptamer affinity.98 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 4-18A). 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 4-18B), with a t1/2 ratio of 9.5 (Figure 4-18C). 

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 4-18C). Using ITC, 
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we determined that G10T−A23G tightly binds to ADE, with a K1/2 of 15.3 ± 0.2 μM 

(Figure 4-19). 

0 4 8 12

-8.0

-4.0

0.0

0 20 40 60 80 100 120

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

Time (min)


c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

 

Figure 4-19. Characterization of affinity of G10T-A23G for ADE using ITC. Top panel 

displays the heat generated from each titration of ADE to G10T-A23G. Bottom panel 

shows the integrated heat of each titration after correcting for the heat of dilution of the 

titrant. 

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 4-20, 

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 4-21) and determined 

their affinity for ADE using ITC (Figure 4-22). 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 
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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. 

 
Figure 4-20. PAGE analysis of (A) A23T and (B) G10T-A23G products after 30 min of 

digestion with Exo III and Exo I in the absence or presence of 250 µM ADE, AMP, ADP, 

or ATP. 

 
Figure 4-21. Sequence and secondary structure of (A) A23T-30, (B) A23T-29, (C) G10T-

A23G-30, and (D) G10T-A23G-29. Mutated nucleotides are marked in red. 
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Figure 4-22. Characterization of affinity of ADE-specific aptamer mutants using ITC. Top 

panels display the heat generated from each titration of ADE to (A) A23T-30, (B) A23T-

29, (C) G10T-A23G-30, and (D) G10T-A23G-29. Bottom panels show the integrated heat 

of each titration after correcting for the heat of dilution of the titrant. 

 

4.3.4. 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.203–205 Basal ADE levels in the cerebrospinal fluid and circulatory system are in 
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the nanomolar range but increase to 1−50 μM during ischemic episodes, with large 

variations.206–208 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. 
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Figure 4-23. Characterizing structure-switching functionality of A23T and G10T-A23G 

digestion products using CD spectroscopy. CD spectra of (A) A23T-30, (B) A23T-29, (C) 

G10T-A23G-30, and (D) G10T-A23G-29 in the absence or presence of various 

concentrations of ADE.  

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

detection of small-molecule analytes in complex samples such as serum117 and whole 

blood.120 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 functionality170,291 and thus 
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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.300 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 4-23), 

indicating an unfolded single-stranded DNA structure.300 Upon addition of ADE, all 

aptamers produced similar spectra but with target-concentration dependent increases in the 

intensity of all peaks (Figure 4-23). 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.301 This is consistent with the 

previously described NMR structure of the ligand-bound ATPwt aptamer.299 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, ADP, and ATP, 

respectively (Figure 4-24). 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 4-25). 
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Figure 4-24. Characterization of A23T-29 affinity using ITC. Top panels display the heat 

generated from each titration of (A) ADE, (B) AMP, (C) ADP, and (D) ATP to A23T-29. 

Bottom panels show the integrated heat of each titration after correcting for the heat of 

dilution of the titrant. 



118 
 

0 4 8 12

-8.0

-4.0

0.0

0 20 40 60 80 100 120

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

Time (min)


c
a
l/
s
e
c

Molar Ratio

k
c
a
l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 10 20 30 40

-8.0

-4.0

0.0

0 40 80 120 160

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

Time (min)


c
a
l/
s
e
c

Molar Ratio

k
c
a
l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 10 20 30 40

-8.0

-4.0

0.0

0 40 80 120 160

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

Time (min)

k
c
a
l/
s
e
c

Molar Ratio

k
c
a
l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 10 20 30 40

-8.0

-4.0

0.0

0 40 80 120 160

-1.00

-0.80

-0.60

-0.40

-0.20

0.00

Time (min)

k
c
a
l/
s
e
c

Molar Ratio

k
c
a
l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

 
Figure 4-25. Characterization of G10T-A23G-29 affinity using ITC. Top panels display 

the heat generated from each titration of (A) ADE, (B) AMP, (C) ADP, and (D) ATP to 

G10T-A23G-29. Bottom panels show the integrated heat of each titration after correcting 

for the heat of dilution of the titrant. 

 

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. 
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Using a previously reported method,296 we determined that both sensors had similar surface 

coverages of 4.6 ± 0.3 and 4.2 ± 0.3 pmol/cm2, respectively (Figure 4-26). We used both 

sensors to perform ADE detection (Figure 4-27A). 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 4-27B). 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. 
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Figure 4-26. Surface coverage of E-AB sensors fabricated using G10T-A23G-29-MB, 

A23T-29-MB, or both. The average DNA length was used when calculating the surface 

coverage of sensors fabricated using both aptamers. Error bars represent the standard 

deviation of the measurements of three different electrodes. 

0 100 200 300 400 500

0

10

20

30

40

S
ig

n
a

l 
G

a
in

 (
%

)

Adenosine (M)

Dual aptamer

G10T-A23G-29-MB

A23T-29-MB

0 1000 2000 3000 4000

0

30

60

90

120

A23T-29-MB

Dual aptamer

S
ig

n
a
l 
G

a
in

 (
%

)

Adenosine (M)

G10T-A23G-29-MB

 
Figure 4-27. Performance of E-AB sensors fabricated using G10T-A23G-29-MB, A23T-

29-MB, or a mixture of both aptamers. (A) Calibration curve and (B) linear range of the 

three sensors for the detection of various concentrations of ADE in buffer. Error bars 

represent the average standard deviation of three electrodes. 
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Figure 4-28. 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. 

 

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

range of concentrations (1−50 μM),206–208 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.302–304 We therefore fabricated a dual-aptamer E-AB sensor using a 1:1 

ratio of A23T-29-MB and G10T-A23G-29-MB (Figure 4-28A). 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 4-26). Importantly, the 

dual-aptamer sensor produced a broader linear range from 1 to 100 μM ADE (Figure 4-
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28B), 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 4-27B). 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 4-29), regardless 

of the absence or presence of ADE, presumably due to protein fouling of the electrode 

surface.305 However, the linear range and limit of detection remained the same in 50% 

serum as in buffer (Figure 4-28B and Figure 4-27B), 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 4-28C and Figure 4-30), reflecting 

the high specificity of the aptamers we used. 
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Figure 4-29. SWV curves in the absence (black) or presence (red) of 100 µM ADE in (A) 

buffer or (B) 50% serum using dual-aptamer E-AB sensors constructed with A23T-29-MB 

and G10T-A23G-29-MB. 

 



122 
 

-0.4 -0.3 -0.2 -0.1

0.0

0.2

0.4

0.6

C
u

rr
e
n

t 
(

A
)

E vs Ag/AgCl (V)
 

Figure 4-30. Dual-aptamer E-AB sensor response to 100 µM ADE, AMP, ADP, or ATP 

or other nucleotide triphosphates in 50% serum.  

 

4.3.5. 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,306 Bock,307 and Bock-hang116 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.308 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 4-

31A−C). The aptamers were 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 4-31D). 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 
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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 4-32). 
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Figure 4-31. 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) 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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Figure 4-32. Characterization of the thrombin-binding affinity of Tasset, Bock, and Bock-

hang using ITC. Top panels display the heat generated from each titration of (A) Tasset, 

(B) Bock and (C) Bock-hang to buffer (red) or thrombin (black). Bottom panels show the 

integrated heat of each titration after correcting for the heat of dilution of the titrant. 

 

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.309 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 4-33), 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. 



125 
 

1

2

4

8

t 1
/2

(L
ig

a
n

d
) 

/ 
t 1

/2
(B

la
n

k
)

IgE                      IgG0 10 20 30

0

25

50

75

100
IgE

F
lu

o
re

s
c
e

n
c

e
 R

e
te

n
ti

o
n

 (
%

)

Time (min)

Blank

IgG

 
Figure 4-33. Exonuclease-based fluorescence profiling of an IgE-binding aptamer. (A) 

Time-course plot of aptamer digestion by Exo III and Exo I in the absence (black) and 

presence of 500 nM human IgE (red) or IgG (brown). (B) t1/2 ratios calculated from plot A. 

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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Figure 4-34. Characterization of ligand-binding affinity of a recently published ADE-

binding aptamer (A10-excised) to ADE using ITC at room temperature. Top panel displays 

the heat generated from each titration of ADE to the aptamer. Bottom panel shows the 

integrated heat of each titration after correcting for the heat of dilution of the titrant. Buffer: 

10 mM Tris-HCl, pH 7.4, 20 mM NaCl and 1.5 mM MgCl2. 
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Figure 4-35. Characterization of OBA3 affinity for OTA using the exonuclease digestion 

assay. (A) Fluorescence time-course of the digestion of 1 µM OBA3 in the absence and 

presence of 0, 2.5, 5, 10, 15, 25, 50, 75 and 100 µM OTA (indicated by black to red color 

gradient). Data analysis performed by plotting (B) reduction in first-order reaction rate of 

aptamer digestion (1 – kOTA/kblank); (C) the aptamer’s resistance to digestion based on the 

area under the curve (AUC) of fluorescence digestion plots ((AUCOTA/AUCblank) – 1); and 

(D) t1/2 ratio at each ligand concentration. 

 

4.4. 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 
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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. 

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 
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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 

group310 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 4-34). 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 
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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 

4-35A). We respectively plotted the reduction in first-order reaction rate of aptamer 

digestion (Figure 4-35B), aptamer resistance to digestion (calculated as resistance 

value)( Figure 4-35C), and t1/2 ratio (Figure 4-35D) 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. 

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 
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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.107 Second, 

for aptamers found through high-throughput sequencing, the sequencing data can be 

analyzed using clustering algorithms such as aptaMOTIF311 and MEME312 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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CHAPTER 5: Label-Free, High-Throughput, Quantitative Binding Analysis of DNA 

Aptamers using Exonucleases 

5.1. Introduction. 

Aptamers are short DNA or RNA oligonucleotides that are isolated in vitro on the 

basis of their ability to recognize a target with high affinity and specificity.23,24 These 

oligonucleotides are often employed as biorecognition elements in aptamer-based 

sensors.113,262,313 Aptamers have several advantages over other existing recognition elements 

such as antibodies, including low cost, standardized chemical synthesis and modification 

protocols, high chemical stability, and long shelf-life.32,33 Aptamers are isolated through a 

multi-round process termed systematic evolution of ligands by exponential enrichment 

(SELEX), which typically yields oligonucleotide pool containing 103–105 unique 

sequences. The final SELEX pool and pools from earlier rounds are subjected to high-

throughput sequencing, and promising aptamers candidates are then chosen based on their 

relative abundance in the final pool and/or their enrichment-fold between rounds.69 

However, selection based on these these parameters can be confounded by several biases 

that appear during selection, such as polymerase amplification bias.71,72 Therefore, 

determining the best aptamer sequence for a given application requires a detailed 

characterization of the binding properties of each candidate.  

The characterization of aptamer binding affinity is often done using specialized 

instrumentation, such as isothermal titration calorimetry (ITC),77 microscale 

thermophoresis,80 and surface plasmon resonance,285 which can directly measure 

thermodynamic constants of binding. However, these techniques cannot handle large 

aptamer candidate pools because of their inherently low throughput. A variety of other 
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aptamer assays can be performed for initial screening that provide accurate information on 

aptamer binding profiles in a high-throughput fashion, albeit with less thermodynamic 

information. The strand-displacement fluorescence assay is one such example that has been 

used to characterize affinity and specificity for several small-molecule-binding aptamers. 

This assay employs aptamers modified with a fluorophore tag and a complementary cDNA 

(cDNA) modified with a quencher.27,56,57 The hybridization of the cDNA and aptamer 

brings the quencher near the fluorophore, reducing fluorescence. However, aptamer 

binding displaces the cDNA, resulting in fluorescence recovery. The change in 

fluorescence intensity over several target concentrations can be used as a proxy to describe 

the aptamer-binding strength.27,56,57 Although this assay has high-throughput capabilities, 

it is ultimately limited by the high cost of aptamer labeling. Alternatively, the Soh group314 

has incorporated aptamer candidates into DNA microarrays for high-throughput affinity 

screening. They performed four rounds of SELEX against human angiopoietin-2, and then 

synthesized the top 235 aptamer candidates from each pool onto a microarray and 

incubated the array with various concentrations of the fluorophore-labeled protein target. 

The resulting fluorescence calibration curves allowed them to determine each candidate’s 

binding affinity. However, this assay would be challenging for small-molecule targets, as 

labeling such targets can significantly impair their aptamer-binding affinity.  

We have recently developed a label-free exonuclease-based fluorescence assay that 

utilizes Exonuclease III (Exo III) and Exonuclease I (Exo I) to assess the affinities and 

specificities of many aptamer mutants in parallel.315 In this assay, Exo III and Exo I 

respectively digest the double-stranded and single-stranded portions of unbound aptamers 

until only mononucleotides remain. In contrast, the digestion of target-bound aptamers is 
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inhibited a few bases away from the target-binding domain, yielding a target-bound 

inhibition product that resists further digestion.291,292,315 We observed a qualitative 

relationship between an aptamer’s target-binding affinity and its rate of digestion.315 Here 

in, we performed a more thorough investigation to establish a quantitative relationship 

between exonuclease digestion rate and aptamer affinity. Specifically, we performed 

SELEX experiments with the small-molecule drugs fentanyl, acetyl fentanyl, and furanyl 

fentanyl. We characterized the binding properties of 28 aptamer candidates using our 

exonuclease assay, and correlated these results with gold-standard techniques such as ITC 

and the strand-displacement fluorescence assay. We observed that the degree of an 

aptamer’s exonuclease inhibition is primarily related to the binding affinity (measured as 

the dissociation constant, KD) of that aptamer’s major digestion product. We were also able 

to measure the cross-reactivity of several aptamer candidates against 19 interferent 

molecules and 14 fentanyl analogs. The resulting exonuclease digestion products also 

possessed structure-switching functionality,291,315 allowing for rapid incorporation into 

various aptamer-based sensor formats. We identified optimal aptamer candidates using this 

assay to develop two electrochemical aptamer-based (E-AB) sensors.116 The first E-AB 

sensor was used for sensitive detection of fentanyl in 50% human saliva. The second was 

used for presumptive testing of fentanyl and its analogs in seized substances. Given our 

assay’s generalizability for aptamers with various sequences and secondary structures, we 

believe it should expedite the characterization of ideal structure-switching aptamer 

candidates in a high-throughput and label-free manner for a variety of sensor applications. 
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5.2. Experimental section. 

5.2.1. Reagents.  

Exo I (E. coli) (20 U/µL) and Exo III (E. coli) (100 U/µL) were purchased from 

New England Biolabs. Fentanyl, acetyl fentanyl, furanyl fentanyl, acryl fentanyl, butyryl 

fentanyl, valeryl fentanyl, cyclopropyl fentanyl, methoxyacetyl fentanyl, p-fluoro 

isobutyryl fentanyl,  o-methyl furanyl fentanyl, and alpha-methyl thiofentanyl were 

purchased from Cayman Chemicals. Cis-3-methyl fentanyl, p-methoxy furanyl fentanyl, 

p-fluoro fentanyl, and p-methoxy butyryl fentanyl were provided by the United States Drug 

Enforcement Administration’s Southwest Laboratory. Fentanyl and its analogs were 

formulated as hydrochloride (HCl) salts. Lorazepam, morphine sulfate, codeine phosphate, 

and heroin HCl were purchased from Cayman Chemicals. Papaverine HCl, noscapine HCl, 

and lidocaine HCl were obtained from Acros Organic, Tokyo Chemical Industry, and Alfa 

Aesar, respectively. Acetaminophen, benzocaine, caffeine, chlorpromazine HCl, cocaine 

HCl, diphenhydramine HCl, lactose, mannitol, (+)-methamphetamine, procaine HCl, (+)-

pseudoephedrine, and quinine hemisulfate monohydrate were purchased from Sigma 

Aldrich. Formamide was purchased from Thermo Fisher Scientific, and SYBR Gold was 

purchased from Invitrogen. All other reagents were purchased from Sigma Aldrich unless 

otherwise noted. ExoSAP-IT Express PCR Purification Kit, streptavidin-modified agarose 

beads, and Nunc 384-well black plates were purchased from Thermo Fisher Scientific. 800 

µL micro-gravity columns were purchased from Bio-Rad, and 3 kDa cut-off spin filters 

were purchased from Millipore Sigma. GoTaq Hot Start Colorless Master Mix was 

purchased from Promega. Unmodified oligonucleotides were purchased with standard 

desalting purification from Integrated DNA Technologies. The random DNA library and 
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fluorophore- or quencher-modified DNA were purchased from Integrated DNA 

technologies with HPLC purification. All oligonucleotides were dissolved in PCR-quality 

water, and their concentrations were measured using a NanoDrop 2000 spectrophotometer. 

5’-thiolated and 3’-methylene blue-modified aptamers were purchased with dual HPLC 

purification from LGC Biosearch Technologies and dissolved in 1×TE Buffer (10 mM 

Tris-HCl with 1 mM EDTA, pH 8.0). The DNA sequences employed in this work are 

shown in Table 5-1. Deionized (DI) water with conductivity of 18.2 MΩ×cm was obtained 

from a Milli-Q EQ 7000 ultrapure water filtration system. 

Table 5-1. DNA sequences used in chapter 5. 

Sequences ID Sequence (5’–3’) 

Random library CGAGCATAGGCAGAACTTACGAC(N30)GTCGTAAGAGCGAGTCATTC 

Bio-cDNA TTTTTGTCGTAAGTTCTGCCATTTT-/3BioTEG/ 

Forward primer CGAGCATAGGCAGAACTTAC 

Biotinylated-

reverse primer 
/3BioTEG/-GAATGACTCGCTCTTACGAC 

Reverse primer  GAATGACTCGCTCTTACGAC 

F1 CTTACGACACGAGGTGTTTGGACTAAGTTCGGTTTCGGGTCGTAAG 

F2 CTTACGACGACTGCGTGTGGCCGGTGTGAGGGAGGGTTGTCGTAAG 

F3 CTTACGACAGCGGGTGTATGTACTAAGTCCGGTTCGGTGTCGTAAG 

F4 CTTACGACACTGGCAGGAGGGTCGGGTGTGGGAACGTGGTCGTAAG 

F5 CTTACGACCAGGCCTACGGAAGCAGCGTCAGCGGGGGGGTCGTAAG 

F6 CTTACGACTAGTGGAGTAGGGTCGGGTAGTGGGCCTCAGTCGTAAG 

F7 CTTACGACCACCATGGGAATCGGGTGGCTTGGAGGTGCGTCGTAAG 

F8 CTTACGACGAGCATCGGTTTTTTCGGTGATGTCTGGGAGTCGTAAG 

F9 CTTACGACGGAGGTTGGGAAGGAGGGGGAGGCCGGAGAGTCGTAAG 

F10 CTTACGACGGCAGGTGTTTGCACTAAGTCCGGTATGTCGTCGTAAG 

F11 CTTACGACCGGTGTGCTCGGGGAAGGGGGGCCCTAGGTGTCGTAAG 

F12 CTTACGACATCTGCGTGTGGCCGGTGTGAGGGAGGGATGTCGTAAG 

F13 CTTACGACCATGGGTGTTTGCACTAAGTCCGGTTCTTGGTCGTAAG 

F14 CTTACGACCGGTGTGCTCGGGGAAGGGGGCCCTAGGTGGTCGTAAG 

F15 CTTACGACACCGGGATCCAGATGGGTAGTTTGATGTGTGTCGTAAG 

F16 CTTACGACCGGCGGAAGGCTGGAGGGGTTGGGGGAGGTGTCGTAAG 

F17 CTTACGACCGGTGGGGAGGCCGGAGTTGGGAACGGGGGGTCGTAAG 

F18 CTTACGACCGGGATCCTTTGGGACAACCTGGTGGGCATGTCGTAAG 

F19 CTTACGACGGGGTACCCGGACAGTGATGTTTGGTGTTCGTCGTAAG 

F20 CTTACGACGAAGCAACGGGGTTTCGGAGGGCAGGTGTCGTCGTAAG 

F21 CTTACGACCGGACATGTGATCGGGCAGCTGGGAGTCGGGTCGTAAG 

F22 CTTACGACGTCGAGGGGTACCCTTTGGCGTTCGTCGAGGTCGTAAG 

F23 CTTACGACCAGGCTACGTGGGGGAGGGTGGGAAGACGGGTCGTAAG 
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F24 CTTACGACACAGGGTGTGTTGTGCTCAGTGGTGTATGTGTCGTAAG 

F25 CTTACGACAGGGGTACCCGCGTATAACGTGGCGTTCGTGTCGTAAG 

F26 CTTACGACGGGGTGGGGGCGGCTTCCCATGGGAGGGGTGTCGTAAG 

F27 CTTACGACGAGCGCGTGTGGCCGGCGTGAGGGAGGTGAGTCGTAAG 

F28 CTTACGACGGGTGGGGAGGCCCTCTAGTTGGGAACGGTGTCGTAAG 

F4-FAM 
/FAM/TGGCAGAACTTACGACACTGGCAGGAGGGTCGGGTGTGGGAACGTGG

TCGTAAG 

F13-FAM 
/FAM/TGGCAGAACTTACGACCATGGGTGTTTGCACTAAGTCCGGTTCTTGGT

CGTAAG 

F27-FAM 
/FAM/TGGCAGAACTTACGACGAGCGCGTGTGGCCGGCGTGAGGGAGGTGA

GTCGTAAG 

F27-42-FAM 
/FAM/TGGCAGAACTTACGACGAGCGCGTGTGGCCGGCGTGAGGGAGGTGA

GTCG 

cDNA-Dab GTCGTAAGTTCTGCC/Dab/ 

F13-39 CTTACGACCATGGGTGTTTGCACTAAGTCCGGTTCTTGG 

F27-42 CTTACGACGAGCGCGTGTGGCCGGCGTGAGGGAGGTGAGTCG 

F13-32-MB /ThiolC6/CCATGGGTGTTTGCACTAAGTCCGGTTCTTGG/MB/ 

F27-38-MB /ThiolC6/CGACGAGCGCGTGTGGCCGGCGTGAGGGAGGTGAGTCG/MB/ 

N30 represents 30 random nucleotides; /3BioTEG/ represents biotin tag; /FAM/ represents 

fluorescein tag; /Dab/ represents dabcyl quencher tag; /ThiolC6/ represents thiol group with 

six-carbon spacer; /MB/ represents methylene blue redox tag 

 

5.2.2. SELEX procedure.  

Isolation of aptamers against fentanyl, acetyl fentanyl, and furanyl fentanyl was 

carried out using the previously reported library-immobilized SELEX protocol with some 

modifications.28,37 The selection buffer employed was 10 mM Tris-HCl (pH 7.4), 20 mM 

NaCl, 0.5 mM MgCl2, with 1% (v/v) methanol. The initial random library pool consisted 

of ~6 × 1014 (1 nmol) oligonucleotides. Each library strand contains a randomized 30-nt 

loop flanked by two PCR primer-binding sites with an 8-nt stem-forming constant region. 

The general SELEX procedure comprised library immobilization, washing, target elution, 

library amplification, and single-strand generation, as described previously.28,37 Selection 

strategies and conditions for fentanyl, acetyl fentanyl, and furanyl fentanyl SELEX 

experiments can be found in Tables 5-2, 5-3, and 5-4, respectively.  
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Table 5-2. Selection strategy and condition for fentanyl SELEX.  

 

Counter-target groups were as follows:  

G1 (cocaine, procaine, and lidocaine)  

G2 (heroin and quinine)  

G3 (acetaminophen, benzocaine, diphenhydramine, (+)-pseudoephedrine, and (+)-

methamphetamine)  

G4 (codeine, morphine, and chlorpromazine)  

G5 (lactose, mannitol, and caffeine)  

G6 (lorazepam)  

G7 (papaverine) 

G8 (noscapine)  

Listed concentrations are for each chemical present in the group. Each wash consisted of 

250 µL 1× SELEX buffer. Between each counter-target, three washes with 1× SELEX 

buffer were performed. Washing for each counter target or target group was performed 

three times.  

 

 

 

Round 
Pool 

(pmol) 
Wash 
steps 

Counter SELEX 
Wash 
steps 

Target 
(µM) 

1 1000 10 NA NA 500 

2 350 10 Cocaine ×3 (100 µM) Heroin ×3 (100 µM) 30 500 

3 350 30 G1 ×3 (100 µM) G2 ×3 (100 µM) 30 250 

4 300 30 G1 ×3 (100 µM) G2 ×3 (100 µM) 30 250 

5 300 30 G1 ×3 (100 µM) G2 ×3 (100 µM) 30 250 

6 300 30 G1 ×3 (250 µM) G2 ×3 (250 µM) 30 250 

7 300 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

100 µM 
G4 ×3 

100 µM 
G5 ×3 

100 µM 
G6 ×3 

100 µM 
G7 ×3 

100 µM 
G8 ×3 

100 µM 
30 200 

8 200 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

250 µM 
G4 ×3 

250 µM 
G5 ×3 

250 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 100 

9 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 75 

10 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 50 

11 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 50 
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Table 5-3. Selection strategy and condition for acetyl fentanyl SELEX.  

 

Counter-target groups were as follows:  

G1 (cocaine, procaine, and lidocaine)  

G2 (heroin and quinine)  

G3 (acetaminophen, benzocaine, diphenhydramine, (+)-pseudoephedrine, and (+)-

methamphetamine)  

G4 (codeine, morphine, and chlorpromazine)  

G5 (lactose, mannitol, and caffeine)  

G6 (lorazepam)  

G7 (papaverine) 

G8 (noscapine)  

Listed concentrations are for each chemical present in the group. Each wash consisted of 

250 µL 1× SELEX buffer. Between each counter-target, three washes with 1× SELEX 

buffer were performed. Washing for each counter target or target group was performed 

three times.  

 

 

 

 

 

 

 

 

Round 
Pool 

(pmol) 
Wash 
steps 

Counter SELEX 
Wash 
steps 

Target 
(µM) 

1 1000 10 NA NA 500 

2 350 10 Cocaine ×3 (100 µM) Heroin ×3 (100 µM) 30 500 

3 350 30 G1 ×3 (100 µM) G2 ×3 (100 µM) 30 250 

4 300 30 G1 ×3 (100 µM) G2 ×3 (100 µM) 30 250 

5 300 30 
G1 ×3 

100 µM 
G2 ×3 

100 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 250 

6 300 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 250 

7 300 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

250 µM 
G4 ×3 

100 µM 
G5 ×3 

100 µM 
G6 ×5 

250 µM 
G7 ×5 

250 µM 
G8 ×5 

250 µM 
30 200 

8 200 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

250 µM 
G4 ×3 

250 µM 
G5 ×3 

250 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 100 

9 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 75 

10 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 50 
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Table 5-4. Selection strategy and condition for furanyl fentanyl SELEX.  

 

Counter-target groups were as follows:  

G1 (cocaine, procaine, and lidocaine)  

G2 (heroin and quinine)  

G3 (acetaminophen, benzocaine, diphenhydramine, (+)-pseudoephedrine, and (+)-

methamphetamine)  

G4 (codeine, morphine, and chlorpromazine)  

G5 (lactose, mannitol, and caffeine)  

G6 (lorazepam)  

G7 (papaverine) 

G8 (noscapine)  

Listed concentrations are for each chemical present in the group. Each wash consisted of 

250 µL 1× SELEX buffer. Between each counter-target, three washes with 1× SELEX 

buffer were performed. Washing for each counter target or target group was performed 

three times.  

5.2.3. High-throughput sequencing.  

Round 9 and 11 fentanyl pools, round 8 and 10 acetyl fentanyl pools, and round 7 

and 10 furanyl fentanyl pools were submitted for high-throughput sequencing (HTS) at 

FIU’s DNA Core Facility with an Ion Personal Genome Machine System with an Ion 318 

v2 chip (Thermo Fisher Scientific). Before sequencing, each library pool (final 

 

Round 
Pool 

(pmol) 
Wash 
steps 

Counter SELEX 
Wash 
steps 

Target 
(µM) 

1 1000 10 NA NA 500 

2 350 10 Cocaine ×3 (100 µM) Heroin ×3 (100 µM) 30 500 

3 350 30 
G1 ×3 

100 µM 
G2 ×3 

100 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 250 

4 300 30 
G1 ×3 

100 µM 
G2 ×3 

100 µM 
G6 ×3 

250 µM 
G7 ×3 

250 µM 
G8 ×3 

250 µM 30 250 

5 300 30 
G1 ×3 

100 µM 
G2 ×3 

100 µM 
G6 ×5 

250 µM 
G7 ×5 

250 µM 
G8 ×5 

250 µM 30 250 

6 300 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G6 ×5 

250 µM 
G7 ×5 

250 µM 
G8 ×5 

250 µM 30 250 

7 300 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

100 µM 
G4 ×3 

100 µM 
G5 ×3 

100 µM 
G6 ×5 

250 µM 
G7 ×5 

250 µM 
G8 ×5 

250 µM 
30 200 

8 200 30 
G1 ×3 

250 µM 
G2 ×3 

250 µM 
G3 ×3 

250 µM 
G4 ×3 

250 µM 
G5 ×3 

250 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 100 

9 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 50 

10 200 30 
G1 ×3 

500 µM 
G2 ×3 

500 µM 
G3 ×3 

500 µM 
G4 ×3 

500 µM 
G5 ×3 

500 µM 
G6 ×10 
250 µM 

G7 ×10 
250 µM 

G8 ×10 
250 µM 30 25 
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concentration: 10 nM) was mixed with GoTaq Hot Start Colorless Master Mix, forward 

primer (final concentration: 1 μM), and reverse primer (final concentration: 1 μM) and 

diluted with PCR-quality water to a final volume of 50 μL. Nine PCR cycles were 

performed using the following conditions: 2 min at 95 °C; 9 cycles of 95 °C for 15 s, 58 °C 

for 30 s, and 72 °C for 45 s; and finally, 5 min at 72 °C. 40 μL of each PCR product was 

added to 16 μL of ExoSAP-IT reagent and kept on ice. The mixture was then incubated at 

37 °C for 15 min to degrade the remaining primers and dNTPs, followed by incubation at 

80 °C for 15 min to inactivate the ExoSAP-IT reagent, after which the samples were 

submitted for sequencing. Primer sequences were trimmed by cutadapt,316 and further 

analysis of sequence population and enrichment between rounds was done using 

FASTAptamer.317  

5.2.4. Aptamer digestion experiments.  

Screening of aptamer candidates was performed using an exonuclease fluorescence 

assay, as previously reported.315 Briefly, a 1 µL solution of aptamer (final concentration 1 

µM) was added to 5 µL Tris–HCl (pH 7.4), heated to 95 °C for 10 min and immediately 

cooled on ice, and then diluted to a volume of 35 µL with salts, methanol, and BSA (final 

concentration: 10 mM Tris–HCl, 20 mM NaCl, 0.5 mM MgCl2, 1% (v/v) MeOH, 0.1 

mg/mL BSA, pH 7.4). Next, 5 µL of buffer, fentanyl, fentanyl analog, or interferent 

solution (final concentration varied depending on the experiment) was added to the reaction 

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

Finally, 5 µL of exonuclease mixture (final concentrations: 0.025 U/µL Exo III and 0.05 

U/µL Exo I) was added to each reaction. To monitor the digestion progress, 5 µL of the 

samples were collected at various time-points and added to the wells of a Nunc 384-well 
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black plate containing 25 µL of quench solution (final concentrations: 10 mM Tris-HCl 

(pH 7.4), 12.5% formamide, 10 mM EDTA, 1× SYBR Gold). The fluorescence intensity 

of SYBR gold (λex/λem = 495/537 nm)268 was recorded using a Tecan Infinite M1000 PRO 

microplate reader and plotted as a function of time. The area under the curve (AUC) of the 

aptamer fluorescence time-course plot was calculated in the absence and presence of the 

target. Resistance value (Rvalue), a target-binding induced enzyme inhibition metric, was 

calculated as Rvalue  = (AUCtarget/AUCblank)-1.89 

5.2.5. ITC experiments.  

All ITC experiments were performed in selection buffer with a MicroCal ITC200 

instrument (Malvern) at 23 °C. For each experiment, 300 µL of parent aptamer or major 

digestion product (final concentrations varying depending on experiments) in Tris–HCl 

buffer (pH 7.4, without salts) was heated at 95 °C for 10 min and immediately cooled on 

ice. Salts and methanol were subsequently added to match selection buffer conditions 

before loading into the sample cell. The syringe was loaded with fentanyl, acetyl fentanyl, 

furanyl fentanyl, or quinine in selection buffer. The concentrations used are listed in Tables 

5-5 and 5-6. Typically, each titration consisted of an initial purge injection of 0.4 µL and 

19 successive injections of 2 µL with a spacing of 180 sec between each injection but was 

changed as necessary for specific sequences (F2, F5-40, F7-40, F12, F16, F27, F2-38, F12-

38, F16-43, and F22-42). The raw data were first corrected for the dilution heat of the 

ligand and then analyzed with the MicroCal analysis kit integrated into Origin 7 software 

and fitted with a single-site binding model.  
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Table 5-5. Aptamer ID, KD, and ITC conditions. 

Aptamer 

ID 

Ligand 

type  

[Ligand] 

 (µM) 

[Aptamer] 

 (µM) 

KD  

(nM) 

F1 Fentanyl 200  20 510 ± 13 

F2 Fentanyl 150 15 93 ± 5 

F3 Fentanyl 200  20 709 ± 37 

F4 Fentanyl 200 20 923 ± 41 

F5 Fentanyl 150 20 316 ± 17 

F6 Fentanyl 100 10 42 ± 4 

F7 Fentanyl 100 10 43 ± 5 

F8 Fentanyl 100 10 350 ± 22 

F9 Fentanyl 100 10 72 ± 9 

F21 Fentanyl 150 20 310 ± 10 

F28 Fentanyl 100 10 43 ± 4 

F10 Acetyl fentanyl 200 20 546 ± 25 

F11 Acetyl fentanyl 1000 40 27,200 ± 650 

F12 Acetyl fentanyl 65 7.5 60 ± 7 

F13 Acetyl fentanyl 200 20 251 ± 15 

F14 Acetyl fentanyl 200 20 68 ± 4 

F15 Acetyl fentanyl 100 10 156 ± 10 

F16 Acetyl fentanyl 50 10 67 ± 18 

F17 Acetyl fentanyl 100 10 98 ± 7 

F18 Acetyl fentanyl 100 10 29 ± 3 

F19 Furanyl fentanyl 250 20 NA 

F20 Furanyl fentanyl 100 10 207 ± 14 

F21 Furanyl fentanyl 150 15 193 ± 18 

F22 Furanyl fentanyl 100 10 240 ± 22 

F23 Furanyl fentanyl 100 10 51 ± 3 

F24 Furanyl fentanyl 100 10 63 ± 11 

F25 Furanyl fentanyl 100 10 171 ± 11 

F26 Furanyl fentanyl 150 10 59 ± 7 

F27 Furanyl fentanyl 100 10 4 ± 1 

F28 Furanyl fentanyl 60 7.5 62 ± 9 

F2 Furanyl fentanyl 100 10 53 ± 12 

F6 Furanyl fentanyl 100 10 63 ± 7 
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Table 5-6. Aptamer digestion product ID, KD, and ITC conditions. 

NAa:  Aptamer affinity was determined using a strand-displacement assay. 

 

5.2.6. Strand-displacement fluorescence assay. 

5.2.6.1. Determination of F27-FAM binding affinity.  

The strand-displacement fluorescence assay was performed using a previously 

reported protocol. The KD between target and aptamer is equal to the ratio of KD1 (cDNA-

aptamer affinity) and KD2 (target affinity for the aptamer-cDNA complex). To determine 

KD1, fluorescein-modified F27 (F27-FAM) was hybridized with a 15-nt dabcyl-modified 

cDNA (cDNA-Dab). Specifically, 72 µL of F27-FAM dissolved in 1× selection buffer 

(final concentration: 50 nM) was mixed with 8 µL of various concentrations of cDNA-Dab 

Aptamer 

ID 
Target type 

[Ligand]

(µM) 

[Aptamer] 

(µM) 

Product  

KD (nM) 

Parent  

KD (nM) 

KD of 

Product/Parent 

F1-40 Fentanyl 1000 50 3,730 ± 110 510 ± 13 7.3 

F2-38 Fentanyl 1400 80 40,600 ± 5627 93 ± 5 436.6 

F3-37 Fentanyl 1000 40 64,900 ± 2100 709 ± 37 91.5 

F5-40 Fentanyl 150 × 2 20 2,808 ± 377 316 ± 17 8.9 

F7-40 Fentanyl 1000 40 15,800 ± 1300 43 ± 5 367.4 

F8-42 Fentanyl 100 10 165 ± 16 350 ± 22 0.5 

F13-39 Fentanyl 320 20 5550 ± 285 NA NA 

F21-35 Fentanyl 1000 40 NA 310 ± 10 NA 

F27-42 Fentanyl 200 30 203 ± 28 NA NA 

F10-37 Acetyl fentanyl 1500 100 91,700 ± 3700 546 ± 25 167.9 

F12-38 Acetyl fentanyl 600 60 12,722 ± 195 60 ± 7 212.0 

F13-39 Acetyl fentanyl 100 10 2,659 ± 37 251 ± 15 10.6 

F16-43 Acetyl fentanyl 100 20 35 ± 7 67 ± 18 0.5 

F18-43 Acetyl fentanyl 100 10 17 ± 4 29 ± 3 0.6 

F27-42 Acetyl fentanyl 200 30 122 ± 10 12.4 ± 1a 9.8 

F20-40 Furanyl fentanyl 400 40 6,450 ± 449 207 ± 14 31.2 

F21-35 Furanyl fentanyl 400 40 NA 193 ± 18 NA 

F22-42 Furanyl fentanyl 400 40 4,761 ± 412 240 ± 22 19.8 

F23-40 Furanyl fentanyl 100 10 523 ± 67 51 ± 3 10.3 

F27-42 Furanyl fentanyl 200 30 130 ± 18 7.5 ± 0.4a 17.3 

F2-38 Furanyl fentanyl 300 × 5 60 5,747 ± 293 53 ± 12 108.4 
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(final concentrations: 0, 7, 15, 31, 62, 125, 250, 500, or 1,000 nM) in 1× selection buffer. 

The mixture was heated to 90 °C for 10 min and then cooled gradually to room temperature 

over 20 min to promote annealing. Afterward, 70 µL of each solution was loaded into the 

wells of a Nunc 384-well black plate, and the fluorescence intensity was immediately 

recorded using a Tecan microplate reader (λex/λem = 495/520 nm). KD1 was determined by 

fitting the curve using a Langmuir binding isotherm and calculating the free cDNA 

concentration at 50% quenching efficiency, resulting in a KD1 of 15.2 ± 1 nM. To determine 

KD2, a 72 µL solution of aptamer-cDNA complex (final concentrations: 50 nM F27-FAM 

and 125 nM cDNA-Dab) dissolved in 1× selection buffer was heated to 90 °C for 10 min 

and cooled to room temperature over 20 min to promote perfect hybridization between both 

strands. Then 8 µL of acetyl fentanyl or furanyl fentanyl at various concentrations in 1× 

selection buffer (final concentrations: 0, 5, 10, 20, 39, 78, 156, 312.5, 625, 1,250, 2,500, 

and 5,000 nM) was added to the aptamer/cDNA complexes. The mixture was incubated at 

room temperature for 1 hour to allow the system to reach equilibrium, after which 70 µL 

of each solution was loaded into the wells of a Nunc 384-well black plate with the 

fluorescence intensity (λex/λem = 495/520 nm) being immediately recorded. KD2 was 

calculated by fitting the fluorescence recovery to a Langmuir binding isotherm and 

dividing the free cDNA by the free target concentration at the half-saturation point of the 

cDNA displacement curve. A KD2 value of 1.23 and 2.02 were obtained for acetyl fentanyl 

and furanyl fentanyl, respectively. Based on KD1 and KD2, F27 yielded a KD of 12.4 ± 1 

and 7.5 ± 0.4 nM for acetyl fentanyl and furanyl fentanyl, respectively. 
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5.2.6.2. Determination of aptamer specificity and cross-reactivity.  

First, the concentration of cDNA-Dab necessary to achieve ~75% quenching 

efficiency was determined. 72 µL of fluorescein-modified F4 (F4-FAM), fluorescein-

modified F13 (F13-FAM), F27-FAM or fluorescein-modified F27-4 (F27-42-FAM) (final 

concentrations: 50 nM) dissolved in 1× selection buffer. For F4-FAM, F13-FAM, and F27-

FAM, the solution was mixed with 8 µL of various concentrations of cDNA-Dab in 1× 

selection buffer (final concentrations: 0, 7, 15, 31, 62, 125, 250, 500, or 1,000 nM). For 

F27-42-FAM, a cDNA containing a single G–T mismatch (cDNA-GT-Dab) was used 

instead (final concentrations: 0, 16, 31, 62.5, 125, 250, 500, 1,000, 2,000, or 4,000 nM). 

The mixture was heated to 90 °C for 10 min and slowly cooled down to room temperature 

over 20 min to promote the annealing of both strands. Afterward, 70 µL of each solution 

was loaded into the wells of a Nunc 384-well black plate, and the fluorescence intensity 

was immediately recorded using a Tecan microplate reader (λex/λem = 495/520 nm). An 

optimized aptamer/cDNA ratios for each aptamer was determined for specificity and/or 

cross-reactivity testing (50 nM F4-FAM/100 nM cDNA-Dab, 50 nM F13-FAM/250 nM 

cDNA-Dab, 50 nM F27-FAM/250 nM cDNA-Dab, or 50 nM F27-42-FAM/250 nM 

cDNA-GT-Dab). The specificity of F4-FAM, F13-FAM, and F27-FAM was determined 

against the 19 counter-targets employed during selection. The cross-reactivity of F13-

FAM, F27-FAM, and F27-42-FAM was determined against fentanyl and its 14 analogs. 

Specifically, 72 µL of aptamer/cDNA mixture in 1.1× selection buffer was heated and then 

cooled to promote annealing. The target and interferent molecules were prepared in DI 

water containing 10% methanol to enhance drug solubility. Then 72 µL aptamer/cDNA 

mixture was added to an 8 µL solution of selection target or analog (final concentration: 
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100 µM) or interferent (final concentration: 100 µM) and incubated for 1 hour at room 

temperature to allow the system to reach equilibrium. 70 µL of each sample was then 

loaded into the wells of a Nunc 384-well black plate, and the fluorescence intensity 

(λex/λem = 495/520 nm) was immediately recorded. For F4-FAM, F13-FAM, F27-FAM, or 

F27-42-FAM, cross-reactivity was calculated based on the signal produced by fentanyl, 

acetyl fentanyl, furanyl fentanyl, or furanyl fentanyl, respectively. 

5.2.7. Fabrication of E-AB sensors.  

Aptamer-modified gold electrodes were prepared using a target-assisted 

immobilization strategy.318 Polishing and cleaning of the electrodes were performed using 

a previously reported protocol.294 Methylene blue-modified thiolated aptamers (F13-32-

MB or F27-38-MB) were mixed with 100 mM Tris(2-carboxyethyl)phosphine 

hydrochloride in deionized water for 2 hours to reduce the disulfide bonds between 

aptamers. The freshly reduced aptamers were further diluted to various concentrations 

(final concentrations: 50, 100, or 150 nM for F13-32-MB or 10, 25, 50, or 100 nM for F27-

38-MB) in selection buffer containing 50 µM acetyl fentanyl or fentanyl, respectively. 

Cleaned electrodes were incubated in the aptamer solution for 13 hours at room 

temperature in the dark. After aptamer immobilization, the electrode was rinsed with 

deionized water and then backfilled with 1 mM 6-mercapto-1-hexanol prepared in 1× 

selection buffer containing 50 µM acetyl fentanyl or fentanyl for F13-32-MB or F27-38-

MB, respectively, for 2 hours at room temperature. Finally, the electrodes were rinsed with 

DI water and stored in 10 mM Tris–HCl (pH 7.4) for 1 hour before measurements.  
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5.2.8. Electrochemical measurements and optimization of E-AB sensor performance. 

All electrochemical measurements were performed using a CHI760D 

electrochemical workstation with a three-electrode system containing an Ag/AgCl 

reference electrode (3M KCl) (CHI), a platinum wire counter electrode (CHI), and an 

aptamer-modified gold working electrode. To optimize surface coverage, E-AB sensors 

were constructed using 50, 100, or 150 nM F13-32-MB or 10, 25, or 50 nM F27-38-MB. 

Peak currents produced by 5, 15, and 50 µM target were obtained for each modified 

electrode with square-wave voltammetry (SWV) measurement frequency of 200 Hz. The 

signal gain was calculated using the equation (I – I0)/I0 × 100%, where I and I0 are the peak 

current in the presence and absence of the target, respectively. The best sensing 

performance was achieved with electrodes modified with 100 nM F13-32-MB or 10 nM 

F27-38-MB, corresponding to a surface coverage of 3.33 ± 0.4 and 2.17 ± 0.1 pmol/cm2, 

respectively, based on the method reported by Tarlov et al.296 Next, we optimized the 

frequency of SWV measurements in the range of 50–400 Hz by measuring the signal gain 

at 50 µM target. The optimal frequency was 200 and 400 Hz for E-AB sensors constructed 

with F13-32-MB and F27-38-MB, respectively. All data represent the average of 

measurements taken with three independent working electrodes.  

5.2.9. Cross-reactivity and binary-mixture measurements using E-AB sensors 

constructed with F13-32-MB.  

E-AB sensors were fabricated as previously described using 100 nM F13-32-MB. 

Each electrode was placed in 1 mL selection buffer alone or containing fentanyl or one of 

its analogs (final concentration: 5 µM). After 1 minute of incubation at room temperature, 

the peak SWV current was recorded three times, and the average current was used to 
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calculate signal gain. Sensor cross-reactivity was calculated relative to the signal gain 

produced by 5 µM fentanyl. For detection of fentanyl in binary mixtures, a similar detection 

procedure was done, except the electrodes were placed in 1 mL selection buffer containing 

either 5 µM fentanyl or 5 µM fentanyl mixed with 500 µM cocaine, lactose, mannitol, 

quinine, lidocaine, heroin, benzocaine, (+)-methamphetamine, diphenhydramine, (+)-

pseudoephedrine, acetaminophen, codeine, chlorpromazine, morphine, caffeine, or 

procaine, or 200 µM papaverine, noscapine, or lorazepam. Cross-reactivity was calculated 

relative to the signal gain produced by 5 µM fentanyl only. All data represent the average 

of measurements taken with three working electrodes. 

5.2.10. Detection of fentanyl in 50% saliva using E-AB sensors constructed with F27-

38-MB. 

To perform detection of fentanyl in saliva, we first prepared pooled human saliva 

based on a published protocol. Drug-spiked 50% saliva samples were prepared by mixing 

500 µL of 2× selection buffer with or without fentanyl with 500 µL of human saliva. Before 

detection, sensors constructed with 10 nM F27-38-MB were first incubated in a 6 M 

guanidinium HCl solution for 10 min to unfold the aptamers and release any remaining 

fentanyl from the target-assisted immobilization step. The treated electrodes were then 

incubated in fentanyl-spiked 50% saliva samples for 1 min, and the peak SWV current was 

recorded three times. The signal gain was calculated using the average peak current. All 

data represent the average of measurements taken with three independent working 

electrodes. 
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5.2.11. Polyacrylamide gel electrophoresis (PAGE) analysis of digestion products.  

Aptamer digestion products were analyzed using denaturing PAGE by collecting 5 

µL of samples at various time intervals and mixing it with 10 µL of formamide loading 

buffer (75% formamide, 10% glycerol, 0.125% SDS, 10 mM EDTA, and 0.15% (w/v) 

xylene cyanol). 6 µL of each sample was loaded into a 15% denaturing PAGE gel. 

Separation was carried out at 6 V/cm for 30 mins followed by 25 V/cm for 4 hr in 0.5× 

TBE running buffer. The gel was stained with 1× SYBR Gold for 25 min and imaged using 

a ChemiDoc MP Image system (Bio-Rad). The major digestion product of each aptamer 

was determined using a DNA ladder customized for each sequence. 

5.2.12. Confirmation of structure-switching functionality of aptamer digestion 

products using circular dichroism (CD) spectroscopy.  

CD experiments were performed at room temperature using a Jasco J-815 CD 

spectropolarimeter. F13-39 or F27-42 (1.5 µM final concentration) was prepared in Tris–

HCl buffer, heated to 95 °C for 10 mins, and immediately cooled on ice for 5 min, after 

which salts and methanol were added (Final concentration: 10 mM Tris–HCl, pH 7.4, 20 

mM NaCl, 0.5 mM MgCl2, 1% MeOH). Then DI water or target (final concentration: 10 

µM) was added to the solution to a total volume of 300 µL. The solution was transferred 

to a 1 cm quartz cuvette (Hellma Analytics) and measured using the following parameters: 

scan range of 210 to 310 nm, scan speed of 50 nm/min, sensitivity of 5 mdeg, response 

time of 4 s, bandwidth of 1 nm, and accumulation of 5 scans. Reference spectra of selection 

buffer were taken with and without target. To produce the final reported spectra, they were 

subtracted from the CD spectra collected with aptamer in the absence or presence of their 

respective target. 
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5.3. Results and Discussion. 

We have recently developed a label-free exonuclease fluorescence assay for 

characterizing the binding profile of several aptamer mutants.315 Our previous screening 

results using ochratoxin A- and ATP-binding DNA aptamers showed a qualitative 

relationship between the degree of enzymatic inhibition and the aptamer’s target-binding 

affinity.315 However, we could not find a quantitative relationship as the dataset was too 

small. We now used a testbed of 28 aptamer candidates isolated from three separate SELEX 

experiments against fentanyl, acetyl fentanyl, and furanyl fentanyl. Each aptamer 

candidate’s exonuclease results were compared against either ITC or the strand-

displacement fluorescence assay to validate the relationship between enzyme inhibition 

and KD.  

5.3.1. Isolation of aptamers against fentanyl and its analogs using SELEX.  

Fentanyl and its analogs are a family of potent narcotic analgesics. As of 2020,194 

fentanyl and its analogs were the fourth most abused illicit substance and the top cause of 

drug-related overdose deaths in the USA. These molecules act on the µ-opioid receptors, 

providing potent pain relief with several-fold greater potency than morphine.216,217 Fentanyl 

and its analogs share the 4-anilidopiperidine core structure, but with various chemical 

modifications on its five variable regions (Figure 5-1A, R1-R5).222–224 Screening of fentanyl 

and its analogs in seized substances is currently performed using chemical spot tests 225,226 

or lateral-flow immunoassays.227–229 Chemical spot tests use reagents that react with specific 

chemical functional groups on the drug target to generate a colored product. These tests are 

rapid and inexpensive but generally unreliable, as they also tend to respond to interferent 

molecules that share the same functional groups.319–321 Lateral-flow immunoassays are 
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much more specific and usually only respond to the intended target with high sensitivity. 

However, these are based on antibodies with limited cross-reactivity, and which therefore 

only respond to a handful of analogs.227–229 There is thus a need for better bioreceptors that 

can recognize the broad family of fentanyl analogs while also specifically discriminating 

against interferent molecules to combat the ever-growing opioid crisis.  

 
Figure 5-1. The chemical structures of fentanyl and its analogs. (A) 4-anilidopiperidine 

core structure, (B) fentanyl (1), (C) acetyl fentanyl (2), (D) furanyl fentanyl (3), (E) 

acrylfentanyl (4), (F) butyryl fentanyl (5), (G) valeryl fentanyl (6), (H) cyclopropyl 

fentanyl (7), (I) methoxyacetyl fentanyl (8), (J) p-fluorofentanyl (9), (K) o-methyl furanyl 

fentanyl (10), (L) p-methoxy furanyl fentanyl (11), (M) p-methoxy butyryl fentanyl (12), 

(N) p-fluoroisobutyryl fentanyl (13), (Q) cis-3-methyl fentanyl (14), and (P) alpha-methyl 

thiofentanyl (15). The substituent sites are marked in red. 
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To isolate an aptamer that is cross-reactive to fentanyl and its analogs, we selected 

fentanyl, acetyl fentanyl, and furanyl fentanyl as the selection targets (Figure 5-1B–D). 

These molecules are among the most commonly encountered members194 in the fentanyl 

family and possess various modifications at the R1 site. We began by performing three 

separate SELEX experiments against these targets with detailed conditions listed in Tables 

5-2, 5-3, and 5-4. Each library molecule comprises a 73-nucleotide (nt) stem-loop 

containing a 30-nt random region flanked by two primer binding sites containing a constant 

8-base pair stem (Table 5-1). Each selection began with an initial pool size of 1,000 pmol 

that was gradually reduced to 200 pmol over the selection process. The concentration of 

the selection target and counter-target were steadily reduced and increased, respectively, 

to apply selection pressure to enrich high-affinity and -specificity aptamers. We observed 

complete enrichment of the fentanyl pool after 11 rounds of selection (Figure 5-2A) and 

characterized the affinity and specificity of the pool using a gel elution assay. The final 

pool demonstrated a fentanyl binding affinity of 17 µM, with ~100% cross-reactivity to 25 

µM acetyl fentanyl and 74% cross-reactivity to 25 µM furanyl fentanyl (Figure 5-2B & 

C). Moreover, the pool demonstrated excellent specificity against 16 of the counter-targets 

at 250 µM (<5% cross-reactivity). However, cross-reactivities >12% were observed for 

lorazepam, noscapine, and papaverine (Figure 5-2C), indicating that more effort must be 

put into counter-selection to remove nonspecific aptamers that bind these counter-targets. 

Therefore, we employed counter-selection against lorazepam, noscapine, and papaverine 

during earlier rounds (round 5 onward) for selection against acetyl fentanyl. The acetyl 

fentanyl-binding pool was fully enriched after 10 rounds (Figure 5-3A) and demonstrated 

a binding affinity of 15 µM with high cross-reactivity to 25 µM fentanyl and furanyl 
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fentanyl (Figure 5-3B). We also observed reduced cross-reactivity to lorazepam, 

noscapine, and papaverine (Figure 5-3C), indicating that even earlier counter-selection 

may improve the pool’s specificity. We therefore employed counter-selection against 

lorazepam, noscapine, and papaverine starting in round 3 for furanyl fentanyl SELEX. The 

furanyl fentanyl-binding pool was fully enriched after 10 rounds (Figure 5-4A) and 

demonstrated a binding affinity of 9 µM with high cross-reactivity against 25 µM fentanyl 

and furanyl fentanyl (Figure 5-4B). Although the furanyl fentanyl pool had the earliest 

employed counter-selection against lorazepam, noscapine, and papaverine, we still 

observed cross-reactivity (Figure 5-4C). This is presumably due to the moderate binding 

affinity these ligands have against DNA.322,323  
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Figure 5-2. Isolation of fentanyl-binding aptamers via library-immobilized SELEX. (A) 

Percent of pools eluted by the target in each selection round. (B) Determination of binding 
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affinity of the round 11 fentanyl pool using a gel elution assay. Percent of pool eluted by 

fentanyl was plotted against fentanyl concentration (0, 2.5, 5, 10, 25, 50, 100, 250, 500 

µM). (C) Cross-reactivity of the round 11 fentanyl pool against 25 µM fentanyl, acetyl 

fentanyl, or furanyl fentanyl, or 250 µM of various counter-targets. Cross-reactivity is 

calculated relative to the pool eluted by 25 µM fentanyl. 
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Figure 5-3. Isolation of acetyl fentanyl-binding aptamers via library-immobilized SELEX. 

(A) Percent of pools eluted by the target in each selection round. (B) Determination of 

binding affinity of the round 10 acetyl fentanyl pool using a gel elution assay. Percent of 

pool eluted by acetyl fentanyl was plotted against acetyl fentanyl concentration (0, 2.5, 5, 

10, 25, 50, 100, 250, 500 µM). C) Cross-reactivity of the round 10 acetyl fentanyl pool 

against 25 µM of various counter-targets. Cross-reactivity is calculated relative to the pool 

eluted by 25 µM acetyl fentanyl. 
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Figure 5-4. Isolation of furanyl fentanyl-binding aptamers via library-immobilized 

SELEX. (A) Percent of pools eluted by the target in each selection round. (B) 

Determination of binding affinity of the round 10 furanyl fentanyl pool using a gel elution 

assay. Percent of pool eluted by furanyl fentanyl was plotted against furanyl fentanyl 

concentration (0, 2.5, 5, 10, 25, 50, 100, 250, 500 µM). C) Determination of the cross-

reactivity of the round 10 furanyl fentanyl pool against 25 µM furanyl fentanyl, fentanyl, 

or acetyl fentanyl, or 250 µM of various counter-targets. Cross-reactivity is calculated 

relative to the pool eluted by 25 µM furanyl fentanyl. 

 

5.3.2 High-throughput sequencing (HTS) of enriched pools.  

We subjected the final pool from each selection and an earlier pool to HTS to obtain 

the relative population in the final round and enrichment-fold of each sequence during 

selection. Rounds 9 and 11 from the fentanyl pool, rounds 8 and 10 from the acetyl fentanyl 

pool, and rounds 7 and 10 from the furanyl fentanyl pool were sequenced, with a total of 
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435,632, 521,281, 381,252, 492,320, 410,943, and 1,425,919 reads for each pool, 

respectively. Cutadapt316 software was then used to remove the primer regions, after which 

the population and enrichment-fold for each unique sequence were calculated using the 

FASTAptamer317 software. The population of each sequence during both selection rounds 

is plotted in Figure 5-5, with each black circle in Figures 5-5A, C, & E representing a 

unique sequence. The dashed blue line illustrates the position of sequences that had no 

change in population between rounds and can be used to gauge the growth of other 

sequences between rounds. Sequences above the blue line had positive enrichment 

(increase in abundance), while sequences below had negative enrichment (decrease in 

abundance). For each SELEX experiment, several sequences were observed with negative 

or positive enrichment, indicating that dynamic changes were still occurring during 

selection. We employed two selection criteria to identify promising aptamer candidates: 

aptamers with a final abundance >3.5%, and aptamers with a final abundance >1% as well 

as enrichment-fold >2 (Figure 5-5B, D, & F). Thirty-three sequences fit these criteria, five 

of which appeared for more than one selection target. Specifically, F2, F6, F21, and F28 

appeared in the final fentanyl and furanyl fentanyl pools, and F27 appeared in the final 

acetyl fentanyl and furanyl fentanyl pools. The other 28 aptamer candidates were chosen 

for synthesis and subsequent testing (Table 5-1). 
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Figure 5-5. HTS analysis of enriched pools. Analysis of sequence abundance between (A) 

round 9 and 11 fentanyl pools, (C) round 8 and 10 acetyl fentanyl pools, and (E) round 7 

and 10 furanyl fentanyl pools. Enrichment-fold of sequences present at >1% of (B) round 

11 fentanyl pool, (D) round 10 acetyl fentanyl pool, and (F) round 10 furanyl fentanyl pool. 

Shaded grey rectangles indicate sequences with >3.5% abundance or with >1% abundance 

and >2-fold enrichment-fold. Sequences selected for further characterization are shown by 

colored dots.  



158 
 

 
Figure 5-6. Schematic of our exonuclease digestion assay for distinguishing ligand-bound 

and non-bound aptamers.  

 

5.3.3. Rapid screening of 28 aptamer candidates for their target-binding affinity.  

The exonuclease fluorescence assay utilizes Exo III, a 3’-to-5’ double-strand 

exonuclease, and Exo I, a 3’-to-5’ single-strand exonuclease, to selectively digest unbound 

aptamers into mononucleotides (Figure 5-6, left) while halting digestion a few bases before 

the binding domain of ligand-bound aptamers (Figure 5-6, right). Digestion is monitored 

using the DNA-binding dye SYBR Gold, which selectively binds intact oligonucleotides 

and emits strong fluorescence while having no affinity for mononucleotides (Figure 5-6). 

Using this assay, we screened the target-binding affinity of our 28 aptamer candidates. We 

anticipated that aptamers with strong ligand affinity will resist digestion and be retained 

over the entire time-course. In contrast, non-binding or weakly bound aptamers will have 

produced minimal fluorescence after being rapidly digested into mononucleotides. We first 

digested each aptamer in the absence or presence of 100 µM of their respective selection 

target. Several samples were collected over the digestion time-course, and the reaction was 

stopped by adding a quench solution composed of EDTA, formamide, and SYBR Gold. 

The fluorescence intensity was plotted against reaction time to construct a time-course of 

digestion for each aptamer in the presence and absence of their respective selection target 

(Figures 5-7, 5-8, and 5-9). Several parameters can describe the degree of enzyme 

inhibition, including first-order reaction rate, reaction half-life, and area-under-the-curve 
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(AUC).89 To minimize the error associated with fitting slow reaction kinetics with 

exponential rate equations, we performed all analyses of enzymatic inhibition using the 

AUC parameter. The AUC value was normalized based on each aptamer’s digestion rate 

using the following equation to determine the ‘resistance value’: Rvalue = 

(AUCtarget/AUCblank)-1. A large Rvalue indicates potent ligand-induced enzyme inhibition, 

whereas an Rvalue of 0 indicates no inhibition. We observed 11 aptamers with Rvalue >0.8 

(F4, F6, F9, F14, F15, F16, F17, F18, F25, F27, and F28), nine with 0.8 > Rvalue > 0.4 (F5, 

F7, F8, F12, F13, F20, F23, F24, and F26), and eight with Rvalue < 0.4 (F1, F2, F3, F10, 

F11, F19, F21, and F22)  (Figure 5-10). Based on these results, we anticipated that aptamer 

sequences with large Rvalues (> 0.8) would also have the highest affinity, while those with 

low Rvalues (< 0.4) would have little to no ligand-binding affinity.  
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Figure 5-7. Fentanyl binding affinity of 11 aptamer candidates. Time-course digestion of 

(A) F1, (B) F2, (C) F3, (D) F4, (E) F5, (F) F6, (G) F7, (H) F8, (I) F9, (J) F21, and (K) 

F28 in the absence and presence of 100 µM fentanyl. 
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Figure 5-8. Acetyl fentanyl binding affinity of 10 aptamer candidates. Time-course 

digestion of (A) F10, (B) F11, (C) F12, (D) F13, (E) F14, (F) F15, (G) F16, (H) F17, (I) 

F18, and (J) F27 in the absence and presence of 100 µM acetyl fentanyl. 
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Figure 5-9. Furanyl fentanyl binding affinity of 12 aptamer candidates. Time-course 

digestion of (A) F19, (B) F20, (C) F21, (D) F22, (E) F23, (F) F24, (G) F25, (H) F26, (I) 

F27, (J) F28, (K) F2, and (L) F6 in the absence and presence of 100 µM furanyl fentanyl. 
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Figure 5-10. Rvalue for aptamer candidates in the presence of 100 µM of their respective 

selection targets. 

 

Based on this dataset, we set out to find the correlation between an aptamer’s Rvalue 

and KD. We determined each aptamer candidate’s KD for its selection target using ITC 

(Figures 5-11, 5-12, 5-13, 5-14, 5-15, 5-16, and 5-17) and the strand-displacement 

fluorescence assay (Figure 5-18). Two aptamers had an exceptionally weak binding 

affinity (KD > 25 μM), and 25 aptamers had KD ranging between 10–1,000 nM (Table 5-

5). One aptamer (F27) demonstrated an exceptionally low KD for furanyl fentanyl of 4 ± 1 

nM (Figure 5-17). We suspected that this measurement may have a significant error, given 

the large c-value of 1,750. However, we confirmed F27’s KD using the strand-displacement 

method, obtaining similar values of 12.4 ± 1 nM and 7.5 ± 0.4 for acetyl fentanyl and 

furanyl fentanyl, respectively (Figure 5-18).  
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Figure 5-11. Characterization of fentanyl binding affinity of six aptamer candidates using 

ITC. The top panels display the heat generated from each titration of fentanyl into (A) F1, 

(B) F2, (C) F3, (D) F4, (E) F5, and (F) F6. The bottom panels show the integrated heat of 

each titration after correcting for the heat of dilution of the titrant. 
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Figure 5-12. Characterization of fentanyl- and acetyl fentanyl-binding affinity of six 

aptamer candidates using ITC. The top panels display the heat generated from each titration 

of fentanyl into (A) F7, (B) F8, (C) F9, (D) F21, and (E) F28, or acetyl fentanyl into (F) 

F10. The bottom panels show the integrated heat of each titration after correcting for the 

heat of dilution of the titrant.  
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Figure 5-13. Characterization of acetyl fentanyl binding affinity of six aptamer candidates 

using ITC. The top panels display the heat generated from each titration of acetyl fentanyl 

into (A) F11, (B) F12, (C) F13, (D) F14, (E) F15, and (F) F16. The bottom panels show 

the integrated heat of each titration after correcting for the heat of dilution of the titrant. 
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Figure 5-14. Characterization of acetyl fentanyl- and furanyl fentanyl-binding affinity of 

six aptamer candidates using ITC. The top panels display the heat generated from each 

titration of acetyl fentanyl into (A) F17 and (B) F18, or furanyl fentanyl into (C) F19, (D) 

F20, (E) F21, and (F) F22. The bottom panels show the integrated heat of each titration 

after correcting for the heat of dilution of the titrant. 
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Figure 5-15. Characterization of furanyl fentanyl binding affinity of six aptamer 

candidates using ITC. The top panels display the heat generated from each titration of 

furanyl fentanyl into (A) F23, (B) F24, (C) F25, (D) F26, (E) F28, and (F) F2. The bottom 

panels show the integrated heat of each titration after correcting for the heat of dilution of 

the titrant. 
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Figure 5-16. Characterization of furanyl fentanyl binding affinity of aptamer candidate F6 

using ITC. The top panels display the heat generated from each titration of furanyl fentanyl 

into F6. The bottom panels show the integrated heat of each titration after correcting for 

the heat of dilution of the titrant. 
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Figure 5-17. Characterization of furanyl fentanyl binding affinity of F27 using ITC. The 

top panel displays the heat generated from each titration of furanyl fentanyl into F27. The 

bottom panel shows the integrated heat of each titration after correcting for the heat of 

dilution of the titrant. 
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Figure 5-18. Determination of F27’s furanyl fentanyl and acetyl fentanyl binding affinity 

using a fluorescence strand-displacement assay. (A) KD1 was determined by mixing 50 nM 

F27-FAM with 0, 8, 16, 31, 62.5, 125, 250, 500, or 1,000 nM cDNA-Dab and measuring 

the fluorescence quenching at 520 nm. KD2 was determined from the fluorescence recovery 

at 520 nm of 50 nM F27-FAM/125 nM cDNA-Dab complexes upon the addition of varying 

concentrations of (B) furanyl fentanyl or (C) acetyl fentanyl. Target concentrations used 

were 0, 5, 10, 20, 39, 78, 156, 312.5, 625, 1,250, 2,500, and 5,000 nM. 

 

 
Figure 5-19. Correlation between target-binding-induced exonuclease inhibition and 

aptamer affinity. (A) Schematic of our exonuclease digestion assay for distinguishing 

ligand-bound and non-bound aptamers. (B) Relationship between parent aptamer KD and 

Rvalue of each aptamer in the presence of 100, 25, 5, or 1.5 µM of their respective selection 

targets. (C) Relationship between the KD of the major digestion products of the outliers 

from B (colored) or parent aptamers (black) and the Rvalue of each aptamer in the presence 

of 100, 25, 5, or 1.5 µM of their respective selection targets. KD values were determined 

by ITC or the strand displacement assay. 
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Most aptamers demonstrated sub-micromolar affinity. Therefore, 100 µM ligand 

may be too high of a concentration to differentiate minute differences in binding affinity. 

We then performed digestion of each aptamer using lower target concentrations of their 

respective targets (1.5, 5, or 25 µM) (Figures 5-20, 5-21, and 5-22), calculated their Rvalue, 

and constructed plots of each aptamer’s KD versus Rvalue at each tested ligand concentration 

(Figure 5-19A). In general, high-affinity aptamers retained a high Rvalue at lower target 

concentrations relative to weaker affinity aptamers. For example, F28 (KD = 43 ± 0.9 nM 

for furanyl fentanyl) demonstrated an Rvalue of 0.93 at a target concentration of 5 µM, while 

F15 (KD = 156 ± 10 nM) and F4 (KD = 923 ± 41 nM) required 25 µM and 100 µM target, 

respectively, to achieve a similar Rvalue (Figure 5-19A). However, there were several 

instances where aptamers possessed similar KDs but vastly different Rvalues at the same 

target concentration. For example, at a target concentration of 100 µM, F16 (KD = 67 ± 18 

nM) and F2 (KD = 53 ± 12 nM) had vastly different Rvalues of 1.39 and 0.49, respectively 

(Figure 5-19A).  
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Figure 5-20. Determining enzyme inhibition at low concentrations of fentanyl. Time-

course digestion of (A) F1, (B) F2, (C) F3, (D) F4, (E) F5, (F) F6, (G) F7, (H) F8, (I) F9, 

(J) F21, and (K) F28 in the absence and presence of 1.5, 5, and 25 µM fentanyl. 
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Figure 5-21. Determining enzyme inhibition at low concentrations of acetyl fentanyl. 

Time-course digestion of (A) F10, (B) F12, (C) F13, (D) F14, (E) F15, (F) F16, (G) F17, 

(H) F18, and (I) F27 in the absence and presence of 1.5, 5, and 25 µM acetyl fentanyl. 
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Figure 5-22. Determining enzyme inhibition at low concentrations of furanyl fentanyl. 

Time-course digestion of (A) F20, (B) F21, (C) F22, (D) F23, (E) F24, (F) F25, (G) F26, 

(H) F27, (I) F28, (J) F2, and (K) F6 in the absence and presence of 1.5, 5, and 25 µM 

furanyl fentanyl. 

 

Previous work has shown that digestion of aptamers with an Exo III and Exo I 

mixture yields inhibition products whose 3’-ends are truncated ~3–4 bases before the 

target-binding domain.291,292,315 We hypothesized that for some aptamers, their truncated 

products may have vastly different binding affinities relative to their parent aptamer, 

resulting in the lack of a clear relationship between Rvalue and KD observed in Figure 5-

19A. To confirm this, we selected 16 parent aptamers (F1, F2, F3, F5, F7, F8, F10, F12, 

F13, F16, F18, F20, F21, F22, F23, and F27; 19 aptamer-ligand pairs) (Figure 5-19A, 

colored) and ran their digestion time-course on a denaturing polyacrylamide gel with a 

customized DNA ladder to identify the major inhibition products (Figures 5-23, 5-24, 5-
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25, 5-26, 5-27, and 5-28). We observed considerable variation in the number of base-pairs 

adjacent to the target-binding domain that were retained in the major inhibition product 

following digestion. For example, F3 had only 2 bp, whereas F16 retained 5 bp (Figures 

5-23, 5-24, 5-25, 5-26, 5-27, and 5-28). Sequences that experience greater truncation may 

also lose more target-binding affinity. We chemically synthesized each inhibition product 

and measured its KD using ITC (Figures 5-29, 5-30, 5-31, and 5-32). Thirteen inhibition 

products had lower KD relative to their parent aptamers (Table 5-6), while three had ~2-

fold improved binding affinity (Table 5-6). We therefore constructed a new KD-Rvalue plot 

to see if the KD of the major inhibition product is a better predictor of the Rvalue (Figure 5-

19B, colored). We indeed observed a more significant correlation between KD and Rvalue, 

obtaining R2 values of 0.90, 0.88, 0.83, and 0.79 for 1.5, 5, 25, and 100 µM target, 

respectively when fitting with a Langmuir equation (Figure 5-33). 

 
Figure 5-23. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F1 with fentanyl, (B) F2 with fentanyl, 
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and (C) F2 with furanyl fentanyl. Predicted secondary structures of parent aptamers (left) 

and major digestion products (right) are shown at the sides. 

 

 
Figure 5-24. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F3 with fentanyl, (B) F5 with fentanyl, 

and (C) F7 with fentanyl. Predicted secondary structures of parent aptamers (left) and 

major digestion products (right) are shown at the sides. 

 



174 
 

 
Figure 5-25. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F8 with fentanyl, (B) F10 with acetyl 

fentanyl, (C) F12 with acetyl fentanyl, and (D) F16 with acetyl fentanyl. Predicted 

secondary structures of parent aptamers (left) and major digestion products (right) are 

shown at the sides. 
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Figure 5-26. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F18 with acetyl fentanyl, (B) F20 with 

furanyl fentanyl, and (C) F21 with fentanyl. Predicted secondary structures of parent 

aptamers (left) and major digestion products (right) are shown at the sides. 
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Figure 5-27. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F21 with furanyl fentanyl, (B) F22 with 

furanyl fentanyl, and (C) F23 with furanyl fentanyl. Predicted secondary structures of 

parent aptamers (left) and major digestion products (right) are shown at the sides. 
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Figure 5-28. Identification of the major inhibition product for three aptamer-ligand pairs. 

PAGE analysis of a time-course digestion of (A) F13 with acetyl fentanyl and (B) F27 with 

acetyl fentanyl and (C) furanyl fentanyl. Predicted secondary structures of parent aptamers 

(left) and major digestion products (right) are shown at the sides. 
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Figure 5-29. Characterization of fentanyl binding affinity of six major inhibition products 

using ITC. The top panels display the heat generated from each titration of fentanyl into 

(A) F1-40, (B) F2-38, (C) F3-37, (D) F5-40, (E) F7-40, and (F) F8-42. The bottom panels 

show the integrated heat of each titration after correcting for the heat of dilution of the 

titrant. 
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Figure 5-30. Characterization of fentanyl binding affinity of six major inhibition products 

using ITC. The top panels display the heat generated from the titration of fentanyl into (A) 

F21-35, or acetyl fentanyl into (B) F10-37, (C) F12-38, (D) F13-39, (E) F16-43, and (F) 

F18-43. The bottom panels show the integrated heat of each titration after correcting for 

the heat of dilution of the titrant. 

 



180 
 

0 1 2

-40

-30

-20

-10

0

0 10 20 30 40 50 60

-0.8

-0.6

-0.4

-0.2

0

Time (min)

µ
c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 1 2

-40

-30

-20

-10

0

0 10 20 30 40 50 60

-0.8

-0.6

-0.4

-0.2

0

Time (min)

µ
c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 1 2 3 4 5

-40

-30

-20

-10

0

0 20 40 60 80 100 120

-1.6

-1.2

-0.8

-0.4

0

Time (min)

µ
c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 1 2

-40

-30

-20

-10

0

0 10 20 30 40 50 60

-0.8

-0.6

-0.4

-0.2

0

Time (min)

µ
c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

0 1 2 3 4 5 6 7

-40

-30

-20

-10

0

0 20 40 60 80 100

-0.8

-0.6

-0.4

-0.2

0

Time (min)

µ
c

a
l/

s
e

c

Molar Ratio

k
c
a

l 
m

o
l-1

 o
f 

in
je

c
ta

n
t

 
Figure 5-31. Characterization of fentanyl binding affinity of six major inhibition products 

using ITC. The top panels display the heat generated from each titration of furanyl fentanyl 

into (A) F20-40, (B) F21-35, (C) F22-42, (D) F23-40, and (E) F2-38. The bottom panels 

show the integrated heat of each titration after correcting for the heat of dilution of the 

titrant. 
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Figure 5-32. Characterization of selection target binding affinity of F27-42 using ITC. The 

top panels display the heat generated from each titration of furanyl fentanyl (A) or acetyl 

fentanyl (B) into F27-42. The bottom panels show the integrated heat of each titration after 

correcting for the heat of dilution of the titrant.  
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Figure 5-33. The equation used for fitting and adjusted R2 values obtained during the 

fitting of parent aptamer/major digestion product KD against the Rvalue at 1.5, 5, 25, and 

100 µM selection target concentrations. E1/2 represents the KD at which half-maximal 

inhibition is observed, and n represents the steepness of the target response. 
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5.3.4 High-throughput screening of aptamer specificity.  

Given that fentanyl is often mixed with various interferents that make up only 0.1–

1% of the substance by weight,324 the final aptamer must be highly target-specific. We 

therefore screened the affinity of our aptamer candidates for the counter-targets employed 

during SELEX, which included a number of different common interferents. These included 

six controlled substances (cocaine, codeine, heroin, lorazepam, morphine, and (+)-

methamphetamine ((+)-METH) and 13 adulterants and cutting agents (acetaminophen 

(APAP), benzocaine, chlorpromazine (CPZ), diphenhydramine (DPH), lidocaine, 

noscapine procaine, papaverine, quinine, caffeine, lactose, mannitol, (+)-pseudoephedrine 

((+)-PSE)) (Figure 5-34). We chose 17 aptamer candidates with Rvalues > 0.4 in the 

presence of 100 µM of their respective selection target and digested them in the presence 

of 100 µM of interferents (Figure 5-35 and 5-36). Although F7, F12, and F20 

demonstrated an Rvalue >0.4, these sequences were neglected from screening as the major 

inhibition product had poor binding affinity for its selection target (Figure 5-30C and 5-

31A, KD > 5 µM). 

 
Figure 5-34. The chemical structure of 19 interferent molecules employed for the aptamer 

specificity test, which included controlled substances, adulterants, and cutting agents. 
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Figure 5-35. Screening the specificity of 11 aptamer candidates using our exonuclease 

digestion assay. Time-course digestion of (A) F4, (B) F5, (C) F6, (D) F13, (E) F14, (F) 

F17, (G) F18, (H) F23, (I) F24, (J) F25, and (K) F27. Aptamers were digested in the 

absence and presence of 100 µM cocaine, lidocaine, procaine, heroin, quinine, codeine, 

morphine, chlorpromazine, lactose, mannitol, caffeine, (+)-methamphetamine, (+)-

pseudoephedrine, benzocaine, diphenhydramine, acetaminophen, papaverine, noscapine, 

lorazepam, or their selection target. 
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Figure 5-36. Screening the specificity of six aptamer candidates using our exonuclease 

digestion assay. Time-course digestion of (A) F8, (B) F9, (C) F15, (D) F16, (E) F26, and 

(F) F28. Aptamers were digested in the absence and presence of 100 µM cocaine, lidocaine, 

procaine, heroin, quinine, codeine, morphine, chlorpromazine, lactose, mannitol, caffeine, 
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(+)-methamphetamine, (+)-pseudoephedrine, benzocaine, diphenhydramine, 

acetaminophen, papaverine, noscapine, lorazepam, or their selection target. 
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Figure 5-37. Specificity of 11 aptamer candidates. Rvalues were obtained from time-course 

digestion of (A) F4, (B) F5, (C) F6, (D) F13, (E) F14, (F) F17, (G) F18, (H) F23, (I) F24, 

(J) F25, and (K) F27 in the absence and presence of 100 µM cocaine, procaine, lidocaine, 

heroin, quinine, acetaminophen (APAP), benzocaine, diphenhydramine (DPH), (+)-

pseudoephedrine ((+)-PSE), (+)-methamphetamine ((+)-METH), codeine, morphine, 

chlorpromazine (CPZ), lactose, mannitol, caffeine, lorazepam, papaverine, noscapine, or 
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their selection target. The red line indicates a Rvalue of 0.25, which is predicted to be 

equivalent to an extremely weak KD of ~100 µM.  
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Figure 5-38. Specificity of six aptamer candidates. Rvalues of (A) F8, (B) F9, (C) F15, (D) 

F16, (E) F26, and (F) F28 were obtained by exonuclease digestion with 100 µM of various 

interferents or their selection target. The red line indicates a resistance value of 0.25, which 

is predicted to be equivalent to an extremely weak KD of ~100 µM 

 

Based on our previously derived fit parameters (Figure 5-33), we used a threshold 

Rvalue of 0.25, which translates to a very high KD of ~100 µM as the cut-off for a highly 

specific aptamer. Eleven aptamers (F4, F5, F6, F13, F14, F17, F18, F23, F24, F25, and 

F27) demonstrated excellent specificity against the 19 tested interferent molecules (Figure 

5-37). The remaining six (F8, F9, F15, F16, F26, and F28) demonstrated cross-reactivity 

to at least one interferent (Figure 5-38). To confirm that inhibition from these interferents 

is indeed due to specific aptamer binding, we characterized the accuracy of the exonuclease 

assay using the strand-displacement fluorescence assay to test the specificity of F4, F13, 
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and F27 using an optimized aptamer/cDNA ratio (Figure 5-39). As expected, the 

specificity from both assays correlated well (Figure 5-40). 
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Figure 5-39. Optimization of cDNA-Dab-induced quenching of F4-FAM (black), F27-

FAM (brown), and F13-FAM (red). 50 nM fluorophore modified aptamer was incubated 

with 0, 8, 16, 31, 62.5, 125, 250, 500, or 1,000 nM cDNA-Dab.  
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Figure 5-40. Comparison of aptamer specificity determined using fluorescence-strand 

displacement assay and exonuclease digestion assay. Cross-reactivity of (A) F4, (B) F13, 
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and (C) F27 against 100 µM of various interferents or their selection target. Cross-

reactivity was calculated relative to signal generated by each aptamer’s selection target. 

 

5.3.5. High-throughput screening of aptamer cross-reactivity to fentanyl analogs.  

Several fentanyl family members have been reported in seized substances, and any 

aptamer-based sensor for detecting fentanyl and its analogs must therefore be highly cross-

reactive. We screened our 11 aptamer candidates using the exonuclease fluorescence assay 

in the presence of 100 µM fentanyl (1) or its analogs: acetyl fentanyl (2), furanyl fentanyl 

(3), acrylfentanyl (4), butyryl fentanyl (5), valeryl fentanyl (6), cyclopropyl fentanyl (7), 

methoxyacetyl fentanyl (8), p-fluorofentanyl (9), o-methyl furanyl fentanyl (10), p-

methoxy furanyl fentanyl (11), p-methoxy butyryl fentanyl (12), p-fluoroisobutyryl 

fentanyl (13), cis-3-methyl fentanyl (14), alpha-methyl thiofentanyl (15) (Figure 5-41). 

Based on our fitted parameters (Figure 5-33), an Rvalue of 0.4, which corresponds to a 

predicted KD of ~15 µM, was used as a cutoff for appropriate binding affinity to the ligand. 

Six aptamers F4, F5, F13, F17, F18, and F25) were very tolerant of large bulky groups at 

the R1 position but were less tolerant of modifications to the R3 and R4 positions (Figures 

5-42A, B, D, F, G, & J). On the other hand, F14 only retained high affinity to analogs with 

small R1 groups such as fentanyl, acetyl fentanyl, and acryl fentanyl (Figure 5-42E). 

Notably, F14 originated from the acetyl fentanyl pool, with a small R1 functional group. 

Similarly, F23 and F24, which originated from the furanyl fentanyl pool, primarily cross-

reacted to analogs that possess the furanyl group at their R1 position (Figures 5-42H & I). 

Ultimately, F6 was the most cross-reactive, binding all analogs with an Rvalue > 0.4 (Figure 

5-42C), followed by F27, which recognized all analogs except p-fluoroisobutyryl fentanyl 

(Figure 5-42K). We further confirmed the results of the exonuclease assay by testing the 
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cross-reactivity of F13 and F27 to fentanyl and its analogs using the strand-displacement 

fluorescence assay. We observed the same overall trend between both assays, but with 

some difference in magnitude. This is presumably due to the difference in binding affinity 

between the parent aptamer used for the strand-displacement assay and the major inhibition 

product (Figure 5-43A & B). When we tested the major inhibition product of F27 (F27-

42) using the strand-displacement fluorescence assay using its optimized aptamer/cDNA 

ratio (Figure 5-44), we observed a similar binding profile to the parent aptamer, indicating 

that truncation does not alter its binding profile (Figure 5-43C). These results demonstrate 

that the exonuclease assay can effectively screen aptamer cross-reactivity. 
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Figure 5-41. Screening the cross-reactivity of 11 aptamer candidates using our 

exonuclease digestion assay. Time-course digestion of (A) F4, (B) F5, (C) F6, (D) F13, 

(E) F14, (F) F17, (G) F18, (H) F23, (I) F24, (J) F25, and (K) F27. Aptamers were digested 

in the absence and presence of 100 µM fentanyl and 14 of its analogues. 
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Figure 5-42. Screening the cross-reactivity of 11 aptamer candidates to fentanyl and its 

analogs using our exonuclease digestion assay. Rvalue obtained from time-course digestion 

of (A) F4, (B) F5, (C) F6, (D) F13, (E) F14, (F) F17, (G) F18, (H) F23, (I) F24, (J) F25, 

and (L) F27 in the absence and presence of 100 μM fentanyl (1) and 14 of its analogs: 

acetyl fentanyl (2), furanyl fentanyl (3), acrylfentanyl (4), butyryl fentanyl (5), valeryl 

fentanyl (6), cyclopropyl fentanyl (7), methoxyacetyl fentanyl (8), p-fluorofentanyl (9), o-

methyl furanyl fentanyl (10), p-methoxy furanyl fentanyl (11), p-methoxy butyryl fentanyl 

(12), p-fluoroisobutyryl fentanyl (13), cis-3-methyl fentanyl (14), alpha-methyl 

thiofentanyl (15). The red line indicates a Rvalue of 0.4, which is predicted to be equivalent 

to a KD of ~15 µM.  
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Figure 5-43. Comparison of aptamer cross-reactivity determined using a fluorescence 

strand-displacement assay and exonuclease digestion assay. Cross-reactivity of (A) F13, 

(B) F27 and (C) F27-42 to 100 µM fentanyl (1) and 14 of its analogs for the fluorescence 

strand-displacement assay and enzyme digestion assay, respectively. Cross-reactivity was 

relative to the signal produced by acetyl fentanyl for F13 or furanyl fentanyl for F27.  
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Figure 5-44. Determination of F27-42-FAM’s optimal aptamer/cDNA ratio. 50 nM F27-

42-FAM was mixed with 0, 16, 31, 62.5, 125, 250, 500, 1,000, 2,000, and 4,000 nM cDNA 

containing a single G–T mismatch (cDNA-GT-Dab). The fluorescence quenching 

monitored at 520 nm.  

 

5.3.6. Development of E-AB sensors with customized analytical performance. 

 We have previously shown that the major inhibition products generated by this 

exonuclease assay possess structure-switching functionality, which is an essential property 

for constructing many aptamer-based sensors, including E-AB sensors. In order to 

demonstrate that our exonuclease digestion assay can streamline sensor production, we 

used two of our final aptamer candidates to construct a pair of E-AB sensors intended to 

different purposes in tackling the opioid epidemic. The first is for highly sensitive and 

specific detection of fentanyl in human saliva. The second is for presumptive testing of 

fentanyl and its analogs in seized substances. Based on our screening results, aptamer 

digestion products F27-42 and F13-39 were the top-performing candidates. F27-42 

demonstrated a high Rvalue in the presence of 100 µM fentanyl, indicating a predicted KD 

of 35 nM—which correlated well with ITC results (Figure 5-45A, KD = 47± 6 nM)—with 

minimal cross-reactivity to fentanyl analogs or interferents, making it suitable for detecting 



192 
 

low concentrations of fentanyl in biological matrices. In contrast, F13-39 demonstrated 

high cross-reactivity to fentanyl and its analogs (Rvalue between 0.2 and 0.62), with 

sufficient affinity for detecting fentanyl in seized substances (Figure 5-45B, KD = 5.55 ± 

0.29 µM based on ITC).  

We first confirmed the structure-switching functionality of these major inhibition 

products using CD spectroscopy. Each aptamer demonstrated a large change in intensity 

upon target addition. F13-39 had a large increase from 260–290 nm with a minor decrease 

at 245 nm, indicating a transition from single-stranded to B-form double-stranded DNA 

(Figure 5-46A). In contrast, F27-42 demonstrated an increase at 210 nm, an increase at 

260 nm, and a decrease at 280, indicating a transition from single-stranded to double-

stranded G-C rich Z-form DNA (Figure 5-46B). To facilitate E-AB sensing using these 

aptamers, we chemically synthesized variants of F27-42 and F13-39 (termed F27-38-MB 

and F13-32-MB) with the 5’ overhang truncated and labeled with a 5’-thiol group and 3’-

methylene blue redox tag.  

We first optimized sensors constructed using F27-38-MB. We used our recently 

developed target-assisted immobilization strategy318 to modify F27-38-MB onto gold 

electrodes. The surface-bound aptamer is predicted to remain unfolded in the absence of 

the target and produce minimal current, as the methylene blue redox tag is orientated away 

from the electrode surface (Figure 5-47A). Upon binding to the target, the aptamer 

undergoes a large target-induced conformational change, bringing methylene blue close to 

the surface and resulting in a large increase in current. We optimized the surface coverage 

and measurement frequency of F27-38-MB, and determined peak performance at 2.0 

pmole/cm2 and 400 Hz, respectively (Figure 5-48). We then constructed a calibration 
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curve of fentanyl in 50% human saliva using these conditions. We achieved a measurable 

detection limit of 30 nM (Figure 5-47B) which partially overlaps with the range of fentanyl 

observed in the saliva of intoxicated individuals.325–327 We then performed the same 

optimization procedure for sensors constructed with F13-32-MB and obtained optimal 

surface coverage and measurement frequencies of 3.3 pmole/cm2 and 200 Hz, respectively 

(Figure 5-49). We then tested the cross-reactivity of this sensor to 5 µM fentanyl or its 

analogs, obtaining ≥ 25% cross-reactivity for every target (Figure 5-47C & 5-50). 

Moreover, the sensor could also detect fentanyl in binary mixtures in which fentanyl (5 

µM) was present at a far lower concentration than various interferents (500 µM or 200 µM 

for papaverine, noscapine, or lorazepam) (Figure 5-47D & 5-51) making it well-suited for 

detection of fentanyl in seized substances, which typically contain 0.1–1% fentanyl by 

weight. 
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Figure 5-45. Characterization of fentanyl-binding affinity for F27-42 and F13-39 using 

ITC. Top panels display the heat generated from each titration of fentanyl into (A) F27-42 
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and (B) F13-39. Bottom panels show the integrated heat of each titration after correcting 

for the heat of dilution of the titrant.  
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Figure 5-46. Confirmation of structure-switching functionality of major exonuclease 

digestion products.  (A) F13-39 and (B) F27-42 were analyzed by CD spectroscopy in the 

absence (black) and presence (red) of 10 µM acetyl fentanyl or furanyl fentanyl, 

respectively.   

 
Figure 5-47. Analytical performance of E-AB sensor for detection of fentanyl or its 

analogs. (A) Working principle of the E-AB sensor. (B) SWV voltammogram (left), 
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calibration curve (middle), and linear range (right) for an F27-38-MB-based E-AB sensor 

in the presence of 0–50 µM fentanyl in 50% saliva. (C) Performance of the F13-32-MB-

based E-AB sensor, including signal gain in the presence of fentanyl (1) and its analogs (2-

15), and cross-reactivity to different binary mixtures containing 1:100  molar ratios of 

fentanyl and various interferents commonly found in seized substances (1:40 for 

lorazepam, papaverine, and noscapine).    
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Figure 5-48. Optimization of analytical performance for E-AB sensors constructed with 

F27-38-MB. (A) Optimization of surface coverage for detecting 0.1, 5, and 25 µM fentanyl. 

(B) Performance under different frequencies for detection of 5 µM fentanyl.  
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Figure 5-49. Optimization of analytical performance for E-AB sensors constructed with 

F13-32-MB. (A) Optimization of surface coverage for detecting 50, 100, and 150 µM 

acetyl fentanyl. (B) Performance under different frequencies for detection of 50 µM acetyl 

fentanyl.  
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Figure 5-50. SWV response of E-AB sensor constructed with F13-32-MB to 5 µM fentanyl 

or its analogs.  
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Figure 5-51. SWV response of E-AB sensor constructed with F13-32-MB in binary 

mixtures containing 1:100 molar ratios of fentanyl (final concentration of 5 µM) and 

various interferents commonly found in seized substances (the final concentration of 

papaverine, noscapine, and lorazepam was 200 µM and other interferents were used as a 

final concentration of 500 µM). 
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Figure 5-52. Correlation between parent aptamer binding affinity and performance based 

on (A) abundance in the final pool and (B) enrichment between early and final rounds. The 

aptamers with the highest affinity are circled. 

 

5.4 Conclusion 

The need for high-throughput aptamer characterization methods is a roadblock in 

the pipeline of aptamer-based sensor development. We have addressed this issue by 

demonstrating the performance of our exonuclease digestion assay for the rapid screening 

of aptamer binding affinity and specificity. Using a testbed of 28 aptamer candidates 

obtained from three independent SELEX experiments against fentanyl, acetyl fentanyl, and 

furanyl fentanyl, we validated our exonuclease digestion results for a total of 655 aptamer-

ligand pairs against two gold-standard techniques: ITC and the strand-displacement 

fluorescence assay. Based on these results, we identified a quantitative relationship 

between ligand-induced enzymatic inhibition (Rvalue) and the binding affinity of the major 

exonuclease digestion product. This assay does not require prior knowledge of an 

aptamer’s secondary structure, and can be generally applied regardless of its sequence. 

Moreover, the information generated directly reflects the binding parameters of the major 

exonuclease digestion products from the assay—and since these have been demonstrated 
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to possess structure-switching functionality, this is directly relevant to the subsequent 

development of sensors based on those aptamer digestion products. In this work, we were 

able to identify two aptamer candidates for the construction of E-AB sensors that can be 

applied to tackle two aspects of the opioid epidemic. The first was an E-AB sensor for 

sensitive and rapid detection of fentanyl in human saliva, indicating recent intoxication. 

The second is focused on cross-reactive detection of fentanyl and its analogs in seized 

substances, and was capable of discriminating fentanyl compounds even when present in 

1:100 binary mixtures with interferents.  

Interestingly, we did not observe any relationship between the affinity of an 

aptamer and its abundance in the final SELEX pool or round-to-round enrichment-fold as 

determined by HTS. Even aptamers with a relatively high abundance (>1%) and high 

enrichment-fold (>2-fold) had little to no binding affinity, and such selection criteria would 

in fact have eliminated the two highest-affinity aptamers that we identified (Figure 5-52). 

This further emphasizes the need to characterize large numbers of aptamer candidates upon 

completion of SELEX, as sequencing metrics alone are unreliable predictors of an 

aptamer's performance. This is presumably due at least in part to biases that arise during 

SELEX, such as low partitioning efficiency during separation, PCR amplification bias, and 

biases associated with the sequencing technique itself. We envision the possibility of 

further improving our assay's throughput by making use of DNA microarrays that can 

accommodate up to ~6 × 106 unique sequences. This would potentially allow monitoring 

of exonuclease digestion for pools composed of thousands of sequences. Our assay is also 

sufficiently simple that it could be performed with an automated liquid-handling system 

and plate reader to enable rapid and continuous testing of massive numbers of aptamer 
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candidates. Finally, the assay could be further improved by the development of dyes that 

can report on the digestion process in real-time, eliminating the need for sample collection.  
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CHAPTER 6: Rapid Development of an E-AB Sensor for Detection of THC 

6.1. Introduction. 

Cannabis sativa is a flowering herb cultivated as a source of industrial fiber, seed 

oil, medicine, and for recreational purposes.233–235 This plant is commonly referred to as 

hemp when describing strains with non-psychoactive properties, or as marijuana for strains 

that do possess such effects. This plant produces a variety of cannabinoid compounds, 

including tetrahydrocannabinol acid (THC-A) and Δ9-tetrahydrocannabinol (THC).230,231 

THC-A is believed to serve as a chemical protectant against harmful UV-B radiation, and 

although it is not psychoactive itself, exposure to UV light or heat results in 

decarboxylation of THC-A into THC, which is the primary psychoactive compound of 

marijuana.230,231,328 THC binds to cannabinoid receptors in the brain, resulting in a variety 

of behavioral and cognitive effects.329 Marijuana is the most widely abused illicit drug in 

the United States, with approximately 8.9% of the United States population being 

marijuana users.193,194 Acute effects of marijuana use include euphoria, anxiety, impeded 

short-term memory, increased heart rate, increased appetite, and reduced motor skills.330 

The potency of a given strain depends on its THC and THC-A concentration. As of the 

1970 Controlled Substances Act, all forms of C. sativa have until recently been illegal 

under federal law, regardless of their THC content. However, with the recent passing of 

the Hemp Farming Act of 2018,232 C. sativa plants have been formally differentiated into 

two distinct categories. Hemp, which is now legal, is the non-psychoactive species of 

cannabis, with fibers and seeds that can be turned into various commercial and industrial 

products including rope, textiles, clothing, shoes, food, paper, bioplastics, insulation, and 

biofuels.233–235 In contrast, marijuana remains illegal under federal law. These two subtypes 
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of C. sativa are morphologically identical and can only be discriminated based on chemical 

analysis of their THC levels following decarboxylation.236 Cannabis with THC levels 

below 0.3% by dry weight is classified as hemp, whereas plants with higher THC levels 

are defined as marijuana.232 With the widespread use of marijuana and the explosion of 

legalized hemp products, there is a demand for forensic tools that can differentiate between 

these two cannabis subtypes and thereby aid the criminal justice system in enforcing laws 

related to the possession, trafficking, and production of marijuana. 

Chemical analysis of marijuana begins by drying the seized plant material, followed 

by homogenization and extraction of its cannabinoids using an organic solvent.236 

Confirmatory THC testing is typically commonly done using mass spectroscopy 

techniques such as gas or liquid chromatography/mass spectrometry or spectroscopic 

methods such as Raman or infrared spectroscopy.236 These techniques allow for specific 

identification and quantification of THC levels in plant material; however, they require 

time-consuming sample pretreatment, costly and sophisticated instrumentation, and skilled 

operators. Due to limited resources, confirmatory testing cannot be employed for every 

sample submitted to a forensic facility. Consequently, presumptive tests are performed to 

screen out drug-negative samples as a prelude to confirmatory testing.236 

Like confirmatory testing, presumptive tests are designed to detect the psychoactive 

ingredient THC in marijuana extracts. Colorimetric testing is typically the most 

straightforward and quickest method, and most colorimetric tests are sufficiently sensitive 

to detect microgram quantities of THC. The most widely-used colorimetric test for THC is 

the Duquenois-Levine test.237,238 This test entails performing a chemical reaction with the 

aromatic ring of THC to yield a highly-conjugated purple-colored product in the presence 
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of aldehyde, hydrochloric acid, and vanillin. The reagents needed for this test, which can 

be performed by technicians without extensive training, are inexpensive and readily 

available, and the resulting colorimetric readout is detectable by naked eye. However, these 

reagents are also broadly cross-reactive to other compounds that possess aromatic rings, 

and the Duquenois-Levine test has been shown to produce false-positive results when 

testing a variety of non-cannabis plant and vegetable extracts.237,238 Moreover, subjective 

interpretation of colorimetric results by individual operators makes it challenging to 

quantify THC for the differentiation of hemp from marijuana. This means that many 

samples that may not possess illegal levels of THC will be sent for confirmatory testing, 

further stretching the already limited resources of forensic labs across the United States. 

We have previously isolated a THC-binding aptamer via Systematic Evolution of 

Ligands by Exponential Enrichment (SELEX).58 The isolated aptamer exhibits high 

affinity for THC, with excellent specificity against other structurally-similar cannabinoids. 

However, the aptamer does not have structure-switching functionality, which is a critical 

component for many aptamer-based sensors.113 Incorporating such signal reporting 

capabilities typically entails a lengthy trial-and-error process, but we have utilized our 

exonuclease-truncation strategy291,315 to efficiently generate a THC-binding aptamer with 

structure-switching functionality. The truncated aptamer was then directly employed into 

an E-AB sensor for the rapid and quantitative screening of THC in seized cannabis. This 

platform will provide an alternative to colorimetric spot tests for presumptive testing, 

eliminating false-positive results due to the presence of non-THC aromatic compounds in 

plant extracts. Moreover, the sensor response is reported digitally, providing a clear and 

quantitative result for the differentiation of hemp and marijuana. This will be an important 
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step in detecting marijuana, and this approach also offers a general platform for achieving 

presumptive testing of other illicit substances. 

6.2. Experimental section. 

6.2.1. Reagents.  

Exonuclease III (Exo III; E. coli) (100 U/µL) and Exonuclease I (Exo I; E. coli) (20 

U/µL) were purchased from New England Biolabs. THC, cannabigerolic acid (CBG-A), 

cannabigerol (CBG), cannabidiolic acid (CBD-A), cannabidiol (CBD), THC-A, XLR-11, 

UR-144, heroin HCl, pentylone HCl, α-pyrrolidinopentiophenone HCl, fentanyl HCl, and 

clonazepam were purchased from Cayman Chemicals. Cocaine HCL, amphetamine 

hemisulfate, (+)-methamphetamine HCl, procaine HCl, acetaminophen, ibuprofen, 

nicotine, caffeine, and all other chemicals were purchased from Sigma-Aldrich unless 

otherwise specified. Nunc 384-well black plates were purchased from Thermo Fisher 

Scientific. Unmodified oligonucleotides were purchased with desalting purification from 

Integrated DNA Technologies. Unmodified oligonucleotides were dissolved in deionized 

(DI) water, and their concentrations were measured using a NanoDrop 2000 

spectrophotometer. 5’-thiolated- and 3’-methylene blue-modified aptamers were 

purchased with dual HPLC purification from LGC Biosearch Technologies and dissolved 

in 1× TE buffer (10 mM Tris-HCl with 1 mM EDTA, pH 8.0). The DNA sequences 

employed in this work are shown in Table 6-1. DI water with a conductivity of 18.2 

MΩ×cm was obtained from a Milli-Q EQ 7000 ultrapure water filtration system. 
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Table 6-1. DNA sequences used in chapter 6. 

Sequences ID Sequence (5’–3’) 

TA-47 CTTACGACCCAGGGGGGTGGACAGGCGGGGGTTAGGGGGGTCGTAAG 

TA-39 CGACCCAGGGGGGTGGACAGGCGGGGGTTAGGGGGGTCG 

TA-35 ACCCAGGGGGGTGGACAGGCGGGGGTTAGGGGGGT 

TA-mut1 AACCAGGGGGGTGGACAGGCGGGGGTTAGGGGGTT 

TA-mut2 ACACAGGGGGGTGGACAGGCGGGGGTTAGGGGTGT 

TA-mut1-MB /ThiolC6/AACCAGGGGGGTGGACAGGCGGGGGTTAGGGGGTT/MB/ 

TA-39-MB /ThiolC6/CGACCCAGGGGGGTGGACAGGCGGGGGTTAGGGGGGTCG/MB/ 

/ThiolC6/ represents thiol group with six-carbon spacer, /MB/ represents methylene blue 

redox tag 

6.2.2. Aptamer digestion experiments.  

Aptamer digestion experiments were performed as previously described.291,292,315 

Specifically, a 1 µL solution of aptamer (final concentration 1 µM) was added to a 31.5 µL 

Tris–HCl solution (pH 7.4) and heated to 95 °C for 10 min and immediately cooled on ice. 

The solution was then diluted to a volume of 42.5 µL with salts and BSA (final 

concentration: 10 mM Tris–HCl, 20 mM NaCl, 0.5 mM MgCl2, 5% (v/v) DMSO, 0.1 

mg/mL BSA, pH 7.4). Next, 2.5 µL of 100% DMSO or THC dissolved in 100% DMSO, 

was added to the reaction mixture and incubated in a thermal cycler (C1000 Touch, Bio-

Rad) at 25 °C for 30 min. Finally, 5 µL of exonuclease mixture (final concentrations: 0.025 

U/µL Exo III and 0.05 U/µL Exo I) or Exo I alone (final concentration: 0.05 U/µL Exo I) 

was added to begin the reaction. We collected 5 µL samples of the reaction mixture and 

adding these to 10 µL of formamide loading buffer (75% formamide, 10% glycerol, 

0.125% SDS, 10 mM EDTA, and 0.15% (w/v) xylene cyanol). 

6.2.3. Polyacrylamide gel electrophoresis (PAGE) analysis of digestion products.  

3 µL of each collected sample was loaded into the wells of a 15% denaturing PAGE 

gel. Separation was carried out at 6 V/cm for 30 mins followed by 25 V/cm for 3.5 hr in 

0.5× TBE running buffer. The gel was then stained with 125 mL of 1× SYBR Gold solution 
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for 25 min and imaged using a ChemiDoc MP Image system (Bio-Rad). Digestion products 

of TA-47 were characterized using a DNA ladder customized for each sequence. 

6.2.4. Confirmation of structure-switching functionality using circular dichroism 

(CD) spectroscopy.  

CD experiments were performed at room temperature using a Jasco J-815 CD 

spectrometer. TA-39, TA-35, TA-mut1, and TA-mut2 were diluted to a final concentration 

of 1.5 µM in 255 µL Tris–HCl buffer, heated to 95 °C for 10 mins, and immediately cooled 

on ice for 5 min, after which 30 µL of salt solution was added (Final concentration: 10 mM 

Tris–HCl, pH 7.4, 20 mM NaCl, 0.5 mM MgCl2). Then 15 µL of 100% DMSO or THC 

dissolved in 100% DMSO (final concentration: 2 µM) was added. The solution was 

transferred to a 1-cm quartz cuvette (Hellma Analytics), and the spectra were measured 

using the following parameters: scan range of 210 to 310 nm, scan speed of 50 nm/min, 

sensitivity of 5 mdeg, response time of 4 s, bandwidth of 1 nm, and accumulation of 5 

scans. The reference spectra of buffer or THC prepared in buffer were subtracted from 

spectra collected with the aptamer in the absence or presence of THC, respectively. 

6.2.5. Fabrication of electrochemical aptamer-based (E-AB) sensors.  

Aptamer-immobilized electrodes were fabricated as follows. 2-mm diameter gold 

disk electrodes (CH Instruments) were polished with 1-µm diamond slurry (Buehler) 

followed by 0.05-µm alumina suspension. Bound particulates were removed by sonicating 

electrodes in 70% ethanol solution for 5 mins and then in DI water for another 5 min. 

Electrochemical cleaning was then performed following a previously published 

protocol.294 The electrode surface area was calculated based on the charge produced by the 

reduction of surface gold oxide in 0.05 M H2SO4, and a conversion factor of 390 ± 10 
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µC/cm-2.295 Two different aptamer reduction procedures were performed. In one, 2 µL of 

200 µM thiolated methylene blue-modified aptamer was mixed with 8 µL of 100 mM 

tris(2-carboxyethyl)phosphine (TCEP) at room temperature for 2 h to reduce disulfide 

bonds. The alternative reduction procedure involved mixing 2 µL of 200 µM thiolated MB-

modified aptamer with 40 µL of buffer (10 mM Tris–HCl, pH 7.4), after which the solution 

was heated to 95 °C for 10 mins and immediately cooled on ice for 5 min. Finally, 8 µL of 

100 mM TCEP was added to the aptamer solution and incubated at room temperature for 

2 h to reduce disulfide bonds. The reduced aptamer solution was then diluted with buffer 

and salts (final concentration: 10 mM Tris–HCl, pH 7.4, 20 mM NaCl, 0.5 mM MgCl2). 

The final DNA concentration varied between experiments. Electrochemically cleaned 

electrodes were dried with nitrogen and incubated overnight in 250 µL of thiolated aptamer 

solution at room temperature. The electrodes were then backfilled with 1 mM 6-mercapto-

1-hexanol (MCH), 1 mM 1-hexanethiol (HEX), 1 mM mercaptohexanoic acid (MHA), or 

1 mM 2-[2-[2-[2-mercaptoethoxy]ethoxy]ethoxy (PEG), prepared in immobilization buffer 

(final concentration: 10 mM Tris–HCl, pH 7.4, 20 mM NaCl, 0.5 mM MgCl2) for 2 h at 

room temperature. The electrodes were stored in 10 mM Tris buffer (pH 7.4) for at least 1 

hr before use. Following target detection, the electrode surface coverage was determined 

as previously reported.296  

6.2.6. Electrochemical measurements and optimization of E-AB sensor performance. 

All electrochemical measurements were performed using a CHI760D 

electrochemical workstation with a three-electrode system containing an Ag/AgCl 

reference electrode (3 M KCl) (CHI), a platinum wire counter electrode (CHI), and an 

aptamer-modified gold working electrode. The surface coverage of each aptamer was 
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independently optimized. Specifically, E-AB sensors were constructed with various 

concentrations of the thiolated aptamer. The calibration curve of THC response was 

determined for each electrode using square-wave voltammetry (SWV) with frequencies 

ranging from 10–1,000 Hz. The signal gain was calculated using the equation: (I – I0)/I0 × 

100%, where I and I0 are the peak current in the presence and absence of THC, respectively. 

6.2.7. Isothermal titration calorimetry (ITC). 

All ITC experiments were performed in binding buffer with a MicroCal ITC200 

instrument (Malvern) at 23 °C. For each experiment, 300 µL of aptamer or aptamer mutant 

(final concentrations: 20 µM) in Tris–HCl buffer (pH 7.4, without salts) was heated at 

95 °C for 10 min and immediately cooled on ice. Salts and DMSO were subsequently added 

to match selection buffer conditions before loading into the sample cell. The syringe was 

loaded with 150 µM THC in selection buffer. Other experimental details are provided in 

Table 6-2. Typically, each titration consisted of an initial purge injection of 0.4 µL and 19 

successive injections of 2 µL. The spacing was changed as necessary for each aptamer or 

aptamer mutant. For TA-34, TA-mut1, and TA-mut2, additional injections were performed 

in the same manner to achieve saturation. The raw data were first corrected for the dilution 

heat of THC and then analyzed with the MicroCal analysis kit integrated into the Origin 7 

software and fitted to a single-site binding model.  

Table 6-2. Aptamer ID, dissociation constant (KD), and ITC experiment conditions. 

Aptamer ID [THC] (µM) [Aptamer] (µM) KD (nM) 

TA-39 150 20 41 ± 10 

TA-34 150 20 6289 ± 1510 

TA-mut1 150 20 961 ± 235 

TA-mut2 150 20 990 ± 139 
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6.3. Results and Discussion.   

6.3.1. Engineering structure-switching THC-binding aptamers. 

 
Figure 6-1. Working principle of the exonuclease-assisted truncation strategy. (Left) In the 

absence of THC, Exo III and Exo I will progressively digest the aptamer into 

mononucleotides. (Right) In the presence of THC, digestion is halted prior to the target-

binding domain, yielding a truncated aptamer that has structure-switching functionality. 

We have previously isolated a THC-binding aptamer, termed TA-47, which 

possesses a hairpin structure with a blunt-ended stem.58 TA-47 binds THC with an 

exceptional binding affinity of 40 nM but is ill-suited for aptamer-based sensing because 

the aptamer exists in a fully-folded form and the binding of THC does not produce a 

conformational change that could be transduced into a measurable signal. To rapidly 

engineer TA-47 into a structure-switching aptamer, we utilized an exonuclease-assisted 

truncation method developed in our laboratory (Figure 6-1).291,315 This truncation strategy 

uses Exo III, which exhibits 3’-to-5’ exonuclease activity on double-stranded DNA, and 

Exo I, which demonstrates 3’-to-5’ exonuclease activity on single-stranded DNA. In the 

absence of target, Exo III and Exo I completely digest the double- and single-stranded 

portions of the aptamer (Figure 6-1, left). In the presence of THC, however, the 

progressive digestion of the aptamer from its 3’-end will be halted a few nucleotides short 

of the target-binding domain (Figure 6-1, right), yielding a major digestion product that 

typically exhibits target-binding-induced structure-switching properties.291,315  



210 
 

We performed digestion of TA-47 in the presence and absence of 100 µM THC in 

binding buffer (10 mM Tris–HCl, pH 7.4, 20 mM NaCl, 0.5 mM MgCl2, and 5% DMSO) 

and identified 43- and 41-nt inhibition products via PAGE (Figure 6-2A). To confirm 

whether the observed products possessed structure-switching functionality, we chemically 

synthesized the 43- and 41-nt products with their 5-overhangs removed (Figure 6-2B), 

yielding blunt ended constructs TA-39 and TA-35, respectively. We then measured their 

CD spectra in the absence and presence of THC (Figure 6-2C & D). In the absence of 

THC, we observed positive peaks at 210, 260, and 290 nm and a negative peak at 240 nm 

for both sequences. These spectra suggest that the center loop adopts a parallel G-

quadruplex structure.300,301 Upon adding THC, we observed a change shift at 210 and 285 

nm towards negative CD, which indicates that the truncated stem is folding into a Z-form 

type G–C rich duplex.300,301 These results confirmed that both digestion products are 

structure-switching aptamers. We observed that TA-35 underwent a smaller change upon 

addition of THC, and this appears to be a consequence of reduced binding affinity due to 

its shorter stem. We measured the binding affinity of TA-39 and TA-35 using ITC, yielding 

dissociation constants (KD) of 41 ± 10 nM and 6,289 ± 1,510 nM, respectively (Figure 6-

3A & B). 
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Figure 6-2. Engineering a TA-47-derived structure-switching aptamer using an 

exonuclease-assisted truncation strategy. (A) PAGE analysis of TA-47 digestion products. 

(B) Major digestion products of TA-47. CD spectroscopy measurements of (C) TA-39 and 

(D) TA-35 in the absence and presence of 2 µM THC. 
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Figure 6-3. Characterization of TA-39 and TA-35 THC binding affinity using ITC. The 

top panels display the heat generated from each titration of THC into (A) TA-39 and (B) 

TA-35. The bottom panels show the integrated heat of each titration after correcting for 

the heat of dilution of the titrant. 
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Although TA-35 exhibits poor affinity, we hypothesized that it could prove useful 

for aptamer-based sensing, given that its shorter stem would be expected to be more 

thermodynamically unstable, leading to lower background. The loop of TA-35 is highly G-

rich (~60% nucleotide composition), and its poor affinity may be the product of misfolding 

in its C-rich stem. To remedy this issue, we synthesized two TA-35 mutants, TA-mut1 and 

TA-mut2, that possess double-site mutations in their stem, converting C–G base-pairs into 

A–T base-pairs (Figure 6-4A). To determine the relative binding strength of each mutant 

compared to TA-35, we first digested each aptamer in the absence and presence of 100 µM 

THC using Exo I alone (Figure 6-4B–D). Since Exo I only digests single-stranded DNA, 

the digestion speed in the absence of target will indicate the degree of unfolding, with fully 

unfolded aptamers digesting rapidly while folded or partially-folded aptamers digest more 

slowly. In parallel, the degree of inhibition in the presence of 100 µM THC will 

demonstrate the degree of target-induced folding. In the absence of target, TA-35 had the 

fastest digestion speed, being completely digested within 90 mins (Figure 6-4E, black), 

followed by TA-mut1, which took 120 mins (Figure 6-4F, black), and TA-mut2, which 

took 180 mins (Figure 6-4G, black). TA-35 also had the weakest inhibition in the presence 

of 100 µM THC (Figure 6-4G, red), whereas both TA-mut1 and TA-mut2 demonstrating 

similar degrees of inhibition, with > 65% of the input DNA intact after 180 mins (Figure 

6-4F, G, red).  
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Figure 6-4. Engineering high-affinity mutants of TA-35. (A) Sequence and structure of 

TA-35 mutants. PAGE analysis of (B) TA-35, (C) TA-mut1, and (D) TA-mut2 Exo I 

inhibition in the presence and absence of 100 µM THC. Concentration of (E) TA-35, (F) 

TA-mut1, and (G) TA-mut2 over a 3 hr time-course of Exo I digestion in the absence and 

presence of 100 µM THC.  

We confirmed the structure-switching properties of each mutant using CD and 

observed a similar spectrum as TA-35 (Figure 6-5A & B). In the absence of THC, positive 

peaks were observed at 210, 260, and 290 nm, with a negative peak at 240 nm. Upon 

addition of THC, the peak at 290 nm became more negative, confirming that these mutants 

are structure-switching aptamers. Finally, we tested the binding affinities of TA-mut1 and 

TA-mut2 using ITC, obtaining KD values of 961 ± 235 and 990 ± 139 nM, respectively 

(Figure 6-5C & D). Both TA-mut1 and TA-mut2 demonstrated improved binding affinity 

relative to TA-35; however, based on the more rapid digestion of TA-mut1 by Exo I, it 

may undergo more efficient structure-switching relative to TA-mut2. Based on our results, 

we selected TA-39 and TA-mut1 to construct an E-AB sensor for detecting THC in plant 

material.  
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Figure 6-5. Characterization of TA-mut1 and TA-mut2 structure-switching functionality 

and THC binding affinity. CD spectroscopy measurements of (A) TA-mut1 and (B) TA-

mut2 in the absence and presence of 2 µM THC. ITC determination of KD for (C) TA-

mut1 and (D) TA-mut2. The top panels display the heat generated from each titration of 

THC into the aptamer. The bottom panels show the integrated heat of each titration after 

correcting for the heat of dilution of the titrant. 

6.3.2. Construction of E-AB sensors using a hydrophobic monolayer. 

To perform rapid, sensitive, and specific THC detection in cannabis extract, we 

incorporated our structure-switching THC-binding aptamers into an E-AB sensor, a 

platform that has previously demonstrated sensitive and specific detection of small-

molecule targets in complex samples.116,117,281  E-AB sensor detection is based on a target-

binding-induced change in the conformation of an electrode-bound, redox-modified 

aptamer, which alters electron transfer efficiency between the redox reporter and the 

electrode surface. E-AB sensing is rapid—on the order of seconds—and highly target-

specific due to the utilization of surface-immobilized aptamers that were selected for their 

ability to achieve sensitive and specific THC binding. This is important, because cannabis 

extracts contain diverse mixtures of endogenous compounds, and it has been reported that 
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some of these are structurally-similar molecules that can interfere with and produce false 

positives in THC testing platforms such as chemical spot tests or portable Raman 

spectroscopy. E-AB sensors also offer a number of other critical advantages for sensing in 

plant extracts. For example, they are insensitive to matrix properties such as turbidity or 

color, and common endogenous plant compounds do not produce an electrochemical signal 

under the employed voltage (-0.2 V vs. SCE), resulting in minimal background.  

We synthesized TA-mut1 and TA-39 with a 5’ thiol-C6 group and a 3’ methylene 

blue redox tag (Figure 6-6A)—termed TA-mut1-MB and TA-39-MB, respectively—and 

immobilized these constructs onto a clean gold electrode surface via thiol–gold chemistry 

and backfilled. In the absence of THC, the unfolded aptamer lifts the redox tag away from 

the electrode surface, minimizing electron transfer and producing a minimal background 

current (Figure 6-6B). THC binding induces a conformational change in the aptamer, 

bringing the methylene blue tag close to the electrode surface (Figure 6-6C) and resulting 

in increased electron transfer and a large current increase. 

 
Figure 6-6. Fabrication of an E-AB sensor for THC detection. (A) TA-mut1 and TA-39 

were chemically synthesized with a 5’-thiol and 3’-methylene blue redox tag. (B) In the 

absence of THC, the aptamer exists in a single-stranded state, orienting the methylene blue 

redox tag away from the electrode surface, resulting in minimal current. (C) In the presence 

of THC, the aptamer folds into a double-stranded conformation, bringing the redox tag 

close to the electrode surface and increasing the current.  
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We first constructed E-AB sensors using TA-mut1-MB following a previously 

reported protocol.294 TA-mut1-MB was prepared by incubating with TCEP to reduce the 

disulfide bond, and the freshly-reduced aptamer solution (50, 100, 150, 200, 250, or 300 

nM) was incubated overnight with a clean gold electrode. The modified electrodes were 

backfilled with HEX rather than MCH, as we believed this would favor the approach of 

hydrophobic THC molecules to the electrode surface for aptamer binding. We first 

optimized each sensor's SWV measurement frequency to detect 25 µM THC (Figure 6-

7A). Under these measurement conditions (50 nM DNA, 15 Hz), we obtained a signal gain 

of 76% for 25 µM THC using electrodes modified with 50 nM TA-mut1-MB. Using this 

aptamer concentration with the optimized measurement conditions, the sensor achieved a 

linear range from 500–5,000 nM with a detection limit of 500 nM THC (Figure 6-7B & 

C). 
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Figure 6-7. Detection of THC using a TA-mut1-MB-based E-AB sensor. (A) Optimization 

of SWV measurement frequency and DNA immobilization concentration with a HEX 

backfill. Gain was determined based on signal generated in the absence or presence of 25 

μM THC. (B) SWV and (C) signal gain from a calibration curve of THC in binding buffer. 

Inset shows the linear range of the sensor.  
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Figure 6-8. Specificity of TA-mut1-MB-based E-AB sensors. Sensors were screened 

against 10 µM THC, XLR-11, UR144, cannabigerolic acid (CBG-A), cannabigerol (CBG), 

cannabidiolic acid (CBD-A), cannabidiol (CBD), or tetrahydrocannabinolic acid (THC-A); 

250 µM cocaine, amphetamine, heroin, α-PVP, (+)-methamphetamine, pentylone, 

procaine, acetaminophen, ibuprofen, nicotine, caffeine, or fentanyl; or 100 µM 

clonazepam. Cross-reactivity was calculated relative to 10 µM THC. 

We then tested the specificity of the E-AB sensor against interferent compounds 

commonly encountered in seized substances, including other controlled substances (XLR-

11, UR144, cocaine, amphetamine, heroin, α-PVP, (+)-methamphetamine, pentylone, 

clonazepam, and fentanyl), adulterants (procaine, acetaminophen, ibuprofen, nicotine, and 

caffeine), or natural cannabinoids (CBG, CBG-A, CBD, CBD-A, and THC-A). We 

observed little to no cross-reactivity from 16 out of 20 interferents (Figure 6-8). However, 

XLR-11, UR-144, CBG, and CBG-A demonstrated significant cross-reactivity (20–40%). 

This is problematic, as CBG and CBG-A can be present at high concentrations in marijuana 

extract samples. We have previously confirmed the specificity of the THC-binding parent 

aptamer using a dye-displacement assay, and observed no cross-reactivity to these 

molecules. Therefore, the signal seen here was most likely due to non-specific adsorption 

of these interferents onto the hydrophobic monolayer, which interferes with electron 

transfer between methylene blue and the electrode surface.  
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6.3.3. THC detection using E-AB sensors backfilled with hydrophilic monolayers. 

Since the hydrophobic HEX monolayer was unfavorable for E-AB sensing, we 

selected three hydrophilic monolayers for further testing: MCH, MHA, and PEG. We 

began by optimizing our E-AB sensors using TA-39-MB, with the same workflow 

described above. With the MCH monolayer, the E-AB sensor modified using 150 nM TA-

39-MB resulted in the greatest signal gain (41%) when detecting 10 µM THC with a 

measurement frequency of 1000 Hz (Figure 6-9A). We also obtained a maximal signal 

gain of 78% using 50 nM TA-39-MB backfilled with MHA with an 800 Hz measurement 

frequency, and a signal gain of 65% using 150 nM TA-39-MB backfilled with PEG with a 

600 Hz measurement frequency (Figure 6-9B & C).  
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Figure 6-9. Detection of THC using TA-39-MB-based E-AB sensors backfilled with 

hydrophilic monolayers. Optimization of SWV measurement frequency and DNA 

immobilization concentration of sensors backfilled with (A) MCH, (B) MHA, or (C) PEG. 

Gain was measured based on signal generated in the absence and presence of 10 µM THC.  

 

We then constructed calibration curves for detecting THC using the optimal 

conditions in binding buffer, 50% serum, and 50% saliva spiked with various 

concentrations of THC. Using the MCH monolayer, we observed significantly reduced 

signal gain in 50% saliva and 50% serum relative to buffer (Figure 6-10A). This is 

presumably due to the non-specific adsorption of matrix proteins onto the electrode surface. 
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The MHA monolayer yielded better sensing performance in 50% saliva relative to 50% 

serum (Figure 6-10B). In contrast, the PEG monolayer displayed roughly equivalent 

performance in both complex matrices (Figure 6-10C), and this is consistent with previous 

literature reporting the antifouling properties of PEG monolayers.331–333 
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Figure 6-10. Performance of different E-AB hydrophilic monolayers in complex matrices. 

Calibration curves were constructed using (A) MCH-, (B) MHA-, and (C) PEG-backfilled 

electrodes based on detection in binding buffer, 50% saliva, or 50% serum. Signal gain was 

calculated using the following equation: (ITHC-IBlank)/IBlank×100, where ITHC is the peak 

current in the presence of THC, and IBlank is the peak current in the absence of THC.  

 

We observed that MHA-backfilled electrodes produce the highest signal gain for 

THC detection in buffer, but we faced challenges in the reproducible fabrication of such 

electrodes. Specifically, we observed that the optimal frequency for peak SWV 

measurement varied between 600–1,000 Hz across different electrodes (Figure 6-11A), 

indicating that the surface monolayer was not consistently uniform. We made two changes 

to the electrode immobilization procedure to overcome this issue. First, before aptamer 

immobilization, we heat-treated TA-39-MB at 95 °C for 10 mins, followed by snap cooling 

on ice for 1 min. We believed that this step would help denature aptamer aggregates present 

in the solution, allowing for more uniform immobilization onto the electrode surface. 

Second, during the backfilling step, we employed a high ionic strength solution (10 mM 

Tris–HCl, pH 7.4, 1 M NaCl, 1 mM MgCl2) to shield the repulsion between surface-bound 
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MHA molecules, allowing them to pack more tightly. These measures resulted in a more 

reproducible frequency for peak SWV measurement at 600 Hz (Figure 6-11B). To confirm 

the actual signal gain from specific target binding, we attempted to regenerate the E-AB 

sensor by incubating the electrode in 6 M guanidinium HCl for 5 mins, followed by a DI 

water rinse for 1 min. However, we observed 20% signal gain even after extensive washing 

(Figure 6-11C), indicating the presence of defect that allow THC adsorption onto the 

sensor surface. 
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Figure 6-11. Testing E-AB sensors constructed with MHA monolayers. (A) Poor 

reproducibility of measurement frequency for peak SWV could be improved by (B) using 

a modified procedure with high ionic strength conditions. (C) Incomplete regeneration of 

MHA-backfilled E-AB sensors after incubating electrodes in 6 M guanidinium HCl for 5 

mins, then washing with DI water for 1 min. 

 

This poor regeneration may indicate that some THC molecules were 

nonspecifically adsorbed onto the MHA monolayer and could not be washed away. To 

confirm this, we measured the resistance of the electrode surface in the absence and 

presence of 25 µM THC using electrochemical impedance spectroscopy (EIS). EIS is a 

sensitive technique for determining the adsorption of molecules onto electrode surfaces. 

We performed measurements for electrodes backfilled with HEX (Figure 6-12A), MHA 

(Figure 6-12B), and PEG (Figure 6-12C). We observed a significant increase in 

electrochemical resistance for the HEX monolayer, indicating that a large quantity of THC 
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had adsorbed onto the hydrophobic backfiller. In contrast, electrodes backfilled with MHA 

had a moderate change in resistance, indicating lower levels of THC adsorption. PEG 

showed only a slight decrease in resistance, indicating that it adsorbs the least THC among 

the tested monolayers. These results confirmed that MHA alone is not a suitable backfill, 

where the repulsion between negatively-charged MHA molecules ultimately leads to small 

defects in the monolayer that can adsorb hydrophobic molecules and result in false-positive 

results.  
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Figure 6-12. Determination of THC adsorption onto electrode surfaces modified with 

various backfillers. Electrochemical resistance measurements for electrodes backfilled 

with (A) HEX, (B) MHA, and (C) PEG in the absence and presence of 25 µM THC in 

binding buffer. (D) Summary of resistance change measurements due to THC adsorption. 

 

Finally, we constructed a full calibration curve for THC using TA-39-MB-modified 

electrodes backfilled with PEG (Figure 6-13A). The electrode was then exposed to 

increasing concentrations of THC; upon reaching saturation, we regenerated it by 
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performing the guanidinium treatment described earlier. Based on the calibration curve, 

we achieved a detection limit of 100 nM in binding buffer (Figure 6-13B). The sensor 

remained challenging to regenerate, requiring two guanidinium treatments (Figure 6-13A). 

Moreover, the addition of saturating concentrations of THC initially only produced a half-

maximal signal gain, and required exposure to a new THC solution to approach maximal 

signal gain. Both these behaviors are uncommon for E-AB sensors, which can generally be 

regenerated by rinsing with DI water without guanidinium treatment. This may indicate 

that THC is still nonspecifically adsorbing onto the monolayer surface. Moreover, using 

the same target preparation, regenerated E-AB sensors can reach maximal signal gain over 

several cycles. This may indicate that the current preparation procedure for THC is not 

stable and requires higher concentrations of organic solvent to prevent precipitation or 

aggregation of THC.  
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Figure 6-13. Detection of THC using electrodes immobilized with TA-39-MB and 

backfilled with PEG. (A) Time-course of THC detection. Arrows indicate spiking of THC 

into the binding buffer. The two regeneration steps areis highlighted in orange with the 

final concentration of THC being 10 µM. (B) Calibration curve constructed from data 

obtained with two electrodes. 
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6.3.4. Detection of THC spiked into marijuana placebo extract. 

Finally, we tested the performance of the E-AB sensor in marijuana placebo extract. 

The extraction was performed by placing 50 mg homogenized marijuana placebo plant 

material suspended in 1 mL MeOH in an ultrasonic bath for 15 mins, followed by removal 

of the plant material using a 0.45 µM filter. We prepared various dilutions of this extract 

in binding buffer containing MeOH instead of DMSO. We observed that a minimum 

dilution of 200-fold was needed, as lower dilutions resulted in precipitation of the extract. 

Additionally, the extract produced a large background signal regardless of the dilution 

performed (Figure 6-14A). This background signal may be due to adsorption of fatty acids, 

esters, or other hydrophobic molecules extracted from the plant. To remedy this, we 

performed measurements of various placebo extracts in the presence of 0.01% Triton X-

100, Tween-20, or SDS to aid in solubilizing hydrophobic molecules and thereby 

preventing their adsorption onto the electrode surface. We observed that measurements 

performed in the presence of 0.01% SDS resulted in minimal background signal from the 

placebo extract (Figure 6-14A). Thus, we constructed a calibration curve for THC spiked 

into 1,000-fold diluted extracts containing 0.01% SDS (Figure 6-14B), and observed a 

linear range of 50–800 nM with a measurable detection limit of 50 nM. 

 



224 
 

0 200 400 600 800

0

10

20

30

40

S
ig

n
a

l 
g

a
in

 (
%

)

THC (nM)

Buffer 3000x 2000x 1000x 500x 200x

0

10

20

30
 0.01% SDS

 0.01% Triton-X100

 0.01% Tween-20

 No surfactant

S
ig

n
a

l 
g

a
in

 (
%

)

Dilution factor  
Figure 6-14. Detection of THC spiked into marijuana placebo extracts in MeOH in the 

presence of various surfactants. (A) Background signal observed over different dilution 

factors in the absence and presence of various surfactants. (B) Detection of spiked THC in 

1,000-fold diluted marijuana placebo MeOH extract containing 0.01% SDS. 

6.4. Conclusion. 

This work utilized an exonuclease-assisted truncation strategy to rapidly engineer 

two THC-binding aptamers with structure-switching functionality. We engineered two 

additional aptamer mutants from one of these digestion products, measured the binding 

affinity of each truncated aptamer using ITC, and confirmed their structure-switching 

functionality using CD spectroscopy. Two of these aptamer candidates, TA-39 and TA-

mut1, were employed to construct E-AB sensors to detect THC. We observed that 

hydrophobic monolayers are prone to absorbing hydrophobic molecules, which modulates 

the electron transfer rate of methylene blue to the electrode surface, resulting in false-

positive signals. We therefore tested three different hydrophilic monolayers, MCH, MHA, 

and PEG. Although MCH is the most widely used monolayer for most E-AB sensors, we 

could not achieve satisfactory THC detection in complex matrices such as 50% saliva or 

50% serum, and MHA and PEG demonstrated better performance. In particular, PEG 

exhibited consistent performance in both matrices and was not affected by the charge of 

the protein. Further testing revealed that some of the signal generated by E-AB sensors 
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constructed with MHA monolayers resulted from non-specific THC adsorption, which is 

presumably due to defects in the monolayer resulting from electrostatic repulsion between 

MHA molecules. We attempted to remedy this by using higher ionic strength conditions 

during the MHA backfilling step, but still observed a persistent ~20% background signal 

linked to THC adsorption. EIS measurements further confirmed these results, and revealed 

that PEG-backfilled electrodes had the lowest adsorption of THC among the tested 

monolayers. We therefore used E-AB sensors backfilled with PEG to detect THC spiked 

into marijuana placebo extract, achieving a detection limit of 50 nM. However, these 

sensors still have two unusual behaviors relative to other E-AB sensors. First, regeneration 

of these sensors was not achievable using DI water alone, and instead required harsh 

treatment with guanidinium. This is problematic, as this may indicate adsorption of THC 

that cannot be washed away. Moreover, saturating concentrations of THC after 

regeneration did not produce a maximal signal; instead, the sensor had to be reintroduced 

to a fresh solution of THC to reach maximal signal gain. This may indicate that the current 

preparation procedure for THC is not stable, and should be supplemented with higher 

concentrations of organic solvents or other molecules that prevent precipitation or 

aggregation. Based on these preliminary results, we plan to study other monolayers to 

identify those that are best at resisting adsorption by such low-solubility molecules. 

Moreover, we will explore other preparation methods of THC to ensure that it remains 

soluble during testing to obtain robust results. 
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CHAPTER 7: Summary and Future Work 

7.1. Summary 

Aptamers offer a variety of advantages over antibodies that make them promising 

alternative biorecognition elements for a variety of sensing applications such as clinical 

diagnostics, environmental monitoring, and food analysis. These include the 

customizability of the SELEX procedure, which allows for isolation of high-affinity 

aptamers that are tailored to function under various buffer conditions, ionic strengths, or 

organic co-solvents with desirable cross-reactivity and specificity. However, the aptamer 

selection process still faces several barriers that can stall the fabrication of aptamer-based 

sensors. SELEX yields hundreds or even thousands of candidates that must be carefully 

characterized to identify the optimal aptamer for particular application. This is especially 

challenging for small-molecule-binding aptamers, for which there is currently no high-

throughput strategy for characterizing aptamer binding properties. Once the best aptamer 

has been identified, signal-reporting functionality must be introduced for sensor 

fabrication. This is a lengthy trial-and-error process requiring aptamer truncation or 

splitting to yield thermally destabilized aptamers that are unfolded at room temperature but 

fold in the presence of its target.  

In Chapter 3, we showed that the binding of small-molecule targets to their respective 

aptamers can inhibit exonuclease digestion, and used this phenomenon to develop a simple 

exonuclease-based fluorescence assay for multiplexed target detection. In this assay, Exo 

III and Exo I progressively digest unbound aptamers into mononucleotides in a sequence-

independent manner. Target-bound aptamers resist exonuclease digestion, resulting in 

partially-digested oligonucleotide products that can act as a readout for target detection by 



227 
 

using a variety of DNA detection strategies. Using the DNA-binding dye SYBR Gold, this 

assay provides a rapid and label-free detection strategy for small-molecule targets, even in 

complex matrices. Using DIS- and cocaine-binding aptamers as a demonstration, we 

obtained detection limits of 500 and 100 nM in 50% urine and 10% saliva, respectively, 

mirroring its performance in buffer. Alternatively, the use of sequence-specific molecular 

beacons allowed for simultaneous, multiplexed detection of cocaine and ATP in a single 

sample volume. Although the assay is not well suited for on-site detection in its current 

format, exonuclease-based fluorescence assays could offer a label-free and generalizable 

detection strategy for small-molecule targets in a laboratory testing environment. 

In Chapter 4, we generalized this exonuclease-based fluorescence assay for 

characterizing the binding properties of small-molecule-binding aptamers and isolated 

aptamer candidates for a particular application in a high-throughput manner. Using a panel 

of mutants derived from the ochratoxin A-binding aptamer, we found a correlation between 

an aptamer’s affinity for a ligand and the kinetics of aptamer digestion. Based on these 

findings, we tested our assay with 13 aptamer mutants derived from an ATP-binding 

aptamer and screened their affinities for ATP, ADP, AMP, and adenosine. We were able 

to identify two aptamers that preferentially bind adenosine over the other analogs. 

Additionally, the digestion products from these aptamers exhibited structure-switching 

functionality, and could be directly incorporated into folding-based sensing platforms. We 

demonstrated this by fabricating E-AB sensors using both structure-switching aptamers, 

enabling detection of adenosine at concentrations as low as 1 µM in 50% serum.  

Based on these results, we further explored the relationship between aptamer-ligand 

binding affinity and the degree of enzymatic inhibition in Chapter 5. We performed three 
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independent SELEX experiments against fentanyl, acetyl fentanyl, and furanyl fentanyl, 

assessed the target-binding affinity of each aptamer against its respective target using our 

exonuclease-based fluorescence assay, and correlated the results with the gold-standard 

method ITC. We found a quantitative relationship between the degree of enzyme inhibition 

and the binding affinity of the structure-switching digestion product. We further screened 

aptamer candidates against fentanyl and 15 of its analogs as well as 19 interferent 

molecules, and validated the results using a strand-displacement fluorescence assay. Our 

screening process spanned a total of 655 aptamer-ligand pairs. As a demonstration, two of 

the structure-switching aptamers were incorporated into an E-AB sensor to fulfill different 

purposes; one was used to achieve sensitive detection of fentanyl in 50% saliva, whereas 

the second was used for highly cross-reactive detection of fentanyl and its analogs in seized 

substances.  

Finally, as a further demonstration of the exonuclease-based fluorescence assay’s 

capacity for identifying structure-switching aptamers for use in aptamer sensors, in Chapter 

6, we digested a THC-binding aptamer and confirmed the structure-switching functionality 

of its digestion product. This digestion product was then incorporated into an E-AB sensor 

for detection of THC in plant extracts. After optimizing the measurement frequency and 

surface coverage of the E-AB sensor, we achieved a detection limit of 50 nM THC in 

1,000-fold diluted placebo marijuana MeOH extract. 

7.2. Future work 

The work showcased in this dissertation highlights the strengths of the exonuclease-

based fluorescence assay for aptamer characterization, engineering, and sensor 

development. Successful application of this assay has been demonstrated for a wide variety 
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of aptamers with different secondary structures and sequences, which is of importance 

when working with recently-isolated and completely uncharacterized aptamers. Moreover, 

the exonucleases employed in this assay demonstrated robust performance over a variety 

of buffer conditions, ionic strengths, and temperatures, further expanding this assay’s 

potential utility. Although the screening of aptamer candidates and mutants in this work 

was performed with manual pipetting, the same task could easily be automated with a 

liquid-handling system to enable high-throughput screening of aptamer candidates. Based 

on the quantitative relationship established between each aptamer’s structure-switching 

digestion product and the observed enzymatic inhibition, we have shown that we can 

predict the performance of folding-based sensors derived from that aptamer and thereby 

streamline the development of such sensors in a high-throughput and label-free manner.  
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