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ABSTRACT OF THE DISSERTATION
DEVELOPMENT OF ELECTROCHEMICAL APTAMER-BASED SENSORS FOR

SENSITIVE AND SPECIFIC DETECTION OF SMALL-MOLECULE TARGETS

by
Yingzhu Liu
Florida International University, 2022
Miami, Florida

Professor Yi Xiao, Major Professor

Electrochemical aptamer-based (E-AB) sensors have been applied for diverse
applications such as forensic science, pharmaceutical diagnostics, food safety,
environmental monitoring, and personal medical care due to their rapid, accurate, and
specific detection of analytes in complex samples. However, limited sensitivity and a lack
of portable devices for point-of-care applications have greatly hindered the maturation of
E-AB sensors from proof-of-concept designs to commercial systems. This dissertation
describes several novel strategies to improve the sensitivities of E-AB sensors and fabricate
portable paper-based devices to remedy these problems. We first detail the development of
a novel approach to utilize a defined mixture of two bioreceptors that exhibit different
binding profiles to tune the sensitivity and extend the dynamic range of E-AB sensors for
the detection and analysis of drug families. We successfully measure 12 synthetic
cathinones, a family of dangerous illicit designer drugs, with high cross-reactivity while
minimizing the influence of 17 interferents. We then further enhance the sensitivity of E-

AB sensors from the microscale level by developing a generalizable target-assisted

vii



immobilization strategy to control the spatial morphology of aptamers modified onto the
electrode surface and thereby achieve maximum signal output. We immobilize the
aptamers in a bound and folded state to ensure that the modified aptamers have sufficient
space for efficient target-induced folding and signal transduction. This approach greatly
improves E-AB sensor sensitivity and signal-to-noise ratio (SNR) compared to sensors
fabricated by conventional methods. Finally, building on the optimal E-AB sensor design
developed in my first two projects, we focus on developing portable paper-based
electrochemical devices to convert these E-AB sensors from benchtop-based platforms to
on-site applications. Specifically, we utilize filter paper to fabricate multiplexed aptamer-
modified paper electrochemical devices (MPEDs) via ambient vacuum filtration. The
fabrication process is simple, low-cost, and environmentally friendly. Moreover, the
resulting postage stamp-sized paper-based devices are portable, enabling accurate and
specific multianalyte detection in a microliter of a single biological sample within seconds.
We believe our paper-based devices have the potential to enable sensitive and precise on-

site detection for multiple analytes.
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CHAPTER 1: Introduction
1.1. Overview

Aptamer-based sensors have been widely used for varying applications, including
forensic detection of illicit drugs, pharmaceutical diagnostics, food safety, environmental
monitoring, and personal medical care. Aptamers are single-stranded deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA) oligonucleotides that recognize specific targets such
as small molecules, proteins, or cells. Aptamers are isolated in vitro via a technique known
as Systematic Evolution of Ligands by Exponential Enrichment (SELEX). Compared to
antibodies, aptamers exhibit many advantages: low cost (typically 10-fold lower than
antibodies),! fast development time (2—6 weeks for aptamers versus 6—18 months for
antibodies),? high stability with long shelf life (years for aptamers versus months for
antibodies),? controllable binding properties, and the potential to generate reagents against
a far broader range of targets. So far, hundreds of small-molecule-binding aptamers have
been isolated, and these could offer a powerful tool for biosensing purposes. One promising
class of biosensors is the electrochemical aptamer-based (E-AB) sensor; these are based on
the target-induced conformational change of a redox-tagged aptamer coupled to the surface
of a gold electrode. E-AB sensors provide a suitable platform for achieving sensitive and
specific detection of targets in complex samples within seconds. More importantly, E-AB
sensors have the potential to be used as portable devices for on-site drug detection or at-

home testing.

However, E-AB sensors face a major challenge with regard to sensitivity, especially

when applied to biofluid samples. Multiple strategies have been developed to improve E-



AB sensors' sensitivities, such as utilizing split aptamers or enzyme-assisted assays to
reduce the background signal, using complementary DNA strand displacement to enhance
the signal gains, or amplifying signals via enzyme-assisted target recycling. However,
these strategies also suffer important drawbacks, requiring careful and thoughtful
experimental design. Furthermore, it is critical to fabricate electrode formats that can
enable the accurate and specific detection of E-AB sensors in on-site scenarios.
Commercially-available gold rod electrodes are costly and not portable, which makes them
ill-suited for on-site monitoring. Therefore, new strategies for improving the sensitivity of
E-AB sensors and fabricating portable sensor devices could accelerate the real-world

application of E-AB sensors.

1.2. Motivation and goals

My dissertation focuses on developing sensitive and specific E-AB sensors and paper-
based devices for detecting small molecules in real-world applications. We implemented
three innovative approaches: 1) developing dual-aptamer-based E-AB sensors for specific
detection of families of drugs; 2) establishing a target-assisted immobilization strategy to
enhance the sensitivity and improve the SNR of E-AB sensor detection in biofluid matrices;
and 3) fabricating multiplexed aptamer-modified paper electrochemical devices (MPEDs)

for simultaneous detection of multiple analytes in a single sample within seconds.

| initially focused on detecting a designer drug family in seized substances (see
Chapter 3), as it is more efficient to measure analyte families simultaneously than to detect
individual targets multiple times. However, finding a proper bioreceptor that can recognize

all compounds in a given chemical family while retaining minimal response against non-



target interferents is very difficult. To overcome this challenge, we developed a novel
method that utilizes binary mixtures of aptamers at optimized ratios to fabricate aptamer-
based sensors for the detection of synthetic cathinones, a family of designer drugs. We first
performed a Cy7 dye-displacement assay using two aptamers with distinct binding
properties to determine their optimal molar ratio. Then we fabricated dual-aptamer-based
E-AB sensors and achieved sensitive detection of 12 drug targets while maintaining
minimal response towards 17 interferents in the samples. We believe our strategy should
be generalizable to other biosensors for tuning their cross-reactivity and specificity by

using mixtures of different aptamers at an optimized ratio.

In my second project, we developed an innovative target-assisted immobilization
strategy to fabricate E-AB sensors with sufficient spacing between the immobilized
aptamers on the electrode surface to achieve optimal signal transduction and high signal-
to-noise ratio (see Chapter 4). Specifically, we incubated electrodes with aptamer-target
complexes instead of aptamers alone, such that the aptamers maintain a folded state during
immobilization. We also found that modifying at lower ionic strength conditions (20 mM
NaCl and 0.5 mM MgCl versus 1 M NaCl and 1 mM MgCl2) can effectively reduce
aptamer bundling on the electrode surface. Using this strategy, we fabricated sensitive E-
AB sensors that produce two-fold lower limits of detection (LOD) in biological samples
and two-fold higher signal gains than sensors modified by conventional methods. This
strategy should be generalizable as a strategy for improving the sensitivity of E-AB sensors
fabricated with any arbitrary small-molecule-binding aptamer, regardless of their

sequences and secondary structures.



In my final project, we focused on fabricating multiplexed aptamer-modified PEDs
(see Chapter 5). We transferred the optimized E-AB sensors developed in my first two
projects onto postage stamp-sized paper devices to simultaneously detect multiple analytes
in a microliter sample volume within seconds. We utilized ambient vacuum filtration to
deposit carbon nanotubes and gold or silver nanoparticles in layers on designed areas of a
filter paper substrate. Three specific small-molecule-binding aptamers were then
immobilized onto three different working electrodes. We achieved sensitive and accurate
measurements in saliva and urine for all three small-molecule analytes: acetyl fentanyl,
3,4-methylenedioxypyrovalerone (MDPV), and adenosine. Our paper-based devices are
easy to fabricate without batch-to-batch variations, and low-cost (< $2), and therefore have

considerable promise for the on-site detection of various small-molecule targets.

1.3. Scope of the dissertation

Chapter 2 provides a general overview of electroanalytical chemistry, aptamers,
aptamer-based sensors, E-AB sensors, strategies for enhancing the sensitivity of E-AB
sensors, different types of electrodes, in vivo detection with E-AB sensors, and the small-
molecule targets used in work. Chapter 3 demonstrates the colorimetric dye-displacement
assay and the fabrication of dual-aptamer E-AB sensors that employing a mixture of two
aptamers with various binding properties to detect illicit drugs from the synthetic cathinone
family. Chapter 4 describes the development of a target-assisted immobilization strategy
to enhance sensitivity and signal gain in both buffer and biofluid sample matrices. Chapter

5 presents the fabrication of mPEDs for simultaneous detection of multiple analytes in a



single microliter volume of biosample within seconds. Chapter 6 summarizes my work for

the dissertation and proposes directions for future work.



CHAPTER 2: Background and Literature Review
2.1. Aptamer-based sensors for small-molecule detection

Aptamers have increasingly attracted attention for biosensor applications due to their
advantages over antibodies.'> Aptamers are short single-stranded DNA or RNA
oligonucleotides that can specifically and strongly bind to various targets, such as small
molecules, cells, and proteins.>* Aptamers can be generated in vitro through a technique
termed SELEX (Systematic Evolution of Ligands by Exponential Enrichment).># Usually,
the SELEX process starts by incubating the target with an oligonucleotide library pool
containing massive numbers (10%°~10%) of random sequences. The target-bound
sequences are then isolated and amplified using the polymerase chain reaction (PCR). The
PCR product is used as an initial library for the subsequent isolation round. The entire
process is then repeated until target-binding sequences dominate the pool. Finally, the
aptamer pool is subjected to analysis via Sanger sequencing® or high-throughput

sequencing®.

Aptamers have several advantages compared to antibodies that make them a very
promising choice as bioreceptors for use in analytical and diagnostic applications: (1)
aptamers can be isolated to bind to almost any category of target, including metal ions,
proteins, small molecules, and cells, while the generation of antibody suffers from target
limitations;® (2) unlike antibodies, aptamers can be readily engineered so that they not only
function as an affinity element, but can also serve as signal reporters;® (3) whereas
antibodies are produced through in vivo immunization of animals, which requires a long

generation time and high cost, aptamer generation is a faster (2—6 weeks for aptamers



versus 6—18 months for antibodies) and cheaper (typically 10-fold lower than antibodies)
in vitro process;’ (4) aptamers can be chemically synthesized with minor batch-to-batch
variation, while antibody generation has significant batch-to-batch variation;®” and (5)
aptamers are chemically stable even in harsh conditions (such as high temperature), while
antibodies are sensitive to temperature, pH, and ion concentration, and are thus susceptible
to degradation, aggregation, and inactivation.®® Accordingly, a number of published

studies have described the use of aptamers in sensors to detect various analytes.'%
2.1.1. Aptamer-based optical biosensors

Fluorescence and colorimetry are two standard optical techniques for detecting small-
molecule targets.'? Stojanovic et al. developed fluorescent sensors to detect cocaine and
adenosine ribonucleotide triphosphate (rATP) using self-assembled aptamer units labeled
with a fluorophore-quencher pair (Figure 2-1A).%® Specifically, the three-way-junction-
structured cocaine-binding aptamer and the stem-loop-structured rATP-binding aptamer
were each split into two single-stranded aptamer subunits through the complementary
stem-loop region. A fluorescein label was added onto the 5'-end of one strand, and a
universal dabcyl quencher was added onto the 3'-end of the other complementary strand.
The target binding process triggered the assembly of the two aptamer subunits and thereby
induced fluorophore quenching, such that the reduction of fluorescence corresponded to
the target concentration. This assay achieved specific, and accurate detection of cocaine
and rATP, with LOD of 10 pM for both targets.™®> However, such sensors require
sophisticated instruments for fluorescence detection and carry a high cost due to the need

for aptamer labeling.



Stojanovic et al. subsequently investigated a colorimetric dye-displacement assay to
detect cocaine (Figure 2-1B).1* They found that diethylthiatricarbocyanine iodide (Cy7),
a cyanine dye, can non-covalently bind to the cocaine-binding aptamer MNS-4.1 as a
monomer with an absorbance peak at 760 nm. The cocaine target in turn displaces these
dye molecules upon binding to the aptamer, and the released dye molecules form dimers
in solution with an absorbance peak of 670 nm. With the addition of cocaine, the 760-nm
peak was reduced, and the extent of absorbance reduction corresponded to the
concentration of cocaine. The authors achieved improved sensitivity compared to the
previous fluorescence sensor (LOD = 10 uM), with a LOD of 0.5 pM cocaine.'* After 12
hours of incubation, a light-blue solution with blue precipitate could readily be observed
in cocaine-containing samples by the naked eye, while control and other samples remained
clear blue. However, it is challenging to find a universal dye molecule that is suitable for
every single small-molecule-binding aptamer. For example, Stojanovic et al. tested 35 dyes
and only found one that worked for aptamer MNS-4.1.1* Additionally, the 12 hours
required to obtain the color change response is too long to be suitable for real-world, onsite

applications.

Liu et al. developed generalizable colorimetric sensors for detecting adenosine and
cocaine (Figure 2-1C).%® Their system employs gold nanoparticles, two short oligomers,
and a long single-stranded sequence. They attached two short oligomers to the surface of
two individual gold nanoparticles through their 3'-end and 5'-end, respectively. The long
single-stranded oligonucleotide consisted of a small-molecule-binding region, and two
complementary sequences that can hybridize with the oligomers modified onto the gold

nanoparticles. In the absence of analyte, the three oligomers were assembled via



hybridization, resulting in aggregation of the gold nanoparticles and producing a purple
color. In contrast, in the presence of the target, target binding trigged a conformational
change in the aptamer and the subsequent release of the 5'-end gold nanoparticle-modified
oligomer. This disassembly caused the separation of the gold nanoparticles, resulting in a
color change from purple to red. The authors detected adenosine and cocaine in the
concentration range of 0.3-2 mM and 50-500 M, respectively.'® This assay can be utilized
to detect other analytes by integrating the relevant aptamer sequence into the long single-
stranded fragment. The detection is rapid (within 10 seconds) and can be observed by the
naked eye, but this approach is limited by its poor sensitivity (a LOD of 0.1 mM for

adenosine detection and a LOD of 0.025 mM for cocaine detection).
2.1.2. Aptamer-based field-effect transistor (FET)

Field-effect transistor (FET)-based sensors have been utilized to analyze many targets
due to their ultra-high sensitivity (nMs or pMs).1%17 These sensors utilize a semiconducting
transistor that is sensitive to surface charge changes. When the target binds to the surface-
modified bioreceptors such as aptamers, it triggers different electronic signals
corresponding to the target concentrations. For example, Zayats et al. fabricated a FET
sensor for the specific and sensitive detection of adenosine (Figure 2-1D).18 Specifically,
an adenosine -binding aptamer was modified onto the gate surface and hybridized with a
short complementary sequence; after adding the target, the target bound to the aptamer and
released the short sequence, producing a voltage change that corresponded to the target
concentration. The sensor achieved ultra-sensitive detection of adenosine with a LOD of

500 nM,*® which is significantly higher than the colorimetric sensors (LOD =25 pM).



However, since FET sensors are based on measuring changes in charge, they are likely to

have low efficiency for uncharged targets.
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Figure 2-1. Aptamer-based sensors for small-molecule target detection. (A) Split aptamer-
based fluorescent sensor, (B) colorimetric dye-displacement assay, (C) nanoparticle-based
colorimetric sensor, and (D) field-effect transistor sensor.
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2.1.3. Electrochemical aptamer-based (E-AB) sensors

E-AB sensors achieve the sensitive and specific detection of analytes by measuring
signals generated by electron transfer between aptamer-conjugated redox molecules and a
gold electrode surface in response to target-binding-induced aptamer conformational
changes (Figure 2-2A).1%2° Generally, the aptamer is labeled with a 5' thiol and a 3' redox
tag (e.g., methylene blue) and then conjugated onto the surface of a gold electrode by thiol-
gold chemistry. In the absence of target, the modified aptamer is unfolded and flexible in
the detection matrix, producing minimal current. Upon binding to its target, the aptamer
undergoes a major conformational change that brings the redox tag close to the electrode
surface, which generates a large current increase. The fabrication of E-AB sensors entails
two steps: incubating the smooth and clean electrode with an aptamer solution for the
immobilization process, and then immersing the aptamer-modified electrodes into a
backfill solution such as 6-mercapto-1-hexanol (MCH) to displace non-specifically bound

aptamers and reduce opportunities for adsorption of interferents (Figure 2-2B).%*

E-AB sensors are well-suited for small-molecule detection for a few reasons.?? First,
E-AB sensors are able to detect small molecules in complex and impure samples because
the target-induced conformational change is a specific signal generation process. Second,
the readout of E-AB sensors is based on changes in current, which are easy to measure and
interpret. However, these sensors are also limited by poor sensitivity, with LODs for small
molecules that are typically in the lower micromolar range.?’ This is highly problematic
because many small-molecule analytes require a much lower LOD—for example, the

concentrations of many illicit drugs are typically in the nanomolar range in biofluids.
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Gold electrode MB-modified MCH
aptamer

=

Figure 2-2. Overview of E-AB sensor design and fabrication. (A) Working principle of E-
AB sensors. Aptamers are initially unfolded in the absence of target (left), situating the
redox tag far from the electrode and producing minimal current. Target binding causes the
aptamers to fold, resulting in enhanced electron transfer and increased current (right). (B)
E-AB sensor fabrication process. Aptamers are immobilized onto the electrode surface,
followed by backfilling with MCH.

2.2. Advanced strategies to enhance E-AB sensor performance

Recently, several methods have been developed to improve the performance of E-AB
sensors. These include probe-related approaches as well as novel sensing strategies that
can reduce background noise, enhance SNR, or amplify the signal. Other groups have made
strides in optimizing measurement parameters and conditions and investigating surface

properties that could enhance sensor performance.
2.2.1. Improving sensitivity via sensor probe design
2.2.1.1. Aptamer truncation to enhance sensor performance

Aptamers isolated via SELEX predominantly exist in a folded state without any
structure-switching functionality, and thus cannot be directly incorporated into an E-AB
sensor. Aptamer truncation offers one strategy for introducing a target-specific

conformation change response while maintaining excellent binding affinity.
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Figure 2-3. Overview of exonuclease-based assay for generating structure-switching
aptamers.

For example, one E-AB sensor for the specific detection of cocaine in complex
samples was fabricated by testing large numbers of different truncated cocaine-binding
aptamers.?® The optimal sensor successfully detected cocaine with a LOD of 10 pM in
buffer, with detectable signals in both biofluids (LODs of 500 uM in both fetal calf serum
and human saliva) and adulterated samples.?’ However, this trial-and-error truncation
mutant screening method is laborious, time-consuming, and costly. Our group recently
developed an alternative exonuclease-based method for identifying structure-switching
aptamers for E-AB sensing via one-step enzyme digestion.?* Specifically, exonuclease 11
(Exo 1), a sequence-independent endonuclease that digests double-stranded
oligonucleotides in a 3'-to-5' direction, was utilized to digest the cocaine-binding aptamer.
Without target, the aptamer was digested down to a short oligonucleotide (Figure 2-3A),
but in the presence of cocaine, Exo Il digestion was halted four bases prior to the target-
binding domain (Figure 2-3B), yielding a major digestion product that retained strong
cocaine affinity but also exhibited structure-switching functionality. The E-AB sensor
fabricated by this digestion product achieved sensitive and specific detection of cocaine

with a LOD of 1 pM in buffer.* This method is a straightforward and generalizable
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mechanism for introducing structure-switching functionality into small-molecule-binding

aptamers and readying them for use in E-AB sensors.
2.2.1.2. Tuning sensor performance via multiprobe modification

Each E-AB sensor is usually modified with a single probe type. But more recently,
multiple probes have been simultaneously modified onto sensors to achieve better
performance, including higher sensitivity, broader dynamic range, and even multi-analyte
detection capability.?>?® For example, Schoukroun-Barnes et al. fabricated E-AB sensors
with a mixture of two aptamers with varying binding affinities for the same target.® The
fabricated sensors' linear dynamic range and sensitivity could be predicted and controlled
by tuning the ratio between the high-affinity and the low-affinity aptamers, where the

tunability was related to the difference in the binding affinities between the two aptamers.?®

In the analytical field, it is more efficient to perform detection of multiple structurally-
related analytes simultaneously than to determine the signals of each analyte separately.
However, finding a bioreceptor that can recognize multiple related analytes while
exhibiting minimal response towards non-target interferents is challenging. To solve this
problem, we utilized a mixture of two aptamers with distinct binding profiles to fabricate
E-AB sensors to broadly detect synthetic cathinones, a large family of dangerous designer
drugs.?® One of the two aptamers has high cross-reactivity towards targets and low
specificity against interferents, while the other aptamer shows the opposite binding
properties. An E-AB sensor fabricated with an optimal 1:1 ratio of the two aptamers

achieved accurate and sensitive detection of 12 synthetic cathinones and minimal response
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towards 17 interferents.?® It is worth noting that this performance could not be replicated

with E-AB sensors incorporating either aptamer alone.
2.2.2. Improving sensitivity via new sensing strategies

Traditional E-AB sensing platforms encounter sensitivity problems when detecting
small-molecule targets because of the high background current generated by blank samples.
New sensing strategies have subsequently been developed that can reduce this background.
For example, Zuo et al. split a cocaine-binding aptamer into two fragments to fabricate an
E-AB sensor with significantly enhanced sensitivity and reduced background (Figure 2-
4A).%" The 5'-hexane-thio-modified fragment is coupled to the electrode surface, while the
flexible 3'-methylene blue-modified fragment was added separately. These two fragments
were initially destabilized and dissociated, producing a low faradic current. After the
addition of the target, the two fragments assembled via target-aptamer binding, resulting
in the accumulation of methylene blue-modified fragments at the electrode surface and a
10-fold increase in the faradic current with 4 mM cocaine. This method achieved a LOD
of 1 uM?’, whereas a similar E-AB incorporating the unsplit cocaine-binding aptamer-
based E-AB sensor could only achieve a LOD of 10 uM%. This method was also applied
towards adenosine triphosphate detection, with a LOD of 1 pM.2” However, this strategy
requires careful design of the fragments and optimization of the methylene blue-modified
fragments in order to maintain the aptamer’s binding affinity while also minimizing the

background.

Endonuclease-assisted E-AB sensors eliminate background signal by actively

removing the signal probe from the electrode surface when no analyte is present (Figure
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2-4B).% Zhang et al.?® designed a 5'-thiol- and 3'-ferrocene-modified stem-loop-structured
adenosine-binding aptamer with an EcoRI recognition sequence within the stem region.
The aptamer formed a cleavable hairpin structure in the absence of a target, and after ECoRI
cleavage, the cleaved ferrocene fragment was rinsed from the electrode surface by buffer
solution, resulting in near-zero background current. Target binding induced a
conformational change in the aptamer, forming a folded structure without the enzyme
recognition site, which cannot be cleaved by EcoRI. This results in a prominent current
peak generated by the ferrocene tag in response to target binding. This sensor achieved
ultra-sensitive detection of adenosine with a LOD of 0.1 nM, 10,000-fold lower than other
previously described E-AB sensors. However, the inefficient process of enzyme cleavage,
which took 2 hours at 37 °C, greatly limits this system’s utility in seconds detection

scenarios.

Complementary DNA (cDNA) displacement is another strategy to improve the signal
gain of E-AB sensors. Here, the cDNA forms a duplex with the surface-confined aptamers
and lifts the redox tag away from the electrode surface, eliminating the background current.
Target binding triggers the release of cDNA and forces the redox tag close to the surface,
generating an increase in current (Figure 2-4C).?8 In one example of such a system, Zuo
et al.?® immobilized a 3'-thiol- and 5'-ferrocene-modified ATP-binding aptamer onto a gold
electrode surface and hybridized it with a cDNA sequence. They observed almost no
electron transfer to the electrode when it was hybridized to the cDNA, but the addition of
ATP destabilized the duplex and formed an ATP-aptamer complex that situated the
ferrocene tag close to the electrode surface, generating a strong signal and achieving a low

LOD of 10 nM.?8
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Signal amplification via enzyme-assisted target recycling is another approach for
enhancing the performance of E-AB sensors. This strategy was first applied to DNA
detection,?® but the Wang group subsequently utilized a similar method for ATP detection
(Figure 2-4D).?° They used a 5'-methylene blue-labeled, hairpin-structured aptamer that
changed its conformation to assume a different hairpin structure with a 5'-overhang when
bound to ATP. This 5'-overhang was designed to hybridized with a cDNA anchored on the
electrode surface, and the reduced distance between the methylene blue and the electrode
surface generated a measurable increase in electrochemical signal. The subsequent addition
of Exo Ill, which digests blunt-ended, double-stranded duplexes in a 3’-to-5’ direction,
resulted in the degradation of this electrode-bound oligonucleotide, releasing the ATP into
solution. These released ATP molecules were thus free to bind other aptamer molecules,
thereby amplifying the signal. As a result, the authors achieved remarkably sensitive

detection of ATP, with a LOD of 34 pM.?°
2.2.3. Effect of surface monolayer on sensing performance

The surface of the E-AB electrode comprises a monolayer that is a composite of
anchored aptamers and passivating alkanethiol backfills. The backfills can be self-
assembled on the electrode surface to displace weakly-adsorbed aptamers, adjust the
aptamer probe density, prevent non-specific adsorption of interferents, and lift the aptamers
into highly ordered orientations.®%3! E-AB sensors typically utilize MCH as a backfill.
Josephs et al. found that the sequence of aptamer modification and MCH monolayer
formation affected the surface aptamer distribution and the self-assembled monolayer

(SAM) stability.3? When they coupled the aptamers to electrodes after the MCH monolayer
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was preformed—instead of the typical, reverse order—the modified aptamers exhibited a
more uniform distribution instead of forming clusters, yielding SAMs with improved

stability with 2-fold less degradation.?
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Figure 2-4. Probe-based strategies for improving the sensitivity of E-AB sensors. (A) Split
aptamers and (B) endonuclease-assisted E-AB sensors, and (C) cDNA displacement are all
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designed to enhance SNR by reducing background, while (D) enzyme-assisted target
recycling enables amplification of the signal generated by target molecules.

The length of the alkane chain also affects the stability of the SAM. SAMs formed
from 11-carbon alkanethiol have much higher stability (10-fold less current decay) than 6-
carbon ones due to the tighter packing of longer alkane chains on the gold surface.®® After
1 week of storage in buffer, a SAM based on 11-carbon thiol exhibited < 7% current decay,
whereas one composed of a 6-carbon thiol had a >60% current decrease.®® However, the
increased length of alkanethiol may also compromise the sensor performance because the
thick monolayer reduces the electron-transfer rate,® resulting in reduced faradic currents
and bad SNR. Hence, it is critical to select a proper length of alkane chains that leverages
both SAM stability and sensor performance. The terminal group of the alkanethiol also
affects monolayer stability and sensor performance. Compared to hydrophilic hydroxyl-
terminated SAMs based on MCH, hydrophobic methyl-terminated backfills such as 1-
hexanethiol—which has the same alkane chain length as MCH-—exhibited higher stability
(stable at 37 °C for several days) in both physiological buffers and whole blood samples,
although such SAMs were unable to prevent fouling in the latter samples.®*® An E-AB
sensor that used a mixture of hydroxyl- and methyl-terminated backfill molecules at an
optimal ratio demonstrated greatly improved stability—from less than 12 hours to 2 days—

due to the suppressed desorption of the SAM from the electrode surface over time.®

Baseline drift is another critical issue in performing detection in complex samples such
as undiluted blood. Researchers usually use a membrane as a physical barrier to block cells
or proteins from approaching the electrode surface to solve this problem.*® However,

membrane utilization also reduces the target diffusion efficiency and results in a slow
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sensor response time (few seconds to minutes). Li et al. investigated the use of a
zwitterionic phosphatidylcholine-terminated monolayer to eliminate biofouling effects
during continuous detection in undiluted flowing blood samples over the course of several
hours.3” After 12 hours of in vivo operation in live animals, the phosphatidylcholine-based
E-AB sensor had < 5% drift despite the absence of a membrane.>” An MCH-based sensor,
in contrast, exhibited severe baseline drift, resulting in at least 50% signal loss after
performing detection in whole blood for 3 hours.®” As an alternative, polyethylene glycol
(PEG) has also been reported to exhibit an excellent ability to resist non-specific adsorption
of protein in biological samples.*® For instance, Wang et al. fabricated an E-AB sensor for
ATP detection that achieved higher sensitivity with a LOD of 0.1 pM and greatly reduced
biofouling (2-fold less nonspecific adsorption in 10% human plasma) by immobilizing a
mixture of PEG and ATP aptamers onto the electrode surface, followed by MCH
backfilling.®° In addition, Wu et al. demonstrated the superiority of utilizing monolayers
comprising a combination of a,w-alkanedithiol dithiothreitol (DTT) and MCH, wherein
they simultaneously immobilized the DNA probes and DTT on the electrode surface
followed by MCH backfilling.° This resulted in greatly improved SNRs and achieved a
LOD of 10 pM for DNA detection. On the other hand, the sensors can only reach a LOD

of 1 nM when backfilled with MCH alone.*°

RNA aptamers usually exhibit high affinity and reasonable specificity for small-
molecule targets,*! but the hydrolysis and degradation of RNA aptamers in complex
matrices has drastically hindered their application in E-AB sensors.*? Santos-Cancel and
White coated a ribonuclease inhibitor onto a collagen membrane, which they overlaid onto

an RNA aptamer-based E-AB sensor.** The membrane prevented large ribonuclease
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enzymes from approaching the electrode surface, while the inhibitor inactivated those
enzymes. Using this design, the authors successfully achieved long-term and stable
detection of tobramycin in undiluted serum with < 3% signal loss over the course of at least
six hours.*® In contrast, without protection from the collagen membrane, the signal

dramatically degraded within 10 min.*®

Moreover, aptamers immobilized on the electrode need sufficient space for target
binding, folding, and signal transduction. These aptamers should also be sized properly;
otherwise, the sensors would have a reduced SNR due to insufficient space for the probes
to be fully active or too few probes to generate signals. Hence, it is necessary to control
aptamer quantity and spatial arrangement on the electrode surface to obtain optimal E-AB
sensor performance. The simplest way to control the aptamer density is by altering the
aptamer concentration during the immobilization. One study has shown that by optimizing
aptamer density via concentration, the authors could boost the maximum signal gain of a
cocaine E-AB sensor from 60% to 200%.%* However, the spatial arrangement of aptamers
on the electrode surface was not tuned simultaneously in this work. The Fan group
connected one fragment of a split cocaine-binding aptamer to DNA tetrahedrons
conjugated on an electrode surface.*® These nanostructured tetrahedrons optimized the
aptamer orientation while also ensuring homogeneous distribution on the electrode surface.
Adequate spacing between adjacent aptamers in this design allowed the efficient assembly
of split aptamers induced by target binding process, and the resulting sensors achieved

sensitive detection of cocaine with a LOD of 33 nM.*
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Recently, our group developed a target-assisted immobilization strategy to control the
microgeometry of aptamers on the electrode surface.*® Unlike traditional approaches, in
which the unfolded aptamer is immobilized on its own, we utilized aptamer-target complex
with a fully-folded secondary structure solutions during sensor fabrication. When we
subsequently removed the target, all the aptamers were uniformly distributed on the surface,

with sufficient space for target-induced conformational change and signal transduction.*®
2.2.4. Effect of measurement parameters on sensing performance

There are multiple different strategies available for measuring electrochemical
response in an E-AB system. Cyclic voltammetry (CV) is often used to measure the
essential electrochemical properties of the analytes or explore reaction mechanisms.*’8 In
CV experiments, the potential ramps up and goes back down at a constant scan rate within
a set potential range.*® Differential pulse voltammetry (DPV) is a more sensitive alternative
(DPV can detect as low as nanomole concentrations while CV can only measure micromole
concentrations), entail the application of a series of increased potential pulses at fixed
increments.®® Current is measured before and after each pulse, and the differences are
recorded. This process minimizes the capacitive current and reduces the background,

resulting in enhanced sensitivity.>*

Alternating current voltammetry (ACV) is another technique for E-AB sensors. In
ACV, the sequential sinusoidal waveform potential is superimposed onto the base potential,
and the current is measured at a specific frequency.>? After conjugating with a lock-in

amplifier, the ACV signals are capable to detect even in an extremely noisy environment,
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and the sensitivity of ACV is enhanced.®® Tuning the ACV frequency can also improve the

signal gain of E-AB sensors.**

Square-wave voltammetry (SWV) is another popular technique applied to E-AB
sensors due to its excellent sensitivity (detectable concentrations as low as picomoles) and
fast detection capability.>* SWV entails recording the current difference between the
forward pulse and the reverse pulse within a series of staircase pulses, removing the non-
faradic current to reduce the background and thereby enhancing the SNR.*® Most
importantly, changing the SWV frequency and amplitude of the potential pulses alters the
electron-transfer kinetics between the bound and unbound states. SWV can be performed
under a fast scan rate, making the detection process fast (within seconds), and
simultaneously optimizing the frequency and amplitude can improve signal gains by more

than two-fold.>®

Truncation can potentially enhance an aptamer’s structure-switching functionality, but
this engineering process also destabilizes the aptamer and reduces its binding affinity,
influencing the sensor performance. Ideally, the engineered aptamer should undergo a large
target-induced conformational change while maintaining high binding affinity. Zhao's
group found that the binding affinity of truncated aptamers can be greatly improved at 4 °C
compared to room temperature.>” They showed that a truncated aflatoxin B1-binding
aptamer with a 2-bp stem showed a Kp of 16 nM at 4 °C versus 498 nM at room temperature,
and that E-AB sensors fabricated from this aptamer likewise exhibited higher sensitivity at

4 °C, with a low LOD of 6 pM, compared with 25 nM at room temperature.®’
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2.2.5. Effect of redox reporters on sensor performance

Methylene blue and ferrocene are the most commonly-used redox reporters for E-AB
sensors. Ferrocene-based E-AB sensors usually exhibit 20% higher signal gains than those
based on methylene blue.’® However, ferrocene-conjugated E-AB sensors also have several
drawbacks. First, ferrocene-based E-AB sensors exhibit reduced signals in terms of
detections in complex biologic matrices such as serum and blood.*® During detection,
ferrocene loses one electron and forms a ferrocenium ion under oxidative conditions,®® and
these oxidation peaks at varying analyte concentrations are then recorded to calculate the
signal gain. However, the ferrocenium ion is also extremely prone to react with oxygen in
the sample, which in turn contributes to sensor instability.5%? Furthermore, the oxidation
potential of ferrocene is 0.22 V, which is outside the optimal potential window (-0.4 V to
-0.2 V for Ag/AgCl reference electrodes)® of E-AB sensors. In contrast, methylene blue-
based sensors are more stable and show less current reduction and only minor signal
degradation after multiple scans over the course of a few hours in both buffer and blood
serum.5863 Methylene blue transfers two electrons to the gold electrode surface and forms
leucomethylene blue during this reaction,% with a reduction peak potential of -0.26 V,
which is within the optimal potential window for E-AB sensors. Methylene blue-based E-
AB sensors also exhibit good stability during long-term storage, with 4-fold less signal
degradation in the regeneration process, high reproducibility, and minor sensor-to-sensor
variation.%® Collectively, these advantages make methylene blue-based E-AB sensors a
better choice compared to ferrocene-based E-AB sensors, especially in complex biological

matrices such as undiluted blood.
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The position of the methylene blue modification also strongly affects sensor
performance. In a typical E-AB sensor, the aptamer is attached to the surface of the gold
electrode via a 5’ thiol modification, with the methylene blue reporter modified onto the
3'-end of the aptamer. E-AB sensors in which the positions of the thiol group and methylene
blue are switched (5'-methylene blue, 3'-thiol) showed similar aptamer binding affinities to
conventional sensors, but with shifted optimal detection frequencies and 4-fold reduced
signal gains.®® This has been observed in three well-established E-AB sensors against

cocaine, doxorubicin, and vancomycin.%
2.2.6 Effects of electrode morphology on sensor performance

Traditional E-AB sensors employ 2-3 mm diameter gold rod electrodes with a flat and
smooth surface. The electrode surface must be cleaned carefully before aptamer
immobilization. Recently, researchers have found that a rough or nanostructured electrodes
can improve the SNR and the maximum signal gain due to increased surface area.®® For
example, the Kelley group electrodeposited an Au-Pd alloy onto the surface of a
microelectrode with a unique spike-like nanostructure (20-50 nm) to enhance the
sensitivity and extend the linear dynamic range for nucleic acid detection.®” They then
further investigated the applications of these spike-like electrodes for the sensitive
detection of small molecules.®® They first coated a SisN4 passivation layer onto a SiO--
coated silicon substrate, and then made a 5-pum aperture on the passivation layer via
photolithography. Gold was then electrodeposited onto the silicon substrate surface
through the aperture, followed by electrochemical coating of a Pd layer onto the gold. The

spike-like Au/Pd nanostructure was formed by controlling the applied potential and the
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types and concentrations of electrolytes. Small-molecule-binding aptamers were then
modified onto the surface of the spike-like electrodes. A single-stranded, partially-
complementary, lysine-conjugated peptide nucleic acid was used to neutralize the negative
charge of the aptamers, notably reducing the charge on the electrode surface. Target
addition triggered the displacement of this neutralizing strand, and the resulting
enhancement of the surface charge of the electrode was measured electrochemically. This
method was successfully used to develop sensors for the sensitive detection of cocaine and

ATP with a LOD of 1 uM for both analytes.®®

The gold wire electrodes typically used for real-time in vivo detection are extremely
small: typically 75-200 um in diameter and 3-6 mm in length.%® As such, only limited
numbers of aptamers can be modified onto their surface, resulting in nanoampere faradaic
current and a bad SNR. It is therefore critical to enhance the surface area to increase the
number of aptamers that can be modified onto such small electrodes. Several strategies
have been developed for such purposes, including a pulsed electrochemical method for
fabricating gold wire with rough dendrite-like surfaces.®*’° In this example, gold wires
with a 5-8 mm working length were immersed in 0.5 M H>SO4, followed by back-and-
forth scans with alternating 2 ms pulses at 0.0 V or 2.0 V for 100,000 cycles. During each
pulse, the gold was dissolved at 2.0 V and then randomly deposited back onto the electrode
surface at 0.0 V. To further enhance the surface area of the electrodes, the pulse duration
was increased to 10 ms with a total of 16,000 pulses.”* After treatment, the electrodes had
a 2-fold enhancement in surface area versus untreated gold electrodes.”* E-AB sensors
fabricated with these rough electrodes showed better performance for detecting tobramycin

in living animals, with the absolute current improved by 2-fold and 2-fold higher SNR."*
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In other work, a sponge-like nanoporous electrode was developed via a metal alloying-
and-dealloying process to further increase the surface area of small-sized electrodes.®® A
gold wire electrode with a diameter of 200 um and an exposed 3 mm-long working area
was placed in a 115 °C ZnCl; solution (dissolved in ethylene glycol) and subjected to ten
CV scans from 0.8 to 1.8 V at a scan-rate of 0.01 V s. As a result, zinc was deposited onto
the electrode surface, forming a layer of Au-Zn alloy. To remove the zinc, the Au-Zn alloy
electrodes were first immersed in 5 M HCI for 15 min, and then transferred to a 50 mM
H2S04 solution for 5-10 more CV scans between 0 to 1.8 V at a scan-rate of 0.1 V s to
completely strip off the residual zinc. The resulting sponge-like electrodes achieved a 75—
100-fold surface area increase, while the dendrite-like electrodes only had a 2-4-fold
increase compared to the smooth electrodes.®® The sponge-like electrodes also had 25-fold
greater signal currents and 15-fold reduced levels of noise. In this way, working gold
electrodes could be miniaturized to a diameter of 75-200 um and a length of 0.5-3 mm. E-
AB sensors fabricated with these miniatured electrodes successfully detected vancomycin

in the jugular of a live rat with similar signal response as seen with larger electrodes.®°

Another group developed ‘shrink electrodes’ with increased active surface area to
improve SNR and sensitivity. These shrink electrodes were fabricated by heating gold-
coated polyolefin film at 125 °C, causing it to shrink by 95%.”> Compared to planar
electrodes, these electrodes showed a 6.47-fold enhanced active surface area, and
electrochemical sensors based on these sensors demonstrated higher sensitivity for 2-
(dibutylamino)-ethanol detection, with a 50% lower LOD (1.7 pM) than the planar
electrodes.” In principle, these shrink electrodes can offer an up to 20-fold increase in

active surface area. However, the shrinking process tends to trap the air, preventing the
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sample solution from approaching the surface and diminishing the available active surface
area.” The Heikenfeld group found that an extra coating of polyvinyl pyrrolidone (PVP)
layer on top of the Au/polyolefin film further enhanced the active surface area by 1.9-fold
compared to without PVP coating—equivalent to a 12.7-fold enhancement over the planar
electrode.”* The PVP replaced the air and formed a hydrophilic layer outside the shrink
electrode, allowing the aqueous solution to reach the maximum active surface area. When
incorporated into an E-AB sensor for kanamycin detection, these PVP-coated shrink
electrodes achieved a maximum signal gain of 330%, which was two-fold higher than that

of a planar electrode.”
2.3. Other electrode types developed for in vitro applications

Gold rod electrodes are well-established and commercially available for the
fabrication of highly stable E-AB sensors that can handle hundreds of repeated detections
in complex samples and have fewer batch-to-batch variations. However, their large size,
mechanical rigidity, and high cost ($90 per electrode) mean that the gold rod electrodes are
impractical for portable, flexible, and commercially scalable applications, and are primarily

suited for lab use instead.

Screen printing is an alternative method for fabricating electrodes that can replace gold
rod electrode in real-life applications. This method is based on the deposition of ink
materials onto a designed area of a substrate such as paper or plastic.” However, these inks
can easily form aggregates during the fabrication process,’® because the ink dispersions

typically contain conductive components such as metal-based or carbon-based
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nanomaterials with high surface energies’’. Without adequate stabilization, these

nanomaterials will quickly agglomerate in solution.

Paper-based electrodes have attracted much recent attention due to their low cost,
versatility, and ready compatibility with portable devices for on-site detection.”®’® Our
group developed a strategy for fabricating aptamer-modified PEDs via ambient vacuum
filtration.®° We first deposit single-walled carbon nanotubes onto a designated section of
filter paper via vacuum filtration to produce a nanoporous conductive network. Gold
nanoparticles are then deposited on top of the single-walled carbon nanotube layer via
vacuum filtration in patterns that establish the working or counter electrodes and electric
circuits. Finally, silver nanoparticles are vacuum filtered through a mask designed to form
the pseudo-reference electrodes. It should be noted that the type, shape, and size of the
materials employed for electrode fabrication with this approach is easily customizable. E-
AB sensors fabricated onto such PEDs achieved sensitive and specific detection of cocaine
and MDPV, with performance similar to E-AB sensors fabricated onto commercial gold
rod electrodes. We subsequently constructed a multiplexed aptamer-modified PED with
three working electrodes using the ambient vacuum filtration method.®® After immobilizing
acetyl fentanyl-, adenosine-, and MDPV-binding aptamers onto the three working
electrodes, we were able to achieve sensitive, accurate, and simultaneous detection of
acetyl fentanyl, adenosine, and MDPV in a single sample within seconds. By incorporating
a polydimethylsiloxane (PDMS) chamber on top of this PED, we were able to achieve
detection from samples with a small volume of just 200 uL.2° Our aptamer-based PED

sensors are sensitive, stable, accurate, environmentally-friendly, suitable for large-scale
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production, and sufficiently portable for on-site applications such as drug screening or

environmental monitoring.
2.4. E-AB sensors for in vivo detection

For many clinically-oriented biosensor applications, it would be ideal to achieve real-
time detection in living bodies—for instance, accurate real-time detection of drugs within
narrow therapeutic windows in order to achieve precise drug dose control for effective and
safe therapy.8! E-AB sensors have the potential to satisfy this need because they: (1) have
high specificity, with only specific targets triggering aptamer conformational changes;*° (2)
can achieve sensitive detection of analytes;® (3) can detect analytes across broad dynamic
ranges;?® (4) can enable stable and accurate detection in biofluids under physiological
conditions;® and (5) can provide the time-resolution required for subsecond detection and
continuous monitoring.848 But in vivo detection with E-AB sensors also faces many
challenges. For example, the SNR, sensitivity, and signal gain of E-AB sensors are reduced
over extended periods in biofluids due to biofouling.®® Baseline drift and signal decay also
become substantial issues for E-AB sensors in extended-duration detection.3 Moreover,
SAMs tend to become desorbed from the electrode surface over time, and nuclease

enzymes circulating in the biofluid are prone to digest aptamers.8”®

Many strategies have been developed to overcome these challenges. Swensen et al.
fabricated a micro-scale E-AB sensor device for the continuous detection of cocaine in
undiluted flowing serum.® Their sensor, in which 3'-methylene blue-modified cocaine
aptamers were covalently attached to the gold electrode surface, was conjugated to a

microfluidic chip and confined within a 750 nL chamber. Undiluted serum containing
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various concentrations of cocaine was pumped into the microfluidic chip at a constant
speed, and the cocaine concentrations were measured. Ferguson et al. subsequently
developed a microfluidic device that can detect small molecules in whole human blood or
from the circulatory system of live rats.8® The device consisted of two layers: blood was
pumped through the lower layer, exiting into a waste container, while the top layer
generated a buffer flow in direct contact with the fabricated E-AB sensor. In between, a
diffusion filter served as a physical barrier to prevent large interferents from reaching the
sensor, whereas small-molecule targets in the blood can approach the E-AB sensor and
thereby produce a signal. The authors also developed a strategy termed ‘kinetic differential
measurement’ (KDM) for reducing the baseline drift during long-term continuous
detection.®® Using this system, they achieved continuous, specific, and accurate detection
of doxorubicin and kanamycin in flowing human blood flow and in the circulation of live
rats with only minor signal drift for 4 hours.®® However, despite the remarkable in vivo
demonstration in this work, it is still inadequate for real-world long-term applications,
which typically entail continuous detection for days or even weeks. Additionally, the blood
must be pumped outside the body for detection, and cannot be recycled into the body

afterward because of possible contamination from the buffers.

Arroyo-Curras et al. developed E-AB sensors with conjugated micro-scale electrodes
to detect multiple small-molecule targets in awake animals.®® The electrodes were inserted
into the external jugular vein of rats via catheter, and directly measured the aptamer targets
in the circulating blood. A polysulfone membrane with 0.2-um micropores covered the
aptamer-modified working area of the gold wire electrode to prevent biofouling. Only the

small-molecule targets could pass through this membrane, while other components such as
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blood cells, which may cause biofouling during continuous detection, were filtered out.
Their sensor also applied KDM to reduce signal drift during real-time detection. With the
protective membrane and KDM-mediated drift correction, they were able to achieve
accurate and stable real-time detection of multiple analytes over a few hours in awake,

moving rats.*

Li et al. developed an alternative baseline correction method to KDM using two redox
tags.%® They modified aptamers with methylene blue at their 3'-end and another redox tag
anthraquinone, at the 5'-end, which was also covalently attached to the electrode. The fixed
anthraquinone end generated a minor response to target binding. The redox peak of
anthraquinone (-0.42 V) does not overlap with that of methylene blue (-0.26 V), and both
anthraquinone and methylene blue had constant baseline drift during continuous detection
in whole flowing blood. Hence, subtracting the normalized currents generated by
anthraquinone from those generated by methylene blue could correct the baseline drift. The
authors first tested cocaine detection in continuous blood flow for 15 hours, and were able
to reduce the drift from 50% to < 2% after using this correction method. They then
generalized this strategy and tested a kanamycin sensor, which showed a drift reduction
from 20% to < 2% during a 20-hour period. One drawback of this method is that the signal
gains were reduced by this correction process. Furthermore, certain small-molecule targets
such as doxorubicin have redox reactivity at the same potential as anthraquinone,®* which

affects the accuracy of this reference reporter.

With the ability to monitor targets in real-time in vivo, E-AB sensors have been

successfully demonstrated for potential therapeutic applications. For instance, a
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vancomycin-binding aptamer-modified wire electrode was placed into a rat vein for
continuous measurement of blood vancomycin with high precision (+20%) for 6 hours.%
Such monitoring is beneficial because the clinical blood concentration of the antibiotic
vancomycin should be maintained at 6— 35 uM to ensure therapeutic effect while
minimizing side effects.®® In addition, the Plaxco group fabricated E-AB sensors for the
real-time monitoring of irinotecan, a cancer chemotherapy drug. Their E-AB sensors
demonstrated precise detection of irinotecan in the blood of live rats over the course of
300 repeated measurements in 1 hour with < 20% error, enabling in-time adjustment of the
drug dose during therapy.®* Later, the Plaxco group developed E-AB sensors to detect
phenylalanine in real-time, which they used to investigate the disposition kinetics of plasma
phenylalanine in live rats—an important consideration for the monitoring and treatment of

metabolic disorders.%

Researchers have also recently started to detect protein targets in urine for disease
diagnostics. Plaxco's group fabricated an E-AB sensor on microelectrodes to detect
neutrophil gelatinase-associated lipocalin (NGAL), a protein biomarker that indicates acute
kidney injury.® Concentrations of NGAL were monitored in real-time in continuously
NGAL-titrated artificial urine over several hours with a 2 nM LOD. This concentration
was in the range of 2—32 nM,%” which is physiologically appropriate for the diagnosis of

kidney injury.
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2.5. Small-molecule targets used in this work
2.5.1. Synthetic cathinones

Synthetic cathinones, commonly sold as "bath salts”, are a group of psychoactive
substances that have recently risen in popularity. These compounds are highly dangerous
and have severe side effects that include paranoia, hallucinations, extreme anxiety, and
even death.%® Synthetic cathinones are stimulants, and most of them are classified as
Schedule I drugs under the Federal Controlled Substances Act. The drugs in the synthetic
cathinones family share the same beta-keto phenethylamine core structure with various
substituents.® So far, hundreds of synthetic cathinones have been synthesized and sold on
the market.}®® Among them, twelve popular synthetic cathinones including MDPV,
ethylone, butylone, pentylone, naphyrone, methylone, methcathinone, o-
pyrrolidinopentiophenone (a-PVP), 3-fluoromethcathinone (3-FMC), cathinone, 4-
fluoromethcathinone (4-FMC), and 4-methylmethcathinone (4-MMC) (Figure 2-5), were

picked as targets in this work.
2.5.2. Cocaine

Cocaine (Figure 2-6A), an addictive stimulant drug derived from the leaves of the
coca plant. Cocaine is a Schedule 11 drug with high potential for abuse, but which can be
used as a medicine under certain conditions. Cocaine was the third most frequently used
drug in 2020.1° 1.9% of people aged 12 or older have been reported as cocaine users, and
0.5% of people suffer from cocaine use disorder.'%> The number of overdoses identified by

the National Institute on Drug Abuse has risen dramatically, reaching 19,447 in 2020—
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four-fold higher than the number in 2014.1% Cocaine overdose is associated with anxiety,

depression, tremors, paranoia, and even death.%4
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Figure 2-5. Chemical structures of different synthetic cathinones used in this work.
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Figure 2-6. Chemical structure of small molecule targets. (A) Cocaine, (B) adenosine, and
(C) acetyl fentanyl.

2.5.3. Adenosine

Adenosine (Figure 2-6B) is an endogenous small molecule that can regulate

extracellular signaling to ensure regular heart rhythms.%>1% Adenosine also can regulate
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innate immunity.’” Adenosine concentrations increase dramatically from a resting
concentration of ~300 nM to 600-1200 nM when the cell is in an inflammatory state or

subject to tissue damage.%

2.5.4. Acetyl fentanyl

Acetyl fentanyl (Figure 2-6C) is a synthetic opioid and an analog of fentanyl. Acetyl
fentanyl exhibits very similar properties to heroin and morphine, but its activity is 15.7
times more potent than those drugs.1%%!1% Acetyl fentanyl is a Schedule I drug with high
potential for abuse and no medical utility. Misuse or overdose of acetyl fentanyl leads to
side effects similar to other opioids, such as drowsiness, dizziness, nausea, vomiting,
unconsciousness, and respiratory depression.!!! Recently, acetyl fentanyl and its fentanyl
analogs have become the primary drugs responsible for overdose death in the United

States.!1?
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CHAPTER 3: Tuning Biosensor Cross-Reactivity Using Aptamer Mixtures
3.1. Introduction

The detection of structurally-related small molecules such as toxins, antibiotics, and
illicit drugs is important for analytical applications in which determining the presence of
any member of a designated molecular family — rather than any individual representative
of that family — is the priority.133115 Currently, this is typically achieved using
immunoassays based on polyclonal antibodies, which comprise of a mixture of antibodies
produced by target-immunized animals.'® Polyclonal antibodies are well-suited for such
applications, because the combination of multiple antibodies binding to different epitopes
greatly expands the target spectrum.!!” However, the in vivo nature of the antibody
generation process provides no control over the binding properties or composition of the
resulting reagent mixture.*® This can result in false negatives, since it is impossible to
guarantee that polyclonal antibodies will bind to all members of a designated target family
with similar binding affinities—or at all.!®!® On the other hand, polyclonal antibodies can
also be too promiscuous, producing false positives due to recognition of structurally similar
non-target compounds.!'” The binding profiles of polyclonal antibodies can also greatly
vary from batch to batch, as they are generated from different animals.!!’ One can
potentially overcome these limitations by mixing multiple monoclonal antibodies with
differing binding spectra at an optimized ratio, but the costly and time-consuming process

of monoclonal antibody development discourages such efforts.2

Aptamers offer an excellent alternative. These nucleic acid-based biorecognition

elements are isolated in vitro via systematic evolution of ligands by exponential enrichment

37



(SELEX)* from randomized oligonucleotide libraries to recognize various targets, and can
be chemically synthesized at low cost with no batch-to-batch variation.® Importantly, the
binding profile of an aptamer can be precisely controlled by designing the selection process
to favor candidates that bind to either a specific target or a family of structurally-related
targets.'?123 Moreover, the analytical performance of aptamer-based assays can be
tailored for specific applications. For example, the sensitivity and dynamic range of assays
can be altered by using a mixture of different aptamers®?* or an aptamer and its truncated
or mutated derivatives that bind the same target but with different affinities.?>?
Nevertheless, little effort has been made to control the cross-reactivity of aptamer-based

assays towards a set of ligands, both targets and interfering compounds.

In this work, we for the first time have demonstrated that the cross-reactivity of
aptamer-based sensors can be manipulated to achieve near-ideal sensing performance with
unprecedented control by mixing multiple aptamers with differing ligand specificity. This
has not yet been achieved with conventional aptamer engineering techniques. As a test bed,
we targeted the synthetic cathinones, a large family of designer drugs whose members
share the beta-keto phenethylamine core structure but have divergent side chain
substituents.?® Our goal was to develop a sensor that can give a yes-or-no response for the
presence of drugs in this family while yielding no response to interferent molecules
relevant to illicit drug detections. Thus, assay cross-reactivity at a specific cut-off (e.g.
ligand concentration) is a more appropriate metric to evaluate the analytical performance
of our sensors. We have recently isolated two synthetic cathinone-binding DNA aptamers,
SCA1.1 and SCA2.1!'%, via SELEX. SCA1.1 shows high cross-reactivity to synthetic

cathinones but responds to several compounds not in this family (hereon specified as
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‘interferents’), while SCA2.1 is highly specific to the target family but has lower cross-
reactivity to some members. As a result, neither aptamer is ideal for the broad and specific
detection of synthetic cathinones. However, by employing an optimized mixture of the two,
we were able to maintain advantageous features of both aptamers while minimizing their
disadvantages, simultaneously achieving high cross-reactivity to 12 synthetic cathinones
and excellent specificity against 17 interferents. Our concept was first demonstrated using
SCA1l.1 and SCA2.1 in a dye-displacement assay. We found that the target-binding profile
of aptamer mixtures at any given molar ratio could be precisely predicted using a
mathematical model, which allows for fine tuning of the sensor’s responsiveness. We
subsequently utilized the same concept to develop a dual-aptamer-modified
electrochemical aptamer-based (E-AB) sensor. Once again, the sensor demonstrated
equally impressive performance as the dye-displacement assay and enabled specific
detection of analytes in interferent-ridden binary mixtures. Unlike conventional aptamer
engineering approaches, such as sequence mutation and truncation, ours is a generalizable
strategy that enables precise control of the cross reactivity of aptamer-based sensors
towards both targets and interferents and should enable development of near-ideal

biosensors for a diversity of targets.

3.2. Experimental section

3.2.1. Materials

Unmodified oligonucleotides were synthesized by Integrated DNA Technologies with
HPLC purification and dissolved in PCR-grade water. Thiolated methylene-blue-modified

oligonucleotides were purchased from LGC Biosearch Technologies with HPLC
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purification and dissolved in 10 mM Tris-HCI (pH 8.0) with 1 mM EDTA. All DNA
sequences used in this work are listed in Table 3-1.

Table 3-1. Sequence ID and DNA sequences used in Chapter 3.

Sequence ID Sequence (5’ — 3%)
SCA2 1 CTTACGACCTTAAGTGGGGTTCGGGTGGAGTTTATGGG

GTCGTAAG
SCA2.1-40 CTTACGACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT
SCA2.1-34 ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT
SCAL1 CTTACGACTGAGAAGTGTGATTCAGTATGTTTTCCGAAGT
CGTAAG
SCA1.1-40 CTTACGACTGAGAAGTGTGATTCAGTATGTTTTCCGAAGT
SCAl.1-34 ACTGAGAAGTGTGATTCAGTATGTTTTCCGAAGT

SCA-21-34-MB i/IHE;CG-ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT-
SCA-1.1-34-MB i/IHE;C6-ACTGAGAAGTGTGATTCAGTATGTTTTCCGAAGT-

SH = thiol modification; MB = methylene blue modification; C6 = (CH2)e linker

Synthetic cathinone standards (all hydrochloride salts and racemic unless
specified), including 3,4-methylenedioxypyrovalerone (MDPV), 3-
fluoromethcathinone (3-FMC), 4-fluoromethcathinone (4-FMC), 4-
methylmethcathinone (4-MMC), alpha-pyrrolidinopentiophenone (a-PVP), butylone,
cathinone, ethylone, methcathinone, methylone, naphyrone, pentylone, and pure
enantiomers (-)-MDPV and (+)-MDPV were purchased from Cayman Chemicals. (£)-
Amphetamine hemisulfate, benzocaine, caffeine, cocaine HCI,
diethylthiatricarbocyanine iodide (Cy7), (-)-ephedrine HCI, heroin HCI, ketamine HCI,
lidocaine HCI, D-lactose monohydrate, ()-3,4-methylenedioxymethamphetamine HCI
(MDMA), D-mannitol, paracetamol, phenacetin, procaine HCI, (+)-pseudoephedrine
HCI ((+)-PSE), quinine hemisulfate monohydrate, tris(2-carboxyethyl)phosphine HCI,

6-mercapto-1-hexanol (MCH), and all other chemicals were purchased from Sigma-
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Aldrich unless otherwise noted. Levamisole HCI was purchased from MP Biomedical.
Sucrose was purchased from Amresco. Exonuclease 111 (E. coli) and exonuclease | (E.
coli) were purchased from New England Biolabs. SYBR Gold was purchased from
Thermo Fisher Scientific. Deionized water (resistivity of 18.2 MQ c¢m) was produced
using a Milli-Q Direct 8 Water Purification System.

3.2.2. Cy7 dye-displacement assay

The Cy7-displacement assay was performed as previously reported.'?® Briefly, a 70 uL
mixture of SCAL.1 and SCA2.1 (final total aptamer concentration = 3 uM) was first mixed
with 2 pL Cy7 (final concentration 2 pM) in reaction buffer (final concentration 10 mM
Tris-HCI, 0.5 mM MgCl;, 20 mM NaCl, 0.01% Tween 20, 1% DMSO, pH 7.4) to form
Cy7-aptamer complex. The molar ratio of SCA2.1 varied from 0 (i.e., SCAL1.1 only) to 1
(i.e., SCA2.1 only) in different experiments. An 8 pL volume of synthetic cathinones (final
concentration 10 pM) or interferent compounds (final concentration 100 pM) were mixed
with the freshly prepared Cy7-aptamer complexes, and 75 pL of the mixture was loaded
into a transparent flat-bottomed 384-well plate. The absorbance at 670 nm and 775 nm was
immediately measured using a Tecan M1000 plate reader, and the absorbance ratio
Ae70/A775 was calculated for each sample. Signal gain was calculated as (R—Ro)/Ro, where
Ro and R are Aes7o/A775 values in the absence and presence of the analyte, respectively.
Cross-reactivity was calculated based on signal gain, where the signal gain of 10 pM
MDPV was defined as 100% cross-reactivity for each condition. For the synthetic
cathinone mixture experiments, a 72 pL solution containing 1.5 pM SCA2.1, 1.5 uM
SCAI1.1, and 2 uM Cy7 (final concentrations) in reaction buffer was mixed with 8 L. of a

synthetic cathinone mixture (either MDPV and methylone or 4-FMC and cathinone) with
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molar ratios of 0:10, 2:8, 4:6, 8:2, 10:0 with a total ligand concentration of 10 uM. A 75
uL quantity of the mixture was loaded into a transparent flat-bottomed 384-well plate and

the absorbance at 670 and 775 nm was determined as mentioned above.

3.2.3. Exonuclease digestion of aptamers

Briefly, 1 puL of 50 uM aptamer was added into a PCR tube and diluted with 4.5 pL
of 100 mM Tris-HCI buffer (pH 7.4) and 29.05 pL of deionized water. The mixture was
heated at 95°C for 10 minutes and cooled down in ice immediately to disrupt aptamer
secondary structure. Next, 5 uL of a 200 mM NaCl/5 mM MgCl: solution was added into
the PCR tube, followed by 0.45 pL of 10 mg/mL BSA. The solution was incubated in the
presence or absence of 5 pL 2.5 mM MDPV at room temperature for 1 hour. Then, 5 pL
of 0.1 U/uL Exo Il alone, 0.5 U/uL Exo I alone, or a mixture of 0.1 U/pL Exo Il and 0.5
U/uLL Exo I was added to initiate the digestion. 5 pL of each sample was collected at
different reaction times and mixed with 10 uL of loading buffer (71.25% formamide, 10%
glycerol, 0.125% SDS, 25 mM EDTA, and 0.15% (w/v) bromophenol blue and xylene
cyanol) to stop the digestion. The sample was analyzed by 15% denaturing polyacrylamide
gel electrophoresis (PAGE), stained with 1xSYBR Gold dye, and imaged using a
ChemiDoc MP imaging system.

The length and concentration of digestion products were characterized using a home-
made DNA ladder comprising either SCA2.1 or SCA1.1 and truncated derivatives
measuring 43-, 41-, 40-, 39-, 35-, 32- and 29-nt, where the ladder was matched to the

aptamer being analyzed.
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3.2.4. Circular dichroism (CD)

Experiments were performed in reaction buffer (10 mM Tris-HCI, 20 mM NacCl, 0.5
mM MgCl, pH 7.4). Before each experiment, the reaction buffer was degassed for 15
minutes using an ultrasonic cleaner (Fisher Scientific FS60D). SCA1.1-40 or SCA2.1-40
(final concentration 1 uM) dissolved in this degassed buffer was heated at 95 °C for 10
minutes and immediately cooled down on ice. MgCl2 and NaCl (final concentration of 0.5
mM and 20 mM, respectively) and MDPV (racemic, final concentration 100 uM) were
added to the aptamer solution and incubated overnight at room temperature. 300 pL of each
sample was added into a quartz cuvette (Hellma Analytics) and the CD spectra were
recorded from 220-300 nm using a spectropolarimeter (JASCO J-815) with the following
parameters: 5 mdeg sensitivity, 0.2 nm data pitch, 50 nm/minute scanning speed, 1 nm
bandwidth, and 8 seconds response time. Each sample was scanned four times, and the data
were averaged. Spectra of the reaction buffer, reaction buffer containing 100 uM MDPV,
and reaction buffer containing 1 UM aptamer were also obtained. All CD spectra were
corrected by subtracting the spectra of the buffer with and without MDPV.

3.2.5. Isothermal titration calorimetry (ITC) experiments

All ITC experiments were carried out at 23 °C using a MicroCal iTC200 Instrument
(Malvern). For each experiment, 300 uL of an aptamer solution containing 20 uM of
SCA1.1, SCA1.1-40 or SCA2.1-40 in reaction buffer (10 mM Tris-HCI, 20 mM NacCl, 0.5
mM MgCl,, pH 7.4) were heated at 95 °C for 10 minutes and immediately cooled down on
ice before loading into the sample cell. The syringe was then loaded with (-)-MDPV, (+)-

MDPV, MDMA, (+)-PSE, procaine, levamisole, or quinine prepared in the same buffer.

43



Since MDPV is a chiral compound, ITC experiments for the binding affinity of MDPV
towards the aptamers was performed with each enantiomer individually. Concentrations of
aptamers and ligands are listed in Table 3-2. Each experiment consisted of an initial purge
injection of 0.4 pL and 19 successive injections of 2 pL, with a spacing of 180 sec between
adjacent injections. For (+)-PSE, procaine, and levamisole, 20 more injections were
performed following these 20 injections, with an initial purge injection of 0.4 pL and 19
successive injections of 2 pL. The obtained raw data were first corrected with dilution heat
obtained from ligand-to-buffer titrations and then analyzed using the MicroCal analysis kit
integrated into Origin 7 software, with a single-site binding model to calculate dissociation
constants (Kps).

Table 3-2. Aptamer, ligand, and ligand concentration used for ITC experiments and
determined Kps.

Aptamer Ligand Ligand concentration (UM) Dissociation constant (LM)
SCAl.1l (-)-MDPV 350 0.23+0.02
SCALl  (+)-MDPV 1,000 30.4+1.0
SCA1.1-40 (-)-MDPV 400 1.05 £ 0.05
SCA1.1-40 (+)-MDPV 2,000 181+ 2
SCA1.1-34 (-)-MDPV 400 1.46 +0.03
SCAl.1-34 (+)-MDPV 2,000 185+3
SCA2.1  (-)-MDPV 225 0.047 + 0.0075
SCA2.1 (+)-MDPV 400 3.61+0.12
SCA2.1-40 (-)-MDPV 400 0.65 + 0.03
SCA2.1-40 (+)-MDPV 2,000 292 + 14
SCA2.1-34 (-)-MDPV 400 0.30+0.04
SCA2.1-34 (+)-MDPV 2,000 96 + 4.0
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3.2.6. Electrochemical aptamer-based sensor fabrication and detection

Aptamer-modified electrodes were prepared as previously reported.? Briefly, 2-mm
gold disk electrodes (CHI) were polished consecutively by 1 um diamond suspension and
0.05 um Gamma Alumina suspension (BASi), followed by electrochemical cleaning. 5°-
thiolated and 3’-methylene blue-modified aptamers were incubated with 100 mM Tris(2-
carboxyethyl)phosphine in PBS buffer (10 mM phosphate, 1 M NaCl, 1 mM MgCl», pH
7.1) for 2 hours at room temperature to reduce disulfide bonds. The cleaned electrodes were
immediately immersed into aptamer solutions containing either SCA2.1-34-MB, SCAL.1-
34-MB, or both aptamers at various concentrations (10 — 30 nM) overnight at room
temperature. The aptamer-modified electrodes were then incubated with 3 mM 6-
mercapto-1-hexanol solution for 2 hours at room temperature to backfill vacant surfaces
on the gold electrodes. Finally, the electrodes were washed with deionized water and stored
in 10 mM Tris-HCI (pH 7.4) before use. Chronocoulometry was applied to measure surface
coverage using the method reported by Tarlov et al.'?” Detection was performed using a
CHI 670D Electrochemical Station with square-wave voltammetry and a three-electrode
system, including a platinum counter electrode, an Ag/AgCI reference electrode, and the
aptamer-modified working electrode. The peak currents in the absence (lo) and presence of
analyte (I) were measured for 12 synthetic cathinones (10 uM), 17 interferents (100 uM),
and binary mixtures including 10 pM MDPYV with 100 uM of individual interferents. Signal
gain was calculated using the equation: (I—lo)/10x100%. The cross-reactivity of each
analyte was calculated by its signal gain, where a cross-reactivity of 100% was defined
based on the signal gain achieved with 10 uM MDPV. Each experiment was repeated three

times using independently modified electrodes.
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3.2.7. Mathematical prediction of signal gain using a mixture of two aptamers

A ligand binding to an aptamer with 1:1 stoichiometry follows the Langmuir equation:

K-L

0 = (Eq. 1)

T OK-L+1

where 6 is the fraction occupancy of the aptamer, L is the concentration of the free ligand,
and K is the association constant of the aptamer. For the sensor platforms presented in this

work, the signal gain is proportional to the aptamer occupancy, therefore:

_ KL
T KL+1

*Sm (Eq. 2)

where S is the signal gain produced by the aptamer with a given ligand concentration, and
Sy is the maximum signal gain achieved when the aptamer is completely saturated by the
ligand. When a mixture of two aptamers is used in a single biosensor, both of which bind

the ligand independently, the binding curve can be expressed by the following equation:

eam’ - ar (KflLJLA) t(l-a)- (Kszil) (Ea. 3)

where 6,,,, is the global fraction occupancy of the aptamer mixture, K; and K, are the

association constants of aptamer 1 and aptamer 2, respectively, and « is the molar fraction
of aptamer 1 in the mixture. Therefore, the signal gain at a given ligand concentration can

be calculated as:

Kl'L

Sapp = @ "S- (Kl-L+1> +(1-a) Suz- (Kle,il) (Eq. 4)

where S, is the signal gain produced by the aptamer mixture, and S, and Sy, are the

maximum signal gain respectively achieved by aptamer 1 and aptamer 2 when each

aptamer is completely saturated by the ligand. Another expression of the equation is:

Sapp = — [(KflLJLrl) St (szl,-l;-l) 'Sz] at Sy (K:QL-I;-I) (Eq. 5)
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Thus, for a given ligand concentration and a fixed total concentration of aptamers, the
signal gain is linearly related to the molar fraction of aptamer 1.

3.3. Result and discussion

3.3.1. Determination the binding profiles of SCA1.1 and SCAZ2.1 using the Cy7 dye-

displacement assay

We have recently employed a parallel-and-serial selection strategy to isolate two
synthetic cathinone-binding DNA aptamers, SCAl.1 and SCA2.1, via library-
immobilized SELEX.% To determine the target-binding profile of these aptamers, we
performed a label-free  dye-displacement assay that utilizes the dye
diethylthiatricarbocyanine (Cy7) as a signal reporter (Figure 3-1A). Cy7 exists as both a
monomer and dimer in aqueous solution, and these forms exhibit absorption maxima of
775 nm and 670 nm, respectively.'?® In the absence of target, Cy7 monomers bind to the
aptamer (Figure 3-1A, left), resulting in enhanced absorbance at 775 nm. Target binding
to the aptamer displaces Cy7 monomers, which rapidly dimerize in solution (Figure 3-
1A, right), causing decreased absorbance at 775 nm and increased absorbance at 670 nm
(Figure 3-2).1% The absorbance ratio Ag7o/A77s can thus be used to measure target binding
for these aptamers. We first employed this assay to examine the cross-reactivity of these
two aptamers towards 12 synthetic cathinones and their specificity against 17 interferents
(Figure 3-4), some of which are structurally related to the synthetic cathinone targets.
Since both SCAL.1 (Kp =0.23 £ 0.02 uM for (-)-MDPV and Kp = 30.4 = 1.0 uM for (+)-

MDPV) (Figure 3-3) and SCA2.1!% bind to methylenedioxypyrovalerone (MDPV)
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strongly with sub-micromolar binding affinity, we used the signal produced by this analyte

as a benchmark to calculate cross-reactivity.
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Figure 3-1. Target-binding spectra of SCA1.1, SCA2.1, and their mixtures in a Cy7-
displacement assay. (A) Schematic of the dual-aptamer Cy7-displacement assay. (B)
Target cross-reactivity (Tmax/Tmin) and specificity (Imax/Tmin) for mixtures of SCAL.1 and
SCAZ2.1 at various molar ratios with a fixed total aptamer concentration of 3 uM. Predicted
values (dashed lines) were obtained from simulated binding spectra generated from results
in Figure 3-5. Experimental values (scattered points) were calculated based on the results
from Figure 3-6. Error bars show standard deviation from three measurements. The
optimal aptamer ratio achieving both high target cross-reactivity (Iow Tmax/Tmin) and
specificity (Ilow Imax/Tmin) is shaded blue. (C) Binding profiles of SCA1.1, SCA2.1, and a
1:1 mixture of the two aptamers. Each point corresponds to cross-reactivity towards 12
synthetic cathinones (10 uM; black) or 17 interferents (100 uM; red) relative to 10 uM
MDPV. The cut-off for 20% cross-reactivity is marked in blue.

We observed that the aptamers had different binding profiles in the Cy7-displacement

assay. SCA2.1 displayed >20% cross-reactivity to eight synthetic cathinones at a
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concentration of 10 uM, and minimal response to all interferents at concentrations of 100
uM, with cross-reactivity < 8.6%. However, this aptamer exhibited poor binding (<20%
cross-reactivity) to methcathione, 3-fluoromethcathinone (3-FMC), cathinone, and 4-

fluoromethcathinone (4-FMC) (Figure 3-5A).
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Figure 3-2. Cy7-displacement assay for MDPV detection. Absorbance spectra of 2 uM
Cy7 and 3 uM SCAZ2.1 in the absence (black) or presence (red) of 10 uM MDPV.
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Figure 3-3. Characterization of the target-binding affinity of SCAL1.1 using ITC. Top
panels present raw data showing the heat generated from each titration of (A) (-)-MDPV
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and (B) (+)-MDPV into SCA1.1. Bottom panels show the integrated heat of each titration
after correcting for dilution heat of the titrant. ITC data were fitted using a single-site model
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Figure 3-4. Chemical structures of different synthetic cathinones and interferents used in

this work.
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Figure 3-5. Results of Cy7-displacement assays performed with SCA2.1 or SCA1.1 alone.
Signal gain and cross-reactivity from colorimetric Cy7-displacement assays performed
with (A) SCA2.1 or (B) SCAL.1 against 12 synthetic cathinones (gray) at a concentration
of 10 uM and 17 interferents (white) at a concentration of 100 uM. The cut-off for 20%
cross-reactivity is marked in red. Final concentrations of aptamer and Cy7 in each

experiment were 3 UM and 2 UM, respectively. Error bars represent the standard deviation
of three measurements.

In contrast, SCA1.1 showed >20% cross-reactivity for eleven synthetic cathinones,
including those that SCA2.1 was poorly cross-reactive to, and only exhibited low cross-

reactivity (13%) to a-pyrrolidinopentiophenone (a-PVP). However, SCA1.1 was much
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less specific, with cross-reactivities towards interferents as high as 108% (Figure 3-5B).
Thus, SCA2.1 boasts excellent specificity against interferents at the expense of limited

cross-reactivity towards the synthetic cathinone targets, while the opposite is true for

SCAl.1.
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Figure 3-6. Target cross-reactivity and specificity of the Cy7-displacement dual-aptamer
assay. (A) High target cross-reactivity and specificity were achieved when these aptamers
were present at a 1:1 ratio (total aptamer concentration was 3 uM). (B) The predicted cross-
reactivity (black) values for this 1:1 mixture, which we calculated from the signal gain
achieved from SCAZ2.1 alone and SCA1.1 alone, is similar to that obtained experimentally
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(red) for both targets and interferents. Cross-reactivity was calculated relative to the signal
gain produced by MDPV.
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Figure 3-7. Relationship between fraction of aptamer and signal gain for the Cy7-
displacement assay. The relationship between the fraction of SCA2.1/SCAL1.1 in the
aptamer mixture and signal gain obtained for various (A) synthetic cathinones or (B)
interferents in the Cy7-displacement dual-aptamer assay. The total aptamer concentration
was 3 UM for each experiment. Error bars represent the standard deviation of three
measurements.

3.3.2. Employing defined mixtures of aptamers to control the cross-reactivity of

biosensors

We hypothesized that the strengths of both aptamers could be leveraged, and their
weaknesses likewise mitigated, by using a mixture of the two. Since target binding to each
aptamer is independent, we anticipated that the global response of the aptamer mixture can
be mathematically predicted if the target binding profile and molar fraction of each aptamer
are known (see Experimental section for mathematical model). When the total
concentration of a binary aptamer mixture is fixed, there should be a linear relationship
between the signal gain and the molar fraction of either aptamer. To verify this, we mixed

SCA2.1 and SCAL.1 at various molar ratios with a fixed total aptamer concentration and
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tested their response to six synthetic cathinones (pentylone, MDPV, methylone, 3-FMC,
methcathinone, and 4-FMC) and six interferents (MDMA, procaine, pseudoephedrine,
quinine, levamisole, and paracetamol) in the Cy7-displacement assay. The results
confirmed our hypothesis, as almost all analytes showed a linear relationship (Figure 3-7).
MDMA and procaine displayed a nonlinear trend, but since the response was monotonic,

the signal response could be estimated.
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Figure 3-8. Cy7-based displacement assays using SCA2.1, SCAL.1, and a mixture of both
aptamers to detect different mixtures of synthetic cathinones. Signal gain is shown at
different molar fractions of (A) 4-FMC + cathinone and (B) methylone + MDPV. The total
target concentration for each mixture is 10 uM. Black, red, and blue represent the results
from SCA2.1, SCAL.1l, and an equimolar mixture of both, respectively. Error bars
represent the standard deviation of measurements from two different sets of experiments.

For single aptamer experiments, 3 UM aptamer and 2 uM Cy7 were used. For aptamer
mixture experiments, 1.5 uM of each aptamer was used along with 2 uM Cy7.

An ideal cross-reactive sensor should respond similarly to all targets, such that the
ratio of signal gain between the targets with the highest and lowest response (Tmax/Tmin) IS
minimal. In addition, the sensor should have minimal response to all interferents, such that
the ratio of the signal gain between the interferent with the highest response and the target

with the lowest response (Imax/Tmin) IS minimal. We mathematically predicted that the
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optimum SCA2.1:SCA1.1 ratio is approximately 1:1 (Figure 3-1B). We confirmed this
prediction by mixing these aptamers at different ratios and determining their binding
profile with the aforementioned targets and interferents. As expected, the equimolar 1:1
ratio demonstrated the best cross-reactivity and specificity (Figure 3-1C). Notably, in
contrast with either aptamer alone, this 1:1 mixture exhibited >20% cross-reactivity to all
synthetic cathinone targets at a 10 uM concentration (Figure 3-1C and Figure 3-6A). Thus,
this combination approach overcame SCA2.1’s poor cross-reactivity towards methcathione,
cathinone, 3-FMC, and 4-FMC, and SCA1.1’s poor response to a-PVP. Meanwhile, the
assay also demonstrated excellent specificity, with cross-reactivities <17% for all
interferents at a concentration of 100 uM. Additionally, the experimentally determined
cross-reactivity profile of the 1:1 aptamer mixture correlated well with the mathematical
prediction calculated from the signal gain obtained with either aptamer alone (Figure 3-
6B). The predicted cross-reactivity is calculated by using the average of the signal gain
from each aptamer towards a ligand, where the average signal gain produced by 10 uM
MDPV was defined as 100% cross-reactivity. It should be noted that the experimental
values for MDMA and procaine were slightly lower than the predicted values due to their
nonlinear target responses. This demonstrates that the response profile of an aptamer assay
in terms of both Tmax/Tmin @nd Imax/Tmin can be precisely controlled by using multiple

aptamers with differing binding profiles at specific molar fractions.

We then determined the response of the Cy7-displacement assay to mixtures of
synthetic cathinones with varying amounts of each constituent. As a demonstration, we
prepared two pairs of target mixtures (4-FMC + cathinone and methylone + MDPV) at

various molar ratios at a fixed total drug concentration of 10 uM and tested their response
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at a constant aptamer concentration. We found that the response of the assays based on
SCAL.1 or SCA2.1 alone were sensitive to the molar fraction of constituents for both
synthetic cathinone mixtures. However, the aptamer mixture was relatively insensitive to
this parameter (Figure 3-8), because the mixture has a similar cross-reactivity to both
targets. The signal gains obtained for the target mixture are not necessarily an arithmetic
mean. This may be due to the aptamer having differing binding affinities for the
enantiomers of these drugs, and/or the fact that each aptamer has a different affinity and

binding stoichiometry for Cy7.
3.3.3. Identification of structure-switching aptamers for the E-AB sensors

We next explored whether the same multi-aptamer strategy can be generally applied
to different sensing platforms such as E-AB sensors. E-AB sensors have been successfully
employed for sensitive and specific detection of small molecules in complex samples such
as soil, foodstuffs, urine, and whole blood.?*2130 This sensing platform utilizes redox-
tag-labeled structure-switching aptamers, which undergo a target-induced conformational
change to produce an electrochemical signal that indicates the presence and quantity of the
target.1%% SCA1.1 and SCA2.1 are both 46-nt fully-folded stem-loop-structured aptamers
that lack structure-switching functionality. We therefore used our previously-developed
exonuclease 111 (Exo Ill)-based assay®* to introduce this functionality into these two
aptamers. Exo III is a 3’-t0-5” exonuclease that digests aptamers with duplexed ends into
short single-stranded products in the absence of target. For target-bound aptamers, this
digestion is halted a few bases prior to the target-binding domain, resulting in truncated

aptamers with structure-switching functionality. We found that after 6 hours of Exo Il
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digestion, both aptamers were digested into 40-nt major products in the presence of target
(Figure 3-9). In the absence of target, Exo Il generated shortened products, but digestion
was incomplete—possibly due to the low activity of this enzyme on single-stranded DNA
(Figure 3-11, Exo 111 and Figure 3-9). To remedy this problem, we combined Exo 111 with
exonuclease | (Exo I), a single-strand 3°-to-5’ exonuclease, ! to perform aptamer digestion.
Using this mixture, both aptamers were completely digested in the absence of target,
whereas 40-nt major products were retained in the presence of target (Figure 3-11, Exo M

and Figure 3-10).
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Figure 3-9. PAGE analysis of Exo Il digestion of SCAL.1 and SCA2.1. PAGE analysis
of time-course digestion of (A) SCAL.1 and (B) SCA2.1 incubated with Exo Il over 6
hours in the absence (-) and presence (+) of 250 uM MDPV. Ctrl (control) contains the
same concentration of aptamer with no enzyme added.
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To confirm that the truncated aptamers had structure-switching functionality, we
synthesized the 40-nt products (SCA1.1-40 and SCA2.1-40) and digested them with Exo
1131 Both aptamers were completely digested within 2 hours in the absence of target,
indicating that they are single-stranded (Figure 3-12). In contrast, 89% and 92% of
SCA1.1-40 and SCA2.1-40, respectively, remained intact in the presence of target due to
the formation of a folded target-aptamer complex that resisted Exo | digestion. The
structure-switching functionality of these two truncated aptamers was further confirmed by
the dramatic change of their circular dichroism spectra'®? upon the addition of MDPV

(Figure 3-13).
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Figure 3-10. PAGE analysis of SCA1.1 and SCA2.1 digestion with a mixture of Exo Il
and Exo I. PAGE analysis of time-course digestion of (A) SCAL.1 and (B) SCA2.1
incubated with a mixture of Exo I1l and Exo | over 6 hours in the absence (-) and presence
(+) of 250 uM MDPV. Ctrl (control) contains the same concentration of aptamer with no
enzyme added.
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Figure 3-11. PAGE analysis of exonuclease digestions and the structures of the digestion
products. PAGE analysis of (A) SCA1.1 and (B) SCA2.1 digested by Exo Il or Exo M
(the mixture of Exo 11 and Exo 1) after 4 hours in the absence (-) or presence (+) of MDPV.
Structures (based on mfold**®) and sequences for major digestion products are shown at
right of each gel.

Isothermal titration calorimetry experiments were then performed to determine the
affinity of the truncated aptamers for both enantiomers of MDPV, (+)-MDPV and (-)-
MDPV, as synthetic cathinones are chiral molecules. SCA2.1-40 binds to (-)-MDPV and
(+)-MDPV with equilibrium dissociation constants (Kp) of 0.65 = 0.03 uM and 292 + 14
UM, respectively (Figure 3-14). SCAL1.1-40 exhibits a similar pattern of binding
preferentially to (-)-MDPV, with a Kp of 1.05 £ 0.05 M versus 181 + 2 uM for (+)-MDPV
(Figure 3-15). This weaker affinity for (+)-MDPV should not be of concern for analytical
purposes, as synthetic cathinones always exist as racemic mixtures.'®* We therefore
concluded that SCA2.1-40 and SCA1.1-40 retain strong binding to synthetic cathinones
and are suitable for fabricating E-AB sensors due to their structure-switching functionality.
To achieve efficient electron transfer rates'®, we further removed the 6-nt overhangs at the
5’ terminus of SCA2.1-40 and SCA1.1-40 to generate SCA2.1-34 (Kp = 0.30 = 0.04 uM
for (-)-MDPV and Kp =96 + 4.0 uM for (+)-MDPV) (Figure 3-16) and SCA1.1-34 (Kp =

1.46 £ 0.03 uM for (-)-MDPV and Kp =185 + 3.0 uM for (+)-MDPV) (Figure 3-17) and
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tested whether such truncation influenced target binding in a Cy7-displacement assay. The
truncated aptamers alone as well as the aptamer mixture yielded lower signal gains relative
to the parent aptamer mixture (Figure 3-18 and 3-19), indicating that Cy7 and the analytes
bind more weakly to the truncated aptamers. Nonetheless, the cross-reactivity profile of
the truncated aptamer mixture for both targets and interferents remained unchanged relative

to the original aptamers (Figure 3-20).
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Figure 3-12. PAGE analysis of SCA1.1-40 and SCA2.1-40 digestion with Exo |I. PAGE
analysis of time-course digestion of (A) SCA1.1-40 and (B) SCA2.1-40 by Exo | over 5
hours in the absence (-) and presence (+) of 250 UM MDPV. Plots at right show changes
in the concentration of intact 40-nt aptamer relative to the 40-nt ladder band over time.

3.3.4. Fabrication of dual-aptamer-based electrochemical sensors

We then fabricated E-AB sensors using each individual aptamer modified with 5’ thiol
and 3’ methylene blue (MB) (SCA2.1-34-MB and SCAL1.1-34-MB). Both sensors
produced increasing current with increasing concentrations of target, with linear ranges of
0-1,000 nM and limits of detection of 100 nM for MDPV (Figures 3-21A, B and 3-22A,

B). We then challenged the sensors with 12 synthetic cathinones at a concentration of 10
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MM and 17 interferents at 100 uM. Both sensors had similar target-binding profiles to those
seen with the Cy7-displacement assay. Specifically, the SCA2.1-based sensor showed
cross-reactivity >20% for the 12 targets and strong discrimination against all interferents
(£20% cross-reactivity) (Figure 3-21C). However, the response to each target was quite

variable, and cross-reactivity towards methcathinone, cathinone, and 4-FMC were low.
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Figure 3-13. Circular dichroism (CD) spectra of SCA1.1-40 and SCA2.1-40. CD spectra
of (A) SCAL.1-40 and (B) SCA2.1-40 in the absence (black) and presence (red) of 100 uM
MDPV after subtracting spectra of reaction buffer without or with MDPV.
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Figure 3-14. Characterization of the target-binding affinity of SCA2.1-40 using ITC. Top
panels present raw data showing the heat generated from each titration of (A) (-)-MDPV
and (B) (+)-MDPV to SCA2.1-40, while bottom panels show the integrated heat of each
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titration after correcting for dilution heat of the titrant. ITC data were fitted using a single-
site model.
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Figure 3-15. Characterization of the target-binding affinity of SCA1.1-40 using ITC. Top
panels present raw data showing the heat generated from each titration of (A) (-)-MDPV
and (B) (+)-MDPV to SCA1.1-40, while bottom panels show the integrated heat of each
titration after correcting for dilution heat of the titrant. ITC data were fitted using a single-
site model.
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Figure 3-16. Characterization of the target-binding affinity of SCA2.1-34 using ITC. Top
panels present raw data showing the heat generated from each titration of (A) (-)-MDPV
and (B) (+)-MDPV to SCA2.1-34, while bottom panels show the integrated heat of each

62



titration after correcting for dilution heat of the titrant. ITC data were fitted using a single-

site model.
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Figure 3-17. Characterization of the target-binding affinity of SCA1.1-34 using ITC. Top

panels present raw data showing the heat generated

from each titration of (A) (-)-MDPV

and (B) (+)-MDPV to SCA1.1-34, while bottom panels show the integrated heat of each
titration after correcting for dilution heat of the titrant. ITC data were fitted using a single-

site model.
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Figure 3-18. SCA2.1/1.1 and SCAZ2.1-34/1.1-34

mixture performance in the Cy7-

displacement assay. Signal gain of the 1:1 aptamer mixtures SCA2.1 & SCAL.1 (red) and

SCA2.1-34 & SCAL1.1-34 (black) as determined by

the Cy7-displacement assay towards

12 synthetic cathinones and 17 interferents at concentrations of 10 uM and 100 uM,
respectively. Error bars represent the standard deviation of three individual experiments.
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Figure 3-19. Results of Cy7-displacement assays performed with SCA2.1-34, SCA1.1-34
or the mixture of both aptamers. Signal gain and cross-reactivity from colorimetric Cy7-
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displacement assays performed with (A) SCA2.1-34 alone (B) SCA1.1-34 alone or (C) the
mixture of SCA2.1-34 + SCAL.1-34 against 12 synthetic cathinones (gray) at a
concentration of 10 uM and 17 interferents (white) at a concentration of 100 uM. The cut-
off for 20% cross-reactivity is marked in red. Error bars represent the standard deviation
of three measurements.
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Figure 3-20. Cross-reactivity of SCA2.1/1.1 and SCA2.1-34/1.1-34 mixture performance
in the Cy7-displacement assay. Cross-reactivity of SCA2.1 & SCAL.1 (red) and SCA2.1-
34 & SCAL.1-34 (black) mixtures in Cy7-displacement assays with 12 synthetic cathinones
and 17 interferents at concentrations of 10 uM and 100 uM, respectively. The cut-off for
20% cross-reactivity is marked in blue. Error bars represent the standard deviation of three
individual experiments.

The SCAl.1-based sensor responded to all synthetic cathinones with cross-
reactivity >20%, but exhibited poor specificity towards some interferents, particularly
MDMA, (+)-pseudoephedrine, levamisole, procaine, and quinine, with cross-reactivity
ranging from 36-79% (Figure 3-22C). ITC confirmed that SCA1.1 binds to these
interferents weakly (Figure 3-23). Clearly, neither aptamer alone could achieve optimal

detection of synthetic cathinones.

We therefore fabricated an E-AB sensor with a 1:1 mixture of SCA1.1-34-MB and

SCA2.1-34-MB (Figure 3-25A). Given that the electrode surface-modification efficiency
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of SCAL1.1-34-MB was slightly higher than that of SCA2.1-34-MB (Figure 3-24), we used
an aptamer ratio of 5:6 (SCA1.1-34-MB:SCA2.1-34-MB) to achieve an approximate

surface density ratio of 1:1 during the electrode modification step.
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Figure 3-21. Performance of an E-AB sensor modified with SCA2.1-34-MB alone. (A)
Square-wave voltammetry spectra collected at various concentrations of MDPV. (B)
Calibration curve derived from square-wave voltammetry spectra. (C) Sensor cross-
reactivity for 12 synthetic cathinones (gray) at a concentration of 10 uM and 17 interferents
(white) at a concentration of 100 uM. Cross-reactivity is calculated relative to the signal
gain produced by 10 uM MDPV. The cut-off for 20% cross-reactivity is marked in red.
Error bars represent the standard deviation of measurements from three different E-AB
Sensors.
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The dual-aptamer-modified E-AB sensor had a limit of detection of 50 nM for MDPV,
with a linear range of 50-500 nM (Figure 3-25B), slightly better than the E-AB sensors
fabricated with either aptamer alone. As expected, this sensor exhibited high cross-
reactivity (>50%) to all synthetic cathinones at a concentration of 10 uM while having
excellent specificity (<20% cross-reactivity) against all tested interferents at 100 uM

(Figure 3-25C and Figures 3-27 and 3-28).
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Figure 3-22. Performance of an E-AB sensor modified with SCA1.1-34-MB alone. (A)
Square-wave voltammetry spectra collected at various concentrations of MDPV. (B)
Calibration curve derived from square-wave voltammetry spectra. (C) Sensor cross-
reactivity for 12 synthetic cathinones (gray) at a concentration of 10 uM and 17 interferents
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(white) at a concentration of 100 uM. Cross-reactivity is calculated relative to the signal
gain produced by 10 uM MDPV. The cut-off for 20% cross-reactivity is marked in red.
Error bars represent the standard deviation of measurements from three different E-AB
Sensors.
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Figure 3-23. Characterization of the interferent-binding affinity of SCA1.1-34 using ITC.
Top panels present raw data showing the heat generated from each titration of (A) MDMA,
(B) (+)-pseudoephedrine, (C) levamisole, (D) procaine, and (E) quinine to SCA1.1, while
bottom panels show the integrated heat of each titration after correcting for dilution heat of
the titrant. ITC data were fitted using a single-site model.

We observed similar predicted and experimental cross-reactivity (Figure 3-26). These
results confirm that the dual-aptamer-modified E-AB sensor is amenable for synthetic

cathinone detection in interferent-ridden samples. To demonstrate this, we challenged the

68



sensor with 17 binary mixtures of 10 uM MDPV with 100 uM interferent. We found that
the sensor yielded similar responses to all binary mixtures relative to MDPV alone, except
for the mixture containing quinine, which exhibited low levels of signal suppression
(Figures 3-29 and 3-30). This may occur because quinine has been reported to inhibit

electron transfer from methylene blue to electrode surfaces.**

The cross-reactivity profile of the Cy7-displacement assay using the truncated aptamer
mixture is practically the same as that of the E-AB sensor (Figure 3-31). However, the E-
AB sensor is generally more cross-reactive to synthetic cathinones as well as interferents
like MDMA, procaine, and quinine. There are several potential reasons for this discrepancy
including the different signal transduction mechanism between two biosensors as well as
different physicochemical conditions (e.g. salt concentrations) or the surface-immobilized
aptamers have different binding affinities than free aptamers or surface co-immobilization

of different aptamers may affect their binding behavior.
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Figure 3-24. Comparison of surface coverages of aptamer-modified electrodes.
Comparison of surface coverages of electrodes modified with SCA2.1-34-MB or SCAL.1-
34-MB alone at concentrations of 15 nM and 25 nM aptamer. Error bars represent the
standard deviation of measurements from three different E-AB sensors.
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Figure 3-25. Dual-aptamer-based E-AB sensor. (A) Schematic of the assay. Aptamers are
initially unfolded in the absence of target (left), situating the MB tag far from the electrode
and producing minimal current. Target binding causes the aptamers to fold, resulting in
enhanced electron transfer and an increase in current. (B) Calibration curve of MDPV on
our 1:1 SCAL1.1-34-MB and SCA2.1-34-MB E-AB sensor, obtained via square-wave
voltammetry. Inset shows the linear range. (C) The 1:1 dual-aptamer sensor shows high
cross-reactivity for 12 synthetic cathinones at a concentration of 10 uM and low cross-
reactivity for 17 interferents at a concentration of 100 uM. The dashed red line and box
indicate a threshold value of 20% cross-reactivity. Error bars represent the standard

deviation of measurements with three different electrodes.
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Figure 3-26. Experimental and predicted cross-reactivity of E-AB sensor fabricated with
aptamer mixture for synthetic cathinones and interferents. Experimental (red) and predicted
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(black) cross-reactivity of SCA2.1-34 and SCA1.1-34 mixtures using E-AB sensors with
12 synthetic cathinones and 17 interferents at concentrations of 10 uM and 100 uM,
respectively. The cut-off for 20% cross-reactivity is marked in blue. Error bars represent
the standard deviation of three individual experiments.
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Figure 3-27. Square-wave voltammograms produced by various synthetic cathinones.
Square-wave voltammetry spectra collected in the absence (black) and presence (red) of
12 synthetic cathinones at a concentration of 10 puM using the dual-aptamer-modified E-
AB sensor.
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Figure 3-28. Square-wave voltammograms produced by various interferents. Square-wave
voltammetry spectra collected in the absence (black) and presence (red) of 17 interferents
at a concentration of 100 uM using the dual-aptamer-modified E-AB sensor.
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Figure 3-29. Square-wave voltammetry spectra for binary mixtures. Square-wave
voltammetry spectra collected in buffer (dashed), with 100 uM of 17 different interferents
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(blue), 10 uM MDPV (black), or a binary mixture of 10 uM MDPV and 100 uM of the
various interferents (red) using a dual-aptamer-modified E-AB sensor.
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Figure 3-30. Signal gain and cross-reactivity for binary mixtures. Signal gain and cross-
reactivity from binary mixtures of 10 uM MDPV and 17 different interferents at a
concentration of 100 uM using the dual-aptamer-modified E-AB sensor.
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Figure 3-31. Cross-reactivity of aptamer mixture of SCA2.1-34 and SCAL1.1-34 in the
Cy7-displacement assay and an E-AB sensor. Cross-reactivity of the truncated mixture of
SCA2.1-34 and SCA1.1-34 in the Cy7-displacement assay and an E-AB sensor with 12
synthetic cathinones and 17 interferents at concentrations of 10 uM and 100 pM,
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respectively. The cut-off for 20% cross-reactivity is marked in blue. Error bars represent
the standard deviation of three individual experiments.

Since our E-AB sensor exhibits strong cross-reactivity to all of the tested synthetic
cathinones, our sensor can be used as a general screening assay to sensitively determine
the concentration of these drugs in a sample regardless of whether there is a mixture. In
this context, it is not necessary for our E-AB sensor to differentiate among different SCs,
as almost all members of this family are considered drugs of abuse. As such, a semi-
quantitative ‘yes-or-no” answer is sufficient for on-site drug testing. Likewise, in a medical
context, the identity of the synthetic cathinone(s) does not need to be known, as drugs in

this family have similar toxicological effects and are treated in the same fashion.

3.4. Conclusion

The detection of a group of structurally related compounds requires a sensor that yields
maximal response to its intended targets and minimal response to interferents. To this end,
much work has been dedicated to developing biorecognition elements with these ideal
binding properties, with limited success to date. We have identified an alternative approach.
Rather than searching for one ‘perfect’ bioreceptor, in this work we have employed a
mixture of aptamers, each with their own favorable and unfavorable binding properties,
that can be used together to develop high-performance sensors that enable broad and
specific detection of a molecular family. We first used a Cy7-displacement assay to
illustrate the divergent binding profiles of two different synthetic cathinone-binding
aptamers. One aptamer (SCAL.1) displays excellent target cross-reactivity but poor

specificity, while the other (SCA2.1) has lower target cross-reactivity but higher specificity.
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We demonstrated that the strengths of both aptamers could be leveraged by mixing them
at an optimized ratio. As a result, up to 12 synthetic cathinones with diverse substituents
could be detected with high cross-reactivity with minimal response to 17 interferents,
which was not possible using either aptamer alone. The generality of this approach was
demonstrated by converting these two aptamers into structure-switching aptamers that
possess the same binding profile as their parent aptamers, and then incorporating these into
an E-AB sensor at an optimized ratio. As with the Cy7-displacement assay, this dual-
aptamer sensor demonstrated high cross-reactivity and specificity, achieving interference-

free target detection in binary mixtures containing 90% interferent.

Our results demonstrate for the first time that the cross-reactivity of biosensors can be
precisely fine-tuned with the right combination of aptamers. This is extremely valuable, as
it can be challenging to identify individual bioreceptors that enable optimal sensor
performance. For our purposes, two aptamers were sufficient to enable detection of the
current most common synthetic cathinones. However, in future applications, as many
aptamers as needed should be employed to provide target coverage that is sufficient for the
application at hand. Increasing the number of aptamers greatens target coverage and sensor
flexibility. The multi-receptor approach is particularly well-suited for aptamers, especially
considering that high-throughput sequencing technologies can easily identify multiple
aptamers for a given target or class of targets with varying binding characteristics.**” The
aptamers need not have similar target-binding affinities — although they should not vary by
more than 10-fold — and, of course, should have minimal binding towards any relevant

interferents. For scenarios where families of compounds need to be detected, such as with
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antibiotics, environmental toxins, explosives, or illicit drugs to name a few, we believe our

multi-aptamer method will be a viable option to enable such goal.
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CHAPTER 4: Immobilization Strategies for Enhancing Sensitivity of Electrochemical

Aptamer-Based Sensors
4.1. Introduction

Electrochemical biosensors that utilize bioreceptors such as enzymes and antibodies
can achieve rapid, sensitive, and selective detection of targets via specific molecular
recognition.!3813° For example, personal glucose meters utilize the enzyme glucose oxidase
to quantify glucose concentrations directly in whole blood.*® However, the appeal of such
sensors is diminished by the lack of enzymes available for detecting a broad range of
analytes™®® and the generally short shelf-life and high cost of protein-based bioreceptors.
Aptamers offer a promising alternative in this context; these are single-stranded DNA or
RNA oligonucleotides that can be isolated from randomized libraries via an in vitro process
to bind to virtually any target of interest.3>* Aptamers can be isolated relatively quickly,
have high chemical stability and long shelf-lives, and can be synthesized at low cost with
minimal batch-to-batch variation.® Electrochemical aptamer-based (E-AB) sensors have
great potential for diagnostic, research, and therapeutic applications because they enable
rapid detection of specific analytes directly in complex samples such as soil, foodstuffs,
urine, and whole blood.192022%6.130.140 F_AB sensors are fabricated by immobilizing
aptamers that have been modified with a terminal thiol and a redox label (usually
methylene blue) onto a gold electrode via thiol-gold chemistry. This step is typically
followed by backfilling with alkanethiol diluents to mitigate the adsorption of
oligonucleotide probes and interferents onto the electrode surface.?! The aptamers

employed in E-AB sensors have structure-switching functionality, meaning that they are
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unfolded in their unbound state and undergo a conformational change when binding to the
target. This structural change alters the distance between the redox label and the electrode
surface, leading to a change in current that is proportional to the concentration of the
analyte.

E-AB sensors have greatly evolved in the past decade, transitioning from macroscale
sensors that can only perform in vitro detection to miniaturized devices that can detect
analytes directly in vivo in real time.3¢%38 Despite these advances, many E-AB sensors
reported to date are incapable of detecting analytes at relevant levels for specific
applications in complex samples due to their poor sensitivity and low signal-to-noise ratios
(SNRs).2083141 For instance, a previously reported cocaine-detecting E-AB sensor has a
limit of detection (LOD) of 10 uM in blood,?° which is well outside the range of medically-
and forensically-relevant blood concentrations of cocaine (0.1-1 uM).**? This can be
primarily attributed to the biofouling that occurs when detection is performed in biological
matrices and the low target affinity of structure-switching aptamers. The biofouling
problem has been remedied through the development of new monolayer chemistries and
membranes that mitigate protein and cell adsorption.** For example, the Plaxco group has
used biomimetic zwitterionic phospholipid-based thiols as backfillers®” and polysulfone
membranes as a physical barrier® to enable continuous detection of analytes directly in the
circulating blood of live animals using E-AB sensors. However, the affinity issue has only
been partially resolved. Although advances in aptamer selection protocols have facilitated
the isolation of high-affinity aptamers,'?3144 most aptamers still experience considerable

reduction in binding affinity upon being engineered with structure-switching functionality
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145 or splitting,* due to thermodynamic

via strategies such as aptamer truncation
destabilization.

Previous reports have suggested that spacing of oligonucleotide probes on the
electrode surface profoundly affects sensor performance.>* For example, the Fan group
fabricated an E-AB sensor for cocaine by immobilizing a split cocaine-binding aptamer
incorporated into a DNA tetrahedron construct tethered to the electrode surface.*® They
hypothesized that the tetrahedron would provide the aptamer sufficient spacing to facilitate
aptamer-target assembly, thereby augmenting sensor responsiveness. Indeed, they
observed significant improvements in sensitivity compared to previous E-AB sensors for
cocaine.?’ Here, we described a new method to improve the sensitivity and SNR of E-AB
sensors based on the spatial distribution of aptamers on the electrode surface. Although the
average spacing between aptamers can be tuned by adjusting the quantity of aptamer** or
buffer ionic strength*® employed during the immobilization step, these strategies do not
allow control over the inter-oligonucleotide distance of probes at the microscopic level to
favor optimal target binding and signal transduction. Here, we discovered two aspects of
the electrode modification step that could optimize spacing of surface-bound aptamer
probes. First, we determined that immobilizing the aptamer in its folded, target-bound state
rather than its unfolded state—as is done conventionally*®?*—improves both SNR and
LOD, which is probably due to optimized spacing granted by the complex at the
microscopic level. Next, we observed that the use of low ionic strength buffers during the
aptamer immobilization process likewise greatly enhances E-AB sensing performance.
This improvement in performance can likely be attributed to mitigation of the clustering of

surface-bound aptamers, which commonly occurs when high ionic strength buffers are
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utilized in conventional protocols.® These two changes to the immobilization process
proved beneficial for E-AB sensing regardless of the aptamer sequence or structure, as we
demonstrated in experiments with three different small-molecule-binding aptamers. We
therefore believe that our enhanced immobilization protocols are generalizable, and will
be highly valuable for the fabrication of E-AB sensors with greater sensitivity.

4.2. Experimental section
4.2.1. Materials

Potassium chloride, magnesium chloride, sodium chloride, monosodium hydrogen
phosphate, sodium dihydrogen phosphate, Trizma pre-set crystals (Tris buffer, pH 7.4),
tris(2-carboxyethyl) phosphine chloride, 6-mercapto-1-hexanol, cocaine hydrochloride,
adenosine, sodium hydroxide, sulfuric acid (95-98%), and calf serum were purchased from
Sigma-Aldrich. 3,4-methylenedioxypyrovalerone chloride (MDPV) was purchased from
Cayman Chemicals. All solutions were prepared using Milli-Q (Millipore) water with
resistivity of 18.2 MQ x cm unless specified otherwise. Thiolated methylene blue-modified
aptamers were synthesized by Biosearch Technologies and purified with HPLC. All other
unmodified oligonucleotides were purchased from Integrated DNA Technologies with
HPLC purification and dissolved in PCR-grade water. Oligonucleotides concentrations
were measured using a NanoDrop 2000 spectrophotometer. The names and sequences of

DNA oligonucleotides used are as follows:

ADE-25: 5’-CCTGGTGGAGTATTGCGGGGGAAGG-3°
COC-32: 5’-AGACAAGGAAAATCCTTCAATGAAGTGGGTCT-3"

SC-34: 5°-ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT-3’
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ADE-25-MB: 5°-SH-C6-CCTGGTGGAGTATTGCGGGGGAAGG-MB-3°
COC-32-MB: 5°-SH-C6-AGACAAGGAAAATCCTTCAATGAAGTGGGTCT-MB-3’
SC-34-MB: 5’-SH-C6-ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT-MB-3”
(SH = thiol group, MB = methylene blue)

Buffers employed were as follows:
High-salt PBS: 1.6 mM NaH2PQO4, 8.4 mM NaHPO4, 1 M NaCl, 1 mM MgCl,, pH 7.2
Low-salt PBS: 1.9 mM NaH2PO4, 8.1 mM Na;HPOs, 1.9 mM NacCl, 0.5 mM MgCl,, pH
7.4
Low-salt Tris buffer: 10 mM Tris buffer, 20 mM NaCl, 0.5 mM MgCl, pH 7.4
High-salt Tris buffer: 10 mM Tris buffer, 1 M NaCl, 1 mM MgCl, pH 7.4

4.2.2. Fabrication of E-AB sensors.

Gold disk electrodes (2 mm diameter) were purchased from CH Instruments and
cleaned as previously reported.?! First, the electrode was polished on microcloth (Buehler)
with 1-um diamond suspension (BASi) and 0.05-pum gamma alumina suspension (Buehler).
Each polishing step was followed by sonication in ethanol and distilled water for 5 min.
Then, the electrode was electrochemically cleaned with a series of voltammetric scans
performed in 0.5 M sodium hydroxide, 0.5 M sulfuric acid, and 0.1 M sulfuric acid
solutions. To prepare the aptamers for electrode modification, the disulfide groups on the
5’-end of the thiolated, methylene blue-modified aptamers were reduced by incubation in
100 mM tris(2-carboxyethyl) phosphine chloride for 2 h in the dark at room temperature.
The aptamers were then diluted to various concentrations (15-200 nM) in high-salt PBS,
low-salt PBS with different pH values (pH = 6.0, 7.0, 7.4, or 8.0), or low-salt Tris buffer

with or without their respective target. The cleaned electrodes were rinsed with distilled
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water, dried with nitrogen, and immediately incubated in a solution of either aptamer or
aptamer-target complexes for 13 h in the dark at room temperature. The electrodes were
then backfilled with 1 mM 6-mercapto-1-hexanol solution containing the same
concentration of respective target used in the previous step for 2 h at room temperature.
Finally, the aptamer-modified electrodes were thoroughly washed with deionized water
and then stored in 10 mM Tris (pH 7.4) at room temperature before performing
electrochemical measurements.

4.2 .3. Electrochemical measurements

All electrochemical measurements were carried out using a CHI760D electrochemical
workstation (CH Instruments). We used a three-electrode system, including an Ag/AgCl
reference electrode, platinum counter electrode, and aptamer-modified gold working
electrode. The aptamer surface densities of the modified electrodes were measured via
chronocoulometry using the method reported by Tarlov et al.*?” Square wave voltammetry
(SWV) was performed in the low-salt Tris buffer for the adenosine, cocaine, and MDPV
E-AB sensors. Signal gain was calculated using the equation ((IT - lo)/ lo) x 100%, where
(lo) and (I1) are the SWV peak currents in the absence and presence of target, respectively.

4.2.4. Aptamer affinity measurement via isothermal titration calorimetry (ITC)

All ITC experiments were performed with a MicroCal 1TC200 instrument (Malvern)
at 23 °C. A summary of the experimental conditions employed for each experiment is
shown in Table 4-1. In each experiment, the sample cell was loaded with an aptamer

solution (final concentrations: 20 uM or 80 uM for COC-32, 20 uM for ADE-25, 20 uM
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for SC-34) and the syringe was loaded with the respective target (final concentrations: 800

uM or 4,000 uM cocaine, 2,500 uM adenosine, 200 or 400 uM (-)-MDPV).

Table 4-1. ITC parameters and conditions used in this work and the calculated Kps. pH of

the buffer is 7.4 unless stated otherwise.

Cell content Syringe content Buffer Kb (UM)
20 uM SC-34 400 uM (-)-MDPV Low-salt Tris 0.33+0.04
20 uM SC-34 400 uM (-)-MDPV Low-salt PBS 0.38 £0.03
Low-salt PBS
20 uM SC-34 350 uM (-)-MDPV (pH 6.0) 0.23+£0.02
Low-salt PBS
20 uM SC-34 350 uM (-)-MDPV (PH 7.0) 0.38 £ 0.02
Low-salt PBS
20 uM SC-34 350 uM (-)-MDPV (pH 7.4) 0.56 £ 0.03
Low-salt PBS
20 uM SC-34 350 uM (-)-MDPV (pH 8.0) 0.69 +0.03
20 uM SC-34 300 uM (-)-MDPV High-salt Tris 1.80 +0.05
] 200 puM (-)-MDPV -
20 uM SC-34 (2, back-to-back) High-salt PBS 1.50 + 0.04
20 uM COC-32 800 puM cocaine Low-salt Tris 58£0.3
20 uM COC-32 800 UM cocaine Low-salt PBS 59+0.3
80 uM COC-32 4,000 uM cocaine High-salt PBS 70.4+£0.8
Kp1=74+0.1
i 1,200 uM adenosine i . Kpz =103+ 0.5
20 uM ADE-25 (2x, back-to-back) Low-salt Tris
Ki2=27.6+0.2
Kp1=36.7+24
20 UM ADE-25 2500 pM Adenosine  High-salt PBS Kpz =14.5+0.6

K12 =23.1+0.80

Titrations involving COC-32 and SC-34 consisted of an initial purge injection of 0.4

uL followed by 19 successive injections of 2 uL, with a spacing of either 120 s or 180 s
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between each injection. Titrations involving ADE-25 consisted of an initial 0.4 uL. purge
injection followed by 38 successive 1 uL injections with a spacing of 120 s between each
injection. For all experiments, if saturation was not reached after one series of injections, a
second set of injections was performed in the same fashion after reloading the syringe with
the target. 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 COC-32 and SC-34 or a two-site sequential binding model
for ADE-25.

4.3. Results and discussion

4.3.1. Rationale for enhancing E-AB sensor performance by controlling microscale

probe spacing

E-AB sensors utilize structure-switching aptamers, which undergo conformational
changes when binding to a target. The termini of these aptamers are labeled with a thiol
group for immobilization onto a gold electrode surface via thiol-gold bonding and an
electroactive redox molecule such as methylene blue for electrochemical reporting. Most
E-AB sensors are fabricated using a previously reported protocol?! that entails aptamer
immobilization in high ionic strength phosphate-buffered saline (pH 7.2) containing 1 M
NaCl and 1 mM MgCl: (high-salt PBS). High ionic strength buffers allow for high loading
efficiencies of oligonucleotides on gold surfaces, because the negatively-charged
phosphate groups of the aptamers are shielded from each other by the relatively high
concentration of cations. As a consequence, however, the aptamers are highly flexible with

low persistence lengths,'4” and immobilize onto the electrode surface as both individual
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probes with low inter-oligonucleotide proximities as well as clusters of probes.#

Theoretically, limited spacing between aptamer probes imposes restrictions on target
recognition and folding that can thus affect signal transduction. The average spacing
between aptamers on the electrode surface can be tuned at the macroscopic level by simply
altering the quantity of aptamer used for immobilization.** However, it is not possible to
control local aptamer spacing at the microscale in order to maximize the number of active
probes with optimal spacing for target binding and signaling and avoid the formation of
dense clusters of inactive probes. Altering average surface densities alone also cannot
overcome probe bundling, which occurs at high ionic strengths. To address this problem,
we assessed two hypotheses to improve the robustness and sensitivity of E-AB sensors: 1)
inter-oligonucleotide spacing can be optimized by immobilizing aptamer-target complexes
rather than the aptamer alone, and 2) bundling effects can be minimized by performing
aptamer immobilization in low rather than high ionic strength conditions.

4.3.2. Effects of target-assisted aptamer immobilization on E-AB sensor performance

To test our first hypothesis, we fabricated E-AB sensors from ADE-25, an engineered
structure-switching adenosine-binding DNA aptamer'#® derived from an ATP-binding
aptamer reported by Huizenga and Szostak.*>® ADE-25 specifically binds to adenosine with
micromolar binding affinity (K2 = 27.6 £ 0.2 uM) (Figure 4-1A) in low-salt Tris buffer
(10 mM Tris-HCI, 20 mM NaCl, 0.5 mM MgCl,, pH 7.4) but has no affinity for
phosphorylated nucleotide analogs such as ATP, ADP, and AMP.%4® We first prepared E-
AB sensors using thiolated, methylene blue-modified ADE-25 (ADE-25-MB) alone, and
optimized aptamer surface coverage to tune average inter-oligonucleotide spacing by

modifying electrodes with different concentrations of aptamer in high-salt PBS. Increases

86



in aptamer concentration in the range of 15-75 nM resulted in monotonic increases in
aptamer surface density (Figure 4-2A). We then evaluated the sensing performance of
these E-AB sensors by performing detection in solutions containing various concentrations
of adenosine (0-1,000 uM), and found that the current increased with increasing target

concentrations (Figure 4-2B).
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Figure 4-1. Characterization of the affinity of ADE-25 for adenosine using isothermal
titration calorimetry (ITC). Top panels present raw data showing the heat generated from
each titration of adenosine to ADE-25 in (A) low-salt Tris buffer (10 mM Tris-HCI, 20
mM NaCl, 0.5 mM MgClz, pH 7.4) or (B) high-salt PBS (1.6 mM NaH2POs, 8.4 mM
Na;HPO4, 1 M NaCl, 1 mM MgClz, pH 7.4), while bottom panels show the integrated heat
of each titration after correcting for dilution heat of the titrant. ITC data were fitted with a
two-site sequential binding model. K12 = (Kp1 x Kpz)*?

As expected, low signal gain was observed for sensors with very low or very high
surface coverage due to insufficient probe loading or probe overcrowding, respectively.
Signal gains at all target concentrations increased as surface density increased from 1.89

to 3.77 picomoles/cm?, but a further increase to 11.1 picomoles/cm? resulted in decreased
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signal gains (Figure 4-2C). The impairment of aptamer functioning at higher surface
densities is possibly due to lower inter-oligonucleotide spacing, which has been reported
recently using high-resolution atomic force microscopy of oligonucleotide-modified gold
surfaces.'*8 We predicted that by immobilizing the aptamer in its target-bound folded state,
we could produce a self-assembled aptamer monolayer with optimal microscale spacing
for target recognition and signaling relative to unbound flexible aptamers, which are

arbitrarily spaced on the surface in a non-optimized fashion.
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Figure 4-2. Adenosine detection with electrodes modified with ADE-25-MB using the
conventional immobilization approach. (A) Aptamer surface coverage of electrodes
fabricated using 15 nM (A1), 25 nM (A2), or 75 nM (A3) ADE-25-MB in the absence of
target. (B) Square wave voltammograms (SWV) and (C) calibration curves for adenosine
detection produced by the different E-AB sensors with 0 — 1,000 uM adenosine. Error bars
represent the standard deviation of measurements from three independently fabricated
electrodes.

To test this, we modified an electrode using a solution of aptamer-target complexes at

the optimal surface coverage determined above. Prior to aptamer immobilization, we first
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determined whether ADE-25 retains the ability to bind adenosine in high-salt PBS using
isothermal titration calorimetry (ITC). The ITC results showed that ADE-25 binds

adenosine with an affinity (Ky) of 23.1 £ 0.8 uM under these conditions (Figure 4-1B).
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Figure 4-3. Simulated binding curve for ADE-25 based on its affinity for adenosine in

high-salt PBS (K12 = 23.1 uM). Blue lines indicate that ~91% of the aptamer is bound in
the presence of 250 uM adenosine.
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Figure 4-4. Surface coverage of electrodes fabricated with ADE-25-MB via different
methods. Aptamer surface coverages of electrodes fabricated by immobilizing the aptamer
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in the presence or absence of 250 UM adenosine. Error bars represent the standard deviation
of measurements from three independently fabricated electrodes.

A
MB
111 &
HS ‘ i
—_— e >
Gold Electrode Aptamer-Target MCH
Traditional Complex Target-Assisted
Immobilization Immobilization
o | s |
Target P : = 3 Target
Low Signal Gain High Signal Gain
18 T:.r.?,itb?ﬁ::.t e: 1.81 Traditional immobilization 2 Target-assisted - o
- 1000 uyM | —~ 75 X 301 Detection in buffer
< < 1000pM | & =~
= 1.2 = 1.2 T =
= b= 50 g 20
Q oum | @ 0 puM © =
5 0.6 S 0.6 gZS c 10
O O n Traditional (/g)’
0.01 0.0 0 0
-04 -03 -02 -01 -04 -03 -02 -01 0 250 500 750 1000 0 8 16 24
E vs. Ag/AgCI (V) E vs. Ag/AgCI (V) [Adenosine] M) [Adenosine] uM)
Q Target-assisted . . P 24
1.2] immobilization 1.2 Traditional immobilization r\g ’\g
= 1000 uM | = 1000 uM £ 75 < Detection in serum
§_ §_ L c Target-assisted = 16
= 0.8 = 0.8 © <
5 04 3 04 ;;3;25 (% 8
0.0 0.0 0 Traditional 0
-04 -03 -02 -01 -04 -03 -02 -01 0 250 500 750 1000 0 15 30 45
E vs. Ag/AgCl (V) E vs. Ag/AgCI (V) [Adenosine] uM) [Adenosine] uM)

Figure 4-5. E-AB sensor performance using electrodes modified with ADE-25-MB either
alone or bound to adenosine. (A) Modification of a gold electrode using either the
traditional immobilization protocol (left) or our target-assisted immobilization strategy
(right). Square-wave voltammetry (SWV) spectra of electrodes modified with the aptamer-
target complex (left) or aptamer alone (middle) in (B) buffer or (C) 50% serum and
corresponding calibration curves and linear ranges (right) collected using electrode
prepared with target-assisted aptamer immobilization approach (red) or the traditional
method (black). Error bars represent the standard deviation for three working electrodes
from each measurement.

Based on this affinity measurement, we estimated that ~91% of the aptamer is bound
to the target in the presence of 250 uM adenosine (Figure 4-3). For electrode fabrication,
we first prepared a solution containing 25 nM freshly-reduced ADE-25-MB in high-salt

PBS with 250 uM adenosine and then submerged the electrodes in the aptamer-target
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complex solution (Figure 4-5A, right). Afterwards, the electrodes were cleaned
thoroughly with buffer to remove any residual adenosine. As a control, we prepared another
set of gold electrodes modified with 25 nM ADE-25-MB alone using a tradition
immobilization approach?! (Figure 4-5A, left). Both sets of electrodes had virtually the
same average surface density (Figure 4-4). However, we observed that electrodes modified
via target-assisted aptamer immobilization yielded higher SNR and had a lower LOD than
electrodes modified with aptamer alone in both buffer (LOD =1 pM vs. 5 uM) and 50%
serum (LOD =5 uM vs. 10 uM) (Figure. 4-5B, C). Since the total amount of aptamer
immobilized on both electrodes was essentially identical, the observed improvement in
sensing performance can be most likely be attributed to optimized inter-oligonucleotide

spacing.

4.3.3. Confirmation of the generalizability of target-assisted aptamer immobilization

To demonstrate whether target-assisted aptamer immobilization can improve the
performance of E-AB sensors regardless of the aptamer sequence and structure, we
fabricated sensors with a well-studied three-way-junction-structured cocaine aptamer®>
with structure-switching functionality (COC-32).2* We prepared electrodes with the
thiolated, methylene-blue labeled version of this aptamer (COC-32-MB) in the absence or
presence of cocaine (250 UM) in high-salt PBS. Once again, although both sets of
electrodes displayed similar aptamer surface densities (Figure 4-6A), the sensors prepared
via target-assisted aptamer immobilization demonstrated greater signal gains at all tested
concentrations of cocaine (0—1,000 uM) (Figures 4-6B-D) and improved LODs relative to

electrodes modified with aptamer alone (LOD = 1 uM vs. 2 uM) (Figure 4-6E). This
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confirmed that target-assisted aptamer immobilization generally enhances the performance

of E-AB sensors.
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Figure 4-6. Performance of electrodes fabricated with COC-32-MB via target-assisted
immobilization or conventional means in high-salt PBS. (A) Surface coverage of electrodes
fabricated by immobilizing the aptamer in the presence (w/ target) or absence (w/o target)
of 250 uM cocaine. SWV from electrodes fabricated via (B) target-assisted immobilization
or (C) traditional means (aptamer only) and challenged with 0-1000 uM cocaine. (D)
Calibration curves for detection of cocaine derived from the spectra shown in B (red) and
C (black). (E) Sensitivity and LOD of electrodes fabricated using target-assisted
immobilization (red) or traditional means (black). Error bars represent the standard
deviation of measurements from three independently fabricated electrodes.

4.3.4. Relationship between the concentration of aptamer-target complex used for

electrode modification and E-AB sensor performance

It has been reported that the cocaine-binding aptamer has weak affinity for its target
at high salt concentrations.*®? We confirmed via ITC that COC-32 binds cocaine with a Kp
of (70.4 £ 0.8) uM in the high-salt PBS buffer commonly used for aptamer immobilization

(Figure 4-7A). In these conditions, only ~78% of the aptamer is bound to the target in the
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presence of 250 UM cocaine (Figure 4-9), such that the resulting monolayer would be
predicted to contain both active and inactive, non-optimally-spaced probes. We
hypothesized that maximizing the quantity of target-bound aptamer during the aptamer
immobilization process would result in the greatest quantity of immobilized active
aptamers, thereby yielding the best attainable sensor performance. We therefore fabricated
E-AB sensors by immobilizing COC-32-MB in the presence of 2 mM cocaine, where ~96%
of the aptamer is in the target-bound state (Figure 4-9). Although electrodes prepared in
the presence of 250 UM or 2 mM cocaine had the same aptamer surface densities (Figure
4-8), the latter sensors yielded higher SNRs at all target concentrations—especially in the
range from 100-1,000 uM cocaine, where we saw an 8% improvement in signal gain
(Figure 4-10). This clearly demonstrates that more active aptamer probes were being
immobilized on the electrode surface with immobilization solutions containing a higher

proportion of aptamer-target complexes.
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Figure 4-7. Characterization of the affinity of COC-32 for cocaine using ITC. Top panels
present raw data showing the heat generated from each titration of cocaine to COC-32 in
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(A) high-salt PBS, (B) low-salt PBS, or (C) low-salt Tris buffer, while bottom panels show
the integrated heat of each titration after correcting for dilution heat of the titrant. ITC data
were fitted with a single-site binding model.
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Figure 4-8. Surface coverage of electrodes modified with COC-32-MB and cocaine in
high-salt PBS. Surface coverage of electrodes modified with COC-32-MB via target-
assisted immobilization in high-salt PBS in the presence of 250 uM or 2 mM cocaine. Error
bars represent the standard deviation of measurements from three different electrodes.
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Figure 4-9. Simulated binding curve for COC-32 based on its affinity for cocaine in high-
salt PBS (Kp = 70.4 uM). The blue lines indicate that ~78% and 96% of the aptamer is
bound in the presence of 250 UM and 2 mM cocaine, respectively.
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Figure 4-10. E-AB sensor performance using electrodes modified with COC-32-MB via
target-assisted immobilization. SWV spectra collected at various concentrations of cocaine
using electrodes modified in high-salt PBS with (A) 2 mM or (B) 250 uM cocaine. (C)
Calibration curves derived from SWYV spectra for electrodes modified with COC-32-MB
plus 2 mM (brown) or 250 UM cocaine (pink) and electrodes modified with aptamer alone
(black). (D) Linear ranges and LODs of electrodes fabricated via different methods. Error
bars represent the standard deviation for three working electrodes from each measurement.
4.3.5. Dependency of E-AB sensor performance on the ionic strength of the

immobilization buffer

Having determined that target-assisted aptamer immobilization improves E-AB sensor
performance, we next tested our hypothesis on the relationship between the ionic strength
of the electrode modification buffer and E-AB sensor performance. It has been reported
that local inter-oligonucleotide distances can be increased and probe bundling can be
mitigated by decreasing the ionic strength of the buffer used for probe immobilization.#
To evaluate this, we modified electrodes with COC-32-MB alone in either high-salt PBS
or low-salt PBS (10 mM PBS, 1.9 mM NacCl, 0.5 mM MgCly, pH 7.4). To ensure that the

electrodes had similar surface densities, a greater concentration of aptamer was used for
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immobilization in the low ionic strength buffer. Although both electrodes had similar
surface densities (Figure 4-11A), electrodes prepared in low-salt PBS had improved signal
gain in the range of 50-1,000 uM cocaine (Figures 4-11B-D). This indicates that the
improvement in E-AB performance was most likely due to the mitigation of aptamer
bundling and resulting increase in active probes on the electrode surface when lower ionic
strength buffer was used.

We then determined whether the addition of target-assisted immobilization would
further improve sensor performance. Electrodes were modified with COC-32-MB in low-
salt PBS containing 250 UM cocaine as well as in high-salt PBS containing 2 mM cocaine
as a control. In both cases, ~96% of the aptamer is bound to cocaine based on the target
affinity of the aptamer (high-salt PBS Kp = 70.4 £ 0.8 uM; low-salt PBS Kp = 5.8 £ 0.3;)
(Figures 4-7A and B) and the target concentration employed (Figures 4-9 and 4-12).
Despite both sets of electrodes having similar surface coverages (Figure 4-13), we
observed great improvements in SNR from electrodes immobilized with the aptamer in low
ionic strength conditions, with approximately 10% improvement in signal gain in the
concentration range of 50-1,000 uM cocaine (Figures 4-14A-C).

Given that both experiments demonstrated equivalent surface coverage and similar
proportions of aptamer-target complexes for modification (~96%), the improvement in
performance can be primarily attributed to the predominance of active aptamers on the
electrode surface when the ionic strength of the immobilization buffer was reduced. These
results confirm that buffer ionic strength has a significant effect on the performance of E-

AB sensors.
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Figure 4-11. Performance of electrodes fabricated with COC-32-MB via conventional
means in different buffers. (A) Surface coverage of electrodes fabricated by immobilizing
the aptamer in high-salt or low-salt PBS. SWV produced by challenging electrodes
fabricated in (B) high-salt or (C) low-salt PBS with 0-1,000 uM cocaine. (D) Calibration
curves for detection of cocaine derived from the spectra shown in B (black) and C (red).
Error bars represent the standard deviation of measurements from three independently
fabricated electrodes.
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Figure 4-12. Simulated binding curve for COC-32 based on the affinity for cocaine in low-
salt PBS (Kp = 5.8 uM). The blue lines indicate that 96% of the aptamer is bound in the
presence of 250 UM cocaine.
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Figure 4-13. Surface coverage of electrodes modified with COC-32-MB with different
methods. Surface coverage of electrodes modified with COC-32-MB via target-assisted
immobilization in low-salt PBS with 250 uM or in high-salt PBS with 2 mM cocaine. Error
bars represent the standard deviation of measurements from three different electrodes.

4.3.6. Effect of the type of buffering system used for aptamer immobilization on E-

AB sensor performance

Changing the buffering system used for aptamer immobilization should not affect the
performance of the resultant E-AB sensors if the ionic strength and pH remains the same.
To confirm this, we modified electrodes with COC-32-MB in the presence of 250 uM
cocaine in either low-salt Tris buffer or low-salt PBS with the same ionic strength and pH.
As expected, at the same aptamer surface coverage (Figure 4-15A), both sensors exhibited
similar performance (Figures 4-15B, C and Figure 4-14C) due to the equivalent binding
affinity of COC-32-MB for cocaine in both buffers (Figures 4-7B and C). Finally, we
compared the performance of sensors prepared via target-assisted aptamer immobilization
in low-salt Tris buffer versus conventionally prepared electrodes for the detection of

cocaine in complex biosamples. We found that electrodes modified using our method
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demonstrated higher SNRs and greater sensitivity in 50% saliva relative to conventionally
modified electrodes (LOD =2 uM vs. 4 uM) (Figures 4-14D-G, and Figure 4-16).
4.3.7. Target-assisted immobilization is effective independent of aptamer sequence,

structure, and affinity

As a final demonstration of the generalizability of our method, we prepared electrodes
using SC-34, a G-rich, high-affinity structure-switching DNA aptamer that binds the
synthetic cathinone methylenedioxypyrovalerone (MDPV) with a Kp of 300 nM in low-
salt Tris buffer.6123 We modified gold electrodes with the thiolated, methylene blue-
modified version of SC-34 (SC-34-MB) in low-salt Tris buffer in the absence or presence
of 5, 10 or 50 pM MDPV, respectively corresponding to 94%, 97%, 99% aptamer-target
complex in solution (Figure 4-17). Increases in the concentration of MDPV during
electrode modification resulted in slightly decreased aptamer surface coverage (Figure 4-
20A). This is probably because the rigid aptamer-target complex occupies more space than
the unbound aptamer, and thus slightly increasing the quantity of the complex results in
lower surface coverage. Nevertheless, electrodes modified with aptamer-MDPV
complexes consistently yielded higher signal gains at all tested target concentrations
compared to electrodes modified with the aptamer alone (Figure 4-20B and Figure 4-18).
However, increasing the MDPV concentration beyond 5 uM during the modification step
yielded no more than a 5% improvement in signal gain (at 100 uM MDPV), most likely
because most aptamers (~94%) are already bound to target at 5 uM MDPV. Using 50 uM
MDPV for target-assisted aptamer immobilization, we also observed similar improvements
in sensitivity for MDPV detection in 50% urine (LOD = 0.5 uM vs 1 uM) (Figure 4-20C

and Figure 4-19).
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Figure 4-14. E-AB sensor performance using electrodes modified with target-bound COC-
32-MB. SWV spectra at various concentrations of cocaine from electrodes modified with
COC-32-MB plus cocaine in low-salt (A) PBS or (B) Tris. (C) Calibration curves derived
from the SWV spectra shown in A (blue), B (red), or from electrodes modified in cocaine-
containing high-salt PBS (brown). Detection of cocaine in 50% saliva using electrodes
modified with (D) aptamer-target complexes in low-salt Tris or (E) aptamer alone in high-
salt PBS. (F) Calibration curves derived from the SWV spectra shown in D (red) and E
(black). (G) Linear ranges and LODs of electrodes fabricated via different methods in
buffer or 50% saliva. Error bars represent the standard deviation for three working
electrodes from each measurement.
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Figure 4-15. Performance of electrodes fabricated with COC-32-MB via target-assisted
immobilization in different buffers. (A) Aptamer surface coverages of electrodes fabricated
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by immobilizing the aptamer in low-salt Tris buffer or low-salt PBS with 250 UM cocaine.
SWV produced by challenging the electrodes fabricated in low-salt (B) PBS or (C) Tris
buffer with 0-1,000 uM cocaine. Error bars represent the standard deviation of
measurements from three independently fabricated electrodes.
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Figure 4-16. Sensitivity and LOD for cocaine detection in 50% saliva with different
electrodes. Sensitivity and LOD for cocaine detection in 50% saliva with electrodes
fabricated using COC-32-MB via target-assisted immobilization in low-salt Tris buffer
with 250 pM cocaine (red) or conventional means in high-salt PBS (black). Error bars

represent the standard deviation of measurements from three independently fabricated
electrodes.
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Figure 4-17. Simulated binding curve for SC-34 based on affinity for MDPV in low-salt
Tris buffer (Kp = 0.33 puM). The blue lines indicate that 94%, 97%, and 99% of the aptamer
is bound in the presence of 5, 10, and 50 uM MDPV, respectively.
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Figure 4-18. Electrodes fabricated using SC-34-MB via target-assisted aptamer
immobilization with various concentrations of MDPV. SWV for electrodes modified with
SC-34-MB in the presence of (A) 0 uM, (B) 5 uM, (C) 10 uM, and (D) 50 uM MDPV
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Figure 4-19. Detection of MDPV in 50% urine using electrodes fabricated via different
methods. Detection of MDPV in 50% urine using electrodes modified with SC-34-MB via
(A) target-assisted immobilization in low-salt Tris buffer with 50 uM MDPV or (B)
conventional means in high-salt PBS. (C) Calibration curves derived from spectra shown
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in A (red) and B (black). Error bars represent the standard deviation of measurements from
three independently fabricated electrodes.
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Figure 4-20. E-AB sensor performance using electrodes fabricated with SC-34-MB. (A)
Effect of MDPV concentration on surface coverage during electrode modification. (B)
Signal gain for the various electrodes prepared in A from various concentrations of MDPV
in buffer. (C) Detection of MDPV in 50% urine using modified electrodes prepared in low-
salt Tris with SC-34-MB alone (M1) or in the presence of 50 uM MDPV (M4). SWV
spectra from various concentrations of MDPV using electrodes modified via target-assisted
immobilization in either (D) low-salt or (E) high-salt PBS. (F) Calibration curves derived
from the SWV spectra shown in D (red) and E (brown) or from electrodes prepared in low-
salt (blue) or high-salt (navy) Tris buffer. (G) Linear ranges and LODs of electrodes
fabricated via different methods in buffer or 50% urine. Error bars represent the standard
deviation for three working electrodes from each measurement.

We then confirmed that the buffer system employed for aptamer immobilization has
no effect on sensor performance in low-salt buffer; electrodes modified in either low-salt

Tris buffer or PBS had nearly the same response at all tested target concentrations (Figures
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4-20D and F). This is probably because the aptamer has the same Kp (~ 300 nM) in both

buffers, as we confirmed by ITC (Figures 4-21A and B).
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Figure 4-21. Characterization of the affinity of SC-34 for MDPV using ITC. Top panels
present raw data showing the heat generated from each titration of MDPV to SC-34 in (A)
low-salt Tris buffer, (B) low-salt PBS, or (C) high-salt PBS, while bottom panels show the
integrated heat of each titration after correcting for dilution heat of the titrant. ITC data
were fitted with a single-site binding model.
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Figure 4-23. Performance of electrodes fabricated with SC-34-MB via target-assisted
immobilization in different buffers. (A) Surface coverage of electrodes fabricated by
immobilizing the aptamer in low-salt or high-salt PBS with 50 uM MDPV. (B) Calibration
curve and LOD for MDPV detection using electrodes modified with SC-34-MB via target-
assisted immobilization in low-salt (red) or high-salt PBS (black). Error bars represent the
standard deviation of measurements from three independently fabricated electrodes.
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Figure 4-24. Performance of electrodes fabricated with SC-34-MB via different methods.
Performance of electrodes fabricated with SC-34-MB in the presence or absence of 50 uM
MDPV in high-salt Tris buffer. (A) Aptamer surface coverage of fabricated electrodes. (B)
SWYV measurements from electrodes fabricated via target-assisted aptamer immobilization
approach (left) or traditional aptamer immobilization (middle) in the presence of 0—1,000
UM MDPV. The derived calibration curve is shown at right. (C) Linear ranges from the
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curves shown in B. Error bars represent the standard deviation of measurements from three
independently fabricated electrodes.

In addition, to confirm that the ionic strength used during target-assisted aptamer
immobilization effects E-AB sensing performance, we fabricated electrodes modified with
SC-34-MB in either low-salt or high-salt PBS in the presence of 50 pM MDPV. In both
buffers, > 97% of the aptamer was bound to MDPV (Figures 4-17 and 4-22); based on
ITC, the aptamer’s Kp in high-salt PBS is 1.50 + 0.04 uM (Figure 4-21C). Although both
sets of electrodes had similar surface coverage (Figure 4-23A), electrodes modified in low-
salt PBS were more sensitive than those modified in high-salt PBS (LOD =0.1 uM vs. 0.5
pUM) (Figures 4-20E-G, and Figure 4-23B).

Finally, we confirmed that immobilization buffer type also had no effect on E-AB
sensor performance with high-salt condition. Specifically, we modified electrodes with SC-
34-MB in high-salt Tris buffer in the absence and presence of 50 pM MDPV and
challenged the resulting sensors with 0 — 100 uM MDPV. Although both sets of electrodes
had similar surface coverages (Figure 4-24A), electrodes modified via target-assisted
immobilization yielded higher signal gains (Figure 4-24B) and demonstrated lower limits
of detection than traditionally-modified electrodes (Figure 4-24C). These results further
support the conclusion that target-assisted aptamer immobilization results in E-AB sensors
with improved sensing performance. Notably, electrodes modified via target-assisted
aptamer immobilization in high-salt Tris buffer or PBS exhibited similar performance
(Figure 4-20F). ITC confirmed that the binding affinity of SC-34 was similar in high-salt
PBS (Figure 4-21C, Kp = 1.50 + 0.05 uM) and high-salt Tris buffer (Figure 4-25, Kp =

1.80 £ 0.04 uM), demonstrating that the use of different immobilization buffer systems
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does not affect sensor performance. These results further support the conclusion that sensor
performance was primarily improved due to increased inter-oligonucleotide spacing and
minimization of strand ‘bundling’ in the low ionic strength buffer during modification.

4.3.8. Effect of buffer pH used for aptamer immobilization on E-AB sensor

performance

We finally tested the effect of altering the immobilization buffer pH on the
performance of the resulting E-AB sensors. As a demonstration, we prepared gold
electrodes with SC-34-MB in the absence or presence of 50 uM MDPV in low-salt PBS
formulations with the same ionic strengths but different pH values (pH = 6.0, 7.0, 7.4, or
8.0). Buffer pH did not significantly affect aptamer surface coverage, although electrodes
fabricated via target-assisted immobilization consistently had slightly lower surface
coverage (3.28 = 0.07 pmol/cm?) than those modified via the traditional aptamer
immobilization method (3.55 + 0.06 pmol/cm?) (Figure 4-27). We first tested the
performance of traditionally-modified electrodes by challenging them with 0-100 puM
MDPV. E-AB sensors fabricated at pH 8.0 (Figure 4-26A and Figure 4-28A) or 7.4
(Figure 4-26B and Figure 4-28B) produced nearly identical signal gains, while aptamer
immobilization at pH 7.0 yielded sensors with only slightly inferior performance (Figure
4-26C and Figure 4-28C). In contrast, sensors fabricated at pH 6.0 yielded noticeably
lower signal gains at all target concentrations (Figure 4-26D and Figure 4-28D). This may
be because the phosphate groups of the aptamers are predominantly singly protonated at
this pH, rather than being doubly- protonated as occurs at pH > 7.0. This would result in
less electrostatic repulsion between aptamers, thus increasing the likelihood of bundling

during immobilization.
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Figure 4-25. ITC characterization of SC-34 affinity for MDPV in high-salt Tris buffer.
Top panels present raw data, showing the heat generated from each titration of MDPV to
SC-34, while bottom panels show the integrated heat of each titration after correcting for
dilution heat of the titrant. ITC data were fitted with a single-site binding model.
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Figure 4-26. E-AB sensor performance in various pH buffers. E-AB sensor performance
using electrodes modified with SC-34-MB in the presence (target-assisted immobilization)
or absence (traditional immobilization) of 50 uM MDPV in low-salt PBS at pH (A) 8.0,
(B) 7.4, (C) 7.0 and (D) 6.0. The top panels show calibration curves for electrodes
fabricated via target-assisted aptamer immobilization (red) or traditional modification
method (black) produced by challenging with 0-100 uM MDPV, and bottom panels show
their respective linear ranges. Error bars represent the standard deviation of measurements
from three independently fabricated electrodes.
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Figure 4-27. Surface coverage of electrodes fabricated with SC-34-MB in various pH
buffers. Aptamer surface coverages of electrodes fabricated with SC-34-MB in the absence
(white bars) or presence of 50 uM MDPV (gray bars) in low-salt PBS with a pH of 6.0,
7.0, 7.4 or 8.0. Error bars represent the standard deviation of measurements from three
independently fabricated electrodes.

We then tested the performance of electrodes modified via target-assisted
immobilization. As expected, regardless of immobilization buffer pH, these electrodes
consistently yielded higher signal gains and had lower limits of detection compared to
traditionally modified electrodes (Figure 4-26). Although we observed a similar pattern of
pH effects on electrode performance, the magnitude of signal gain was consistently greater
after target-assisted immobilization at every pH tested (Figures 4-26A-D).

We next used ITC to determine if buffer pH affected sensor performance by affecting
the formation and stability of aptamer-target complexes during aptamer immobilization.
Specifically, we measured the binding affinity of SC-34 to MDPV in low-salt PBS at pH
6.0, 7.0, 7.4, or 8.0. In all pH conditions, the binding affinity values did not greatly differ
(Figure 4-29). This meant that in all buffers containing 50 uM MDPV, >97% of the
aptamer was bound to the target, indicating that pH did not affect the extent of aptamer-

target complexation. Our results therefore suggest that the use of relatively low-pH buffers
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for aptamer immobilization promotes aptamer bundling due to reduced electrostatic

repulsion, which in turn negatively impacts sensor performance.
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Figure 4-28. Performance of electrodes fabricated with SC-34-MB via different methods.
SWV spectra of E-AB sensors modified with SC-34-MB in the presence (target-assisted
immobilization) or absence (traditional immobilization) of 50 uM MDPV in low-salt PBS
at pH (A) 8.0, (B) 7.4, (C) 7.0 and (D) 6.0. SWV spectra for electrodes prepared under
these two immobilization conditions and then exposed to 0-100 uM MDPV. Error bars

110



represent the standard deviation of measurements from three independently fabricated

electrodes.
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Figure 4-29. Characterization of the pH-dependence of SC-34 affinity for MDPV using
ITC. Top panels present raw data showing the heat generated from each titration of MDPV
to SC-34 in low-salt PBS at pH (A) 8.0, (B) 7.4, (C) 7.0, or (D) 6.0, while bottom panels
show the integrated heat of each titration after correcting for dilution heat of the titrant.

ITC data were fitted with a single-site binding model.

4.4. Conclusion

E-AB sensors are a promising class of analytical devices that have the potential for

broad adoption in commercial applications due to their high selectivity, robustness, and

111



ease of use. However, such devices are often hobbled by insufficient sensitivity and low
SNRs, primarily due to the low target affinity of structure-switching aptamers and matrix
effects. Several strategies have been devised to address these factors, but we have also
determined here that an underappreciated factor—the conditions employed in the aptamer
immobilization step of the electrode fabrication process—can also profoundly affect sensor
performance. We have analyzed the impact of two modifications to this process:
immobilizing aptamers in a folded, target-bound state on the electrode rather than an
unbound single-stranded state, and lowering buffer ionic strength to reduce aptamer
bundling on the surface. Our results confirm that both target-assisted aptamer
immobilization and the use of low ionic strength buffers generally improves the SNR and
LOD of E-AB sensors relative to those fabricated using conventional immobilization
methods. We also determined that the pH of the immobilization buffer can have negatively
affect the performance of the resulting E-AB sensors if the pH is below 7. We attribute this
to the protonation of the phosphate group of DNA, which reduces electrostatic repulsion
and promotes aptamer bundling. Based on our findings, we believe the ideal buffer for
aptamer immobilization should have relatively low ionic strength while also supporting
aptamer-target binding. We suggest testing target-binding affinity at various ionic strengths,
and then using the lowest ionic strength conditions at which >90% of aptamer bound to
target can readily be achieved during the immobilization process. Although we do not
currently have direct evidence for our proposed mechanisms by which E-AB sensing is
altered, the use of surface analysis techniques such as high-resolution atomic force

microscopy should allow for a more definitive understanding of these phenomenon.
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CHAPTER 5: Aptamer-Integrated Multi-Analyte Detecting Paper Electrochemical

Device
5.1. Introduction

The on-site detection of small molecules is important for applications such as
environmental monitoring and medical diagnostics.®®>%* Simultaneous detection of
multiple small-molecule analytes can provide detailed information on the chemical
composition of samples, which gives end-users a wider range of decision-making options
compared to having information on only a single analyte. Multi-analyte detection also
makes more efficient use of precious samples that are difficult to procure in large quantities,
such as human biofluids. Currently, on-site multi-analyte detection is typically achieved
with lateral-flow immunoassays that use a set of antibodies in multiple separate channels!*®
as recognition elements for analytes such as illicit drugs'®® and food-borne contaminantst®’.
However, lateral-flow immunoassays have two shortcomings that generally limit their
utility. First, they make use of antibodies, which suffer from high cost and short shelf-life.
Second, these assays generally rely on colorimetric readouts, which are qualitative in
nature and therefore subject to interpretation bias. Paper electrochemical devices (PEDs)
have recently emerged as an excellent sensing platform for on-site detection applications
due to their low cost, portability, ease of use, and capability to provide quantitative digital
readouts.'®® Perhaps the most successful example of a PED is the personal glucose meter,
which enables the rapid (within seconds) quantification of glucose directly in microliter
volumes of unprocessed blood with a digital readout. Unfortunately, the development and

broad commercial adoption of PEDs has been stymied by the limited availability of suitable
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recognition elements (e.g., enzymes and antibodies) that can be incorporated into such
sensors for the detection of specific targets.

Aptamers are oligonucleotide-based receptors®# that have gained widespread interest
as excellent biorecognition elements for molecular sensing due to advantageous properties
that include low cost of production, high stability, and long shelf-life.® Through in vitro
selection protocols, aptamers can be generated for essentially any molecular target with
high affinity and specificity.’®® In addition, they can be readily incorporated into
electrochemical aptamer-based (E-AB) sensors'® for the sensitive, rapid, and reproducible
detection of various small molecules like antibiotics, illicit drugs, pharmaceuticals, and
medical biomarkers directly in complex samples.?%383160  However, all E-AB sensors
developed to date can only detect one target and there is no architecture or design that can
facilitate multi-target detection based on this sensor platform. Although a paper E-AB
device was fabricated for detection of a single target,'®* there are currently no facile and
cost-effective methods that can be employed to fabricate multiple electrodes of different

material, size, and shape on the same paper substrate.

In this work, we describe a new method to fabricate aptamer-modified multiplex PEDs
(mPEDs) that can robustly detect multiple small molecules in complex samples within
seconds. As a demonstration, we fabricated mPEDs featuring a silver reference electrode,
a gold counter electrode, and three gold working electrodes. We first determined the
reproducibility of the fabrication method by assessing the variability of the electrochemical
properties of the three bare gold working electrodes both on individual mPEDs (intra-
device precision) and across different mPEDs (inter-device precision). In both comparisons,

the working electrodes exhibited < 3% variation in terms of their surface area, roughness,
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and electron transfer rate. We then modified four different mPEDs with distinct small-
molecule-binding aptamers, and determined that all devices were sensitive and specific to
their target and produced highly precise measurements with similar performances to
conventional gold disk electrodes. Finally, we demonstrated simultaneous detection of
three small molecules — acetyl fentanyl, 3,4-methylenedioxypyrovalerone (MDPV), and
adenosine — in saliva and urine with a single mPED modified with three different aptamers.
Our results demonstrate that aptamer-modified mPEDs can achieve accurate, rapid, and
sensitive detection of small-molecule targets in complex samples without any cross-talk
between the working electrodes. With the incorporation of a polydimethylsiloxane (PDMS)
chamber, our mPED could detect these analytes in microliter volumes of biological
samples. In the future, we believe it will be feasible to create mPEDs with tens of working
electrodes for the simultaneous detection of numerous small-molecule analytes in minute
volumes of unprocessed sample. This could be an enabling technology for applications
such as point-of-care metabolomics in the context of personalized medicine.

5.2. Experimental section

5.2.1. Materials

Potassium chloride, magnesium chloride, sodium chloride, monosodium hydrogen
phosphate, sodium dihydrogen phosphate, trisodium citrate dihydrate, L-ascorbic acid,
Trizma pre-set crystals (pH 7.4), tris(2-carboxyethyl) phosphine hydrochloride, 6-
mercapto-1-hexanol, hexaammineruthenium(l1l) chloride, potassium hexacyanoferrate
(1), adenosine, sulfuric acid (95-98%), nitric acid (70%), hydrochloric acid (36.5-38%),

gold (I11) chloride trihydrate, silver nitrate, and Triton X-100 were purchased from Sigma-
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Aldrich.  Acetyl fentanyl hydrochloride, cocaine hydrochloride, and 3,4-
methylenedioxypyrovalerone (MDPV) hydrochloride were purchased from Cayman
Chemicals. Mixed cellulose ester filter papers (pore size: 100 nm, diameter: 47 mm,
thickness: 100 pm) and 0.22-um syringe filter were purchased from Millipore.
Polyethylene terephthalate films (thickness = 76.2 um) were purchased from
AmazonBasics. Pure single-walled carbon nanotube (SWCNT) solutions (0.25 mg/mL)
were purchased from Nanolntegris. SYLGARD 184 silicone elastomer curing agent and
SYLGARD 184 silicone elastomer base were purchased from Dow Corning. Exonuclease
I (E. coli) was purchased from New England Biolabs. Bemis parafilm, SYBR Gold,
ethylenediaminetetraacetic acid (EDTA), and formamide were purchased from Thermo
Fisher Scientific. All solutions were prepared using Milli-Q (Millipore) water with
resistivity of 18.2 MQ x cm unless specified otherwise. Methylene blue-modified aptamers
were synthesized by Biosearch Technologies and dissolved in TE buffer (10 mM Tris-HCI
with 1 mM EDTA, pH 8.0). All other unmodified oligonucleotides were purchased from
Integrated DNA Technologies and dissolved in PCR-grade water. Oligonucleotides
concentrations were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific). DNA sequences used are as follows:

COC-32: 5°-SH-C6-AGACAAGGAAAATCCTTCAATGAAGTGGGTCT-MB-3’
AF-32: 5’-SH-C6-CCATGGGTGTTTGCACTAAGTCCGGTTCTTGG-MB-3”
MDPV-34: 5°-SH-C6-ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT-MB-3’
ADE-25: 5’-SH-C6-CCTGGTGGAGTATTGCGGGGGAAGG-MB-3’

COC-apt: 5’>-AGACAAGGAAAATCCTTCAATGAAGTGGGTCT-3°

AF-apt: 5’-CCATGGGTGTTTGCACTAAGTCCGGTTCTTGG-3’
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MDPV-apt: 5’-ACCTTAAGTGGGGTTCGGGTGGAGTTTATGGGGT-3’
ADE-apt: 5’>-CCTGGTGGAGTATTGCGGGGGAAGG-3’
(SH = thiol, MB = methylene blue)

5.2.2. Synthesis of metal nanoparticles

Gold nanoparticles (AuNPs) (15 nm) were synthesized using a modified version of the
Turkevich method.'®2 Briefly, 500 pL of 100 mM gold (I11) chloride trihydrate was diluted
to 50 mL in distilled water and boiled at 100 °C with a reflux setup. After 2 min, 5 mL of
1% trisodium citrate solution (w/v) was added quickly. The liquid was boiled and
vigorously mixed for 30 min. After cooling down to room temperature, the prepared
AUNPs were filtered through a 0.22-um syringe filter and stored in the dark at 4 °C.

Silver nanoparticles (AgNPs) (32 nm) were prepared according to a previously
reported method.*® Specifically, 50 pL of 1.76% L-ascorbic acid (w/v) was added into 47.5
mL boiled distilled water with a reflux setup. Meanwhile, in a 15-mL Falcon tube, 500 pL
of 1% AgNOz (w/v) was first mixed with 2.5 mL distilled water. This solution was then
slowly added into 2 mL of 1% trisodium citrate solution (w/v) and the mixture was
incubated at room temperature for 4 min. Afterwards, the mixture was quickly added into
the boiling L-ascorbic acid solution with vigorous stirring. The solution was continued to
boil for 1 h and then slowly cooled down to room temperature. Finally, the synthesized
AgNPs were filtered through a 0.22-um syringe filter and stored in the dark at room

temperature.
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5.2.3. Isothermal titration calorimetry (ITC)

All ITC experiments were performed with a MicroCal ITC200 instrument (Malvern)
in 10 mM Tris buffer (20 mM NaCl, 0.5 mM MgClz, pH 7.4) at 23 °C. The sample cell
was loaded with a solution containing the aptamer (20 uM for COC-apt and ADE-apt, 40
uM for AF-apt) and the syringe was loaded with the respective target of the aptamer (800
UM cocaine, 1200 uM adenosine, or 550 uM acetyl fentanyl). Each experiment consisted
of an initial purge injection of 0.4 pL followed by 19 successive injections of 2 puL, with a
spacing of 180 s between each injection. For ADE-apt, an additional 20 injections were
performed afterward, consisting of an initial 0.4 plL purge injection followed by 19
successive 2 pL injections. 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 the COC-apt and AF-apt titrations or a two-
site sequential binding model for the ADE-apt titration.

5.2.4. Fabrication of multiplex paper electrochemical devices (MPEDSs)

Our mPEDs were prepared using a vacuum filtration protocol developed in our
laboratory.®* Specifically, one layer of Bemis parafilm was thermally laminated (130 °C,
~2 cm/sec) on the rough side of the polyethylene terephthalate film using a thermal
laminator machine (AmazonBasics). To prepare the top stencil and bottom mask, the
laminated films were cut with pre-designed patterns using a Silhouette Portrait 2 Electronic
Cutting Tool. The top stencil is circular, has the same diameter as the filter paper, and
contains two mPED patterns. Each mPED consisted of three working electrodes, one

counter electrode, and one reference electrode. The bottom mask is also circular and has
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the same diameter as the filter paper, but has no engravings within. The top of a mixed
cellulose ester filter paper was laminated with the parafilm-laminated side of the top stencil.
The laminated paper was first rinsed with a few milliliters of water and then placed in a
vacuum filtration system and moisturized with another 10 mL of water. Afterwards, 10 mL
of 6 pg/mL SWCNT suspended in 1% Triton X-100 was added to the paper with a flux of
0.29 mL/cm2-min, which led to the formation of a thin SWCNT basal layer. Immediately
after, the paper was washed five times with 10 mL of distilled water to remove Triton X-
100. Any air bubbles present on the top of the filter paper were carefully removed between
each wash using a pipette. Subsequently, 10 mL of 0.13 nM 15-nm AuNPs was then added
onto the SWCNT-patterned paper with a flux of 0.77 mL/cm?-min, which resulted in the
formation of a shiny AuNP film that served as the working and counter electrodes as well
as the connection circuit. Next, 50 uL of 6.9 nM 32-nm AgNPs was pipetted to the paper
area designated for the reference electrode under vacuum. This step was repeated three
times to form the AgNP pseudo-reference electrode. After the paper completely dried, the
parafilm-laminated side of the bottom mask (a circular PET film with no engravings) was
laminated with the bottom side of the paper by heating at 65 °C for 5 min. Two mPEDs
were formed on a single piece of paper, and then separated for detection.

5.2.5. Fabrication of aptamer-modified mPEDs

Prior to aptamer modification, the three working electrodes of each mPED underwent
electrochemical cleaning using a modified version of our previously published protocol.?!
Ten cycles of cyclic voltammetry (scan range: 0.2 to 1.5 V, scan rate: 100 mV/s) were

performed in 0.05 M sulfuric acid with a standard Ag/AgCl reference electrode. Afterwards,
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these electrodes were rinsed with distilled water and dried using nitrogen gas. To reduce
the disulfide bonds of the aptamers, the thiolated, methylene blue-modified aptamers
(COC-32, AF-32, MDPV-34, and ADE-25) were each mixed with a 100-fold excess of
Tris(2-carboxyethyl)phosphine (100 mM) and incubated for 2 h at room temperature. Then,
the freshly-reduced aptamers were diluted (final concentration 100 nM for MDPV-34, 200
nM for all other aptamers) with modification buffer, which consisted of 10 mM Tris (pH
7.4),20 mM NacCl, and 0.5 mM MgCl; for AF-32, or 10 mM PBS (pH 7.2), 1 M NacCl, and
1 mM MgCl; for all other aptamers. For modification of electrodes with ADE-25, 250 uM
of adenosine was included in the modification buffer to facilitate the formation of a target-
bound aptamer complex in solution and the immobilization of the folded aptamers on the
electrode surface. This immobilization procedure was found to increase the target-induced
signal change compared to immobilization in the absence of adenosine. To immobilize
aptamers on the gold working electrodes, the clean mPED was placed in a petri dish, and
10 pL of diluted aptamer was immediately added onto the cleaned working electrode
surface and incubated for 2 h in the dark at room temperature. To prevent evaporation of
the aptamer solution, 10-20 water droplets were placed around the device, and the petri
dish was sealed with parafilm. After aptamer modification, the electrodes were backfilled
with 10 pL of 1 mM 6-mercapto-1-hexanol for 1 h. The modified mPEDs were washed
with distilled water and dried using nitrogen gas before use.

5.2.6. Fabrication of polydimethylsiloxane (PDMS) chamber

PDMS was prepared by mixing curing agent and PDMS base in a 1:10 ratio (w/w).
The mixture was stirred for 40 min until homogenous. The prepared mixture was poured

into a clean petri dish to form a thin layer and allowed to settle at room temperature for 1
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h to remove bubbles, and nitrogen gas was used to assist the degassing process. Afterwards,
polymerization was achieved by heating in an oven for 4 h at 65 °C. The solidified PDMS
was subsequently cut into 23 x 9 mm rectangles, after which the interior was cut out to
produce the frame of a chamber with interior dimensions of 19 x 5 mm. The cut PDMS
were cleaned by sonication in 100% ethanol for 2 min and then dried with nitrogen prior
to use. Finally, the PDMS chamber was formed by tightly pressing the fabricated PDMS
onto the surface of mPED such that all electrodes were confined by the chamber.

5.2.7. Electrochemical measurements

All electrochemical measurements were carried out in a 2 mL electrochemical cell or
a 200 pl PDMS chamber using a CHI760D electrochemical workstation (CH Instruments).
Electron transfer rates were measured from the mPEDs by performing cyclic voltammetry
at various scan-rates in 1 mM Ks[Fe(CN)g] containing 0.1 M KCI.*® Working electrode
surface coverage was measured using the method developed by Tarlov et al.'?” Square-
wave voltammetry (SWV) was used for the detection of targets spiked into 10 mM Tris
buffer (20 mM NaCl, 0.5 mM MgCl., pH 7.4), 50% saliva, or 50% urine. The signal gain
was calculated based on the equation: (It - lo)/ lo x 100%, where It and lo represent the
SWV peak currents in the presence and absence of target, respectively. All electrochemical
data were collected using three independently fabricated mPEDs.

5.2.8. Aptamer digestion experiments

Aptamer digestion experiments were performed using our previously reported
method.?*1% Specifically, 1 uM aptamer (final concentration) was incubated with various

concentrations of acetyl fentanyl (final concentration 0, 25, or 200 uM), MDPV (final
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concentration 0, 10, or 125 puM), or adenosine (final concentration 0, 80, or 500 uM) in 10
mM Tris buffer (20 mM NaCl, 0.5 mM MgClz and 0.1 mg/mL BSA, pH 7.4) at 25 °C for
1 h. Blank controls containing only aptamer were also prepared. Exo I (final concentration:
0.05 U/uL) was then added to initiate digestion. For all experiments, 5 pL of digestion
products were collected at various time points (0 — 120 min) and mixed with 25 uL of 15%
formamide, 30 mM EDTA, 1.2x SYBR Gold and 12 mM Tris buffer (pH 7.4) to stop
digestion. The samples were loaded into a 384-well black plate and fluorescence intensities
at 537 nm were recorded using a Tecan microplate reader (Infinite M1000 PRO) with
excitation at 495 nm. The resistance value of each sample was used to determine the
relative affinity of each ligand for its aptamer, and was calculated using the equation
((AUCy - AUCo)/AUC) x 100%, where (AUC1) and (AUC) represent the areas under the
curves of the fluorescence digestion time courses in the presence and absence of ligand,
respectively.

5.3. Results and discussion

5.3.1. Design and fabrication of the mPED

A single mPED contains three gold working electrodes (WE1-3), one gold counter
electrode (CE), one silver pseudo-reference electrode (RE), and a gold circuit network. The
footprint of each mPED is 1.8 x 1.0 cm, and two devices can be fabricated on a single 47-
mm diameter circular filter paper substrate (Figure 5-1). The device was fabricated by first
cutting out a top stencil of the electrode and circuitry patterns on parafilm-laminated
polyterephthalate (PET) film (Figure 5-1A) using a desktop engraving machine, and then

laminating the top stencil onto a filter paper (Figure 5-1B). The inclusion of parafilm on
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PET film allows for greater adhesion between the top stencil and paper substrate, and
increases the overall structural integrity of the device. The laminated area on the paper is
impermeable to water and enables the deposition of nanomaterials on confined areas via
routine vacuum filtration techniques. A solution of single-walled carbon nanotubes
(SWCNTs) was first filtered onto the paper substrate under vacuum to establish a
conductive bedding (Figure 5-1C). Then, a solution of AuNPs was added to the paper
substrate and filtered to selectively form a thin gold film on the SWCNTs (Figure 5-1D).
AgNPs were then immediately added to a designated area to form the silver pseudo-RE
(Figure 5-1E). After drying, the bottom of the paper substrate was sealed with a parafilm-
laminated PET bottom mask as a rigid foundation. Each filter contains two completed

mPEDs (Figure. 5-1F).

A, Paper & Stencil . SWCNT ‘ < @ \ |
- Laminate Vacuum Filter /f;f?-/
h AuNPslVacuum Filter
E : b
— Parafilm AgNPs
?] Laminate Vacuum Filter  §

Figure 5-1. Scheme for the fabrication of mMPEDs using ambient vacuum filtration. (A) A
parafilm-laminated PET stencil (blue) and a piece of mixed cellulose ester filter paper
(white) are combined to form (B) a PET-laminated filter paper. (C) A SWCNT solution is
added to the paper and filtered under vacuum to form an underlayer pattern. (D) An AuNP
solution is then applied under vacuum filtration to form a thin gold film on the paper
substrate, followed by (E) the addition of AgNPs onto the designated area to generate the
silver pseudo-reference electrode. (F) Lastly, a parafilm-laminated PET bottom mask is
laminated onto the bottom of the paper substrate to complete device fabrication.
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5.3.2. Evaluation of mPED electrochemical performance

Upon fabrication of the mPEDs, we first tested the variation in the electrochemical
performance of WE1, WE2, and WE3 on a single device (Figure 5-2A). First, we
determined the surface area and roughness of these working electrodes by performing
cyclic voltammetry measurements in 0.05 M H2SO4 (scan rate 100 mV/s). We observed
that the typical oxidation peak of gold and the reduction peak of gold oxide occurred at
1.35V and 0.83 V, respectively (Figure 5-2B). The cyclic voltammograms produced by
the three working electrodes overlapped, indicating very similar surface area. We used their
reduction peaks to calculate the electrochemically-active surface area, and found that all
working electrodes had a greater surface area (0.18 + 0.01 cm?) than the designed area of
the electrode (0.08 cm?), with an average surface roughness of 2.3, which can be attributed
to the rough surface of the porous filter paper. We then characterized the electrochemical
performance of the working electrodes by performing cyclic voltammetry scans at a rate
of 100 mV/s in 1 mM Kjs[Fe(CN)g] and 0.1 M KCI. All three showed reversible redox
behavior with overlapping reduction and oxidation peak potentials (Epc = 0.107 V and Epa
=0.197 V) and a peak-to-peak separation of 90 mV (Figure 5-2C). We further performed
cyclic voltammetry at different scan-rates and determined the electron transfer rates of the
three electrodes using the Nicholson method.*® As expected, all three electrodes produced
similar electron transfer rates of (3.3 + 0.1) x 10 cm/s (Figure 5-3). Finally, we evaluated
the reproducibility of the device fabrication process by performing the same series of
electrochemical experiments on four newly-fabricated mPEDs. We observed < 4%

standard deviation in the tested surface area (Figure 5-4) and electron transfer rate (Figure
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5-2D), demonstrating that our method produces mPEDs with minimal batch-to-batch
variation.
5.3.3. Fabrication and testing of aptamer-modified mPEDs for small-molecule

detection

We then prepared mPEDs modified with a series of small-molecule binding aptamers.
We first modified all three working electrodes on a single mPED with COC-32, an aptamer
derived from the cocaine-binding aptamer®®! that binds cocaine with a dissociation constant

(Kp) of 9.1 £ 0.9 uM per isothermal titration calorimetry (Figure 5-5).

A mPED B — WE1 C14{ _ e D4
80 _ we2 — WE2 o
p— — WE3 71 _wes g3
< 40 < 5
Lo o B 4 = 5 = 0 ?— 2
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Figure 5-2. Determination of the surface area and electrochemical performance of mPED:s.
(A) A diagram of a single mPED, which contains a gold counter electrode (CE), three gold
working electrodes (WE1-3), and a silver pseudo-reference electrode (RE). (B) Surface
area of the three working electrodes from one mPED determined by cyclic voltammetry in
0.05 M H2SO4. (C) Cyclic voltammograms of the three working electrodes in 1 mM
Ks[Fe(CN)s] and 0.1 M KCI. (D) Average electron transfer rates for four mPEDs. Error
bars represent the standard deviation for three working electrodes from each device.
Specifically, we used a previously reported protocol?! to perform electrochemical
cleaning of the surfaces of WE1-3. We then pipetted a freshly-reduced COC-32 onto each
working electrode surface and incubated at room temperature. The working electrodes
were then rinsed with deionized water, and backfilled with 6-mercapto-hexanol, and finally
rinsed once more with water and dried with nitrogen gas prior to use. We then tested the

response of the three modified electrodes to various concentrations of cocaine. In the

absence of cocaine, the immobilized aptamer is initially unfolded and the methylene blue
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tag remains distant from the electrode surface, resulting in a low redox current. In the
presence of cocaine, the aptamer undergoes a target-binding induced conformational
change that brings methylene blue close to the electrode surface, resulting in an increase in

redox current.
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Figure 5-3. Determination of electron transfer rates of different working electrodes.
Determination of electron transfer rates of (A) WE1, (B) WE2, and (C) WE3 from a single
mPED using cyclic voltammetry. Top panels represent cyclic voltammograms produced in
1 mM Kz[Fe(CN)e] and 0.1 M KCI at various scan-rates (10 — 400 mV/s, indicated by the
black-to-red color gradient) and bottom panels display the peak cathodic (black) and peak
anodic currents (red) as a function of the square root of the scan-rate.
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Figure 5-4. Surface area measurements of the working electrodes for four different mPEDs
were tested. Standard deviations are for the three working electrodes from each individual
device.
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Figure 5-5. Determination of the binding affinity of COC-apt to cocaine using isothermal
titration calorimetry (ITC). The top panel presents raw data showing the heat generated
from the titration of 800 uM cocaine into 20 uM COC-apt. The bottom panel shows the
integrated heat of each titration after correcting for dilution heat of the titrant plotted against
the molar ratio of cocaine to COC-apt. ITC data was fitted using a single-site model.

We generated calibration curves for the three electrodes by submerging the COC-32-
modified mPED in a 2 mL electrochemical cell containing varying concentrations of
cocaine (0-800 uM). All three electrodes produced a target-dependent signal, and yielded
similar signal gains at each tested target concentration with standard deviations of < 3%
(Figure 5-6A). The calibration curves from the device had linear ranges of 1-100 uM, with

a limit of detection (LOD) of 1 uM (Figure 5-6B), which confirmed the high precision of

electrodes on the same device for target detection. Notably, our mPED exhibited similar
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performance to a previously reported cocaine-detecting E-AB sensor fabricated on a

conventional gold disk electrode.?
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Figure 5-6. Detection of cocaine using a COC-32-modified mPED. (A) Square wave
voltammetry (SWV) of the three working electrodes modified with COC-32 in the presence
of 0-800 uM cocaine. (B) Corresponding calibration curve (left) and close-ups of the two
linear ranges (middle and right). Error bars represent the standard deviation of
measurements from the three working electrodes.

To evaluate the generalizability of our aptamer-modified mPED development process,
we fabricated mPEDs modified with other small-molecule-binding aptamers with different
sequences and secondary structures. Specifically, we chose thiol- and methylene blue-
modified versions of aptamers AF-apt (AF-32),1% MDPV-apt (MDPV-34),% and ADE-apt
(ADE-25),14% which respectively bind to the synthetic opioid acetyl fentanyl (Kp = 3.8 +
0.2 uM) (Figure 5-7A), the synthetic cathinone methylenedioxypyrovalerone (MDPV; Kp
= 0.3 £ 0.04 uM), and adenosine (Kp1 = 7.4 + 0.1 uM, Kpz = 103 £ 0.5 uM) (Figure 5-

7B). For each device, the same aptamer was modified onto all three working electrodes to

assess their sensing precision with a surface coverage of (2.93 + 0.12) x 10*2, (2.78 + 0.14)

128



x 10%, and (3.95 + 0.74) x 10'? molecules/cm? for AF-32, MDPV-34, and ADE-25,
respectively. In general, all three electrodes produced similar signal gains when challenged

with their respective target at a wide range of concentrations (Figures 5-8-10).
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Figure 5-7. Determination of the binding affinity via ITC. Determination of the binding
affinity of (A) 550 uM acetyl fentanyl to 40 uM AF-apt or (B) 1200 uM adenosine to 20
uM ADE-apt using ITC. Top panels present raw data showing the heat generated from the
titration. Bottom panels show the integrated heat of each titration after correcting for
dilution heat of the titrant plotted against the molar ratio of ligand to aptamer. AF-apt
titration data was fitted using a single-site model and ADE-apt titration data was fitted
using a two-site cooperative binding model.

We also observed low intra- and inter-device variability, with standard deviations <

5%. The AF-32, MDPV-34- and ADE-25-modified mPEDs also proved sensitive, with
linear ranges of 0.5-15 uM, 0.1-10 uM, and 1-200 uM and LODs of 0.5 uM, 0.1 uM, 1
uM for acetyl fentanyl, MDPV, and adenosine, respectively (Figures 5-8-10). To

determine the stability of the aptamer-modified devices, we fabricated five ADE-25-
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modified mPEDs and stored them at room temperature in the dark. Every three days over
a period of two weeks, one of the devices was challenged with 100 uM adenosine and then
discarded. All devices produced reliable and reproducible sensing behavior and similar
signal gain values (58.9 + 3.0%) (Figure 5-11), indicating that the aptamer-modified

mPEDs can be stored at room temperature without affecting their sensing performance.
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Figure 5-8. Detection of acetyl fentanyl using a mPED modified with AF-32. (A) Square-
wave voltammetry (SWV) of the three working electrodes in the presence of various
concentrations of acetyl fentanyl (0 — 50 uM). (B) Corresponding calibration curve (left)
and close ups of the two linear ranges (middle and right). Error bars represent the standard
deviation of the measurements of the three working electrodes of a single mPED.

5.3.4. Multi-target detection in biological samples

We next demonstrated simultaneous detection of three small-molecule targets using a
single mPED. First, we performed our recently developed exonuclease-based binding
assay'® to confirm that AF-32, MDPV-34 and ADE-25 would not cross-react to each

other’s targets. In this assay, unbound aptamers are completely digested by exonuclease I
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(Exo 1), an enzyme that digests single-strand DNA into mononucleotides. However, ligand
binding induces aptamer folding, which greatly reduces the digestion rate of the aptamer,
and the magnitude of inhibition closely corresponds to the aptamer’s ligand affinity. Thus,
comparing the resistance of the aptamer digestion in the presence versus the absence of

ligand allows for the determination of relative aptamer-ligand binding strength, and thereby

specificity.
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Figure 5-9. Detection of MDPV using a mPED modified with MDPV-34. (A) SWV of the
three working electrodes in the presence of various concentrations of MDPV (0 — 100 uM).
(B) Corresponding calibration curve (left) and close-ups of the two linear ranges (middle

and right). Error bars represent the standard deviation of measurements from the three
working electrodes of a single mPED.

We digested AF-apt, MDPV-apt, and ADE-apt in the absence or presence of acetyl
fentanyl, MDPV, or adenosine. All aptamers greatly resisted digestion in the presence of
their respective target, but were rapidly digested in the presence of non-target ligands
(Figure 5-12A-C). Based on the resistance value of each ligand (see Experimental section)

(Figure 5-12D), we determined that each aptamer only binds to its respective target,
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indicating that they could be incorporated into the same mPED without crosstalk among

electrodes.
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Figure 5-10. Detection of adenosine using a mPED modified with ADE-25. (A) SWV of
the three working electrodes in the presence of various concentrations of adenosine (0 —
1,000 uM). (B) Corresponding calibration curve (left) and close ups of the two linear
ranges (middle and right). Error bars represent the standard deviation of the measurements
of the three working electrodes of a single mPED.

We then prepared a triple-modified mPED by immobilizing AF-32, MDPV-34 and
ADE-25 onto WE1, WE2 and WES3, respectively (Figure 5-15A). We first tested whether
each electrode would only respond to its respective target. We challenged the triple-
modified mPED with samples containing different concentrations of each individual target.
With acetyl fentanyl, we observed a target-concentration-dependent increase in current at
WE1, but not the other two working electrodes (Figure 5-15B and 5-13). Likewise, the
MDPV-34-modified WE2 and ADE-25-modified WE3 produced target concentration-

dependent signal increases only in the presence of their respective target, with no crosstalk

observed from the other electrodes (Figure 5-13).
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Figure 5-11. Stability of ADE-25 modified mPEDs. Stability of mPEDs modified with

ADE-25 as determined by SWV measurements in 100 uM adenosine immediately after
fabrication or 3, 6, 9, or 12 days later. Error bars represent the standard deviation of the
measurements of the three aptamer-modified working electrodes of a single mPED.
Notably, the background current of WE3 was higher because the aptamer surface
coverage of this electrode (3.95 * 0.74 x 10*2 molecules/cm?) was greater than for WE1
(2.93 £ 0.12 x 10* molecules/cm?) and WE2 (2.78 + 0.14 x 102 molecules/cm?). This is
reasonable, as different aptamers have unique surface coverage requirements for optimal
sensing performance. We next performed a series of spike-and-recovery experiments with
binary and ternary mixtures of the three analytes. For each analyte, we chose two
concentrations that fell within the linear range of the respective calibration curves
generated with single-aptamer modified mPEDs (Figures 5-8-10). As expected, WE1 and

WE?2 generated a current increase for a binary mixture of acetyl fentanyl and MDPV, with

no measurable current change from ADE-25-modified WE3 (Figure 5-15C).

133



=
o
o

~
(6]

a1
o

ADE

N
ol

Buffer
MDPV

o

Fluoresence retention (%) [>

Fluoresence retention (%) |00

=
o
o

~
(6]

a1
o

N
ol

o

MDPV

Buffer

0

30 60
Time / (min)

90

0 30 60

Time / (min)

90 120

Fluoresence retention (%) 1O

100

75

50

25

Buffer
MDPV

0

30 60
Time / (min)

90

Figure 5-12. Characterization of the specificity of different aptamers using the
exonuclease-based binding assay. Characterization of the specificity of AF-apt, MDPV-
apt, and ADE-apt using our recently developed exonuclease-based binding assay.
Fluorescence time course for Exonuclease | digestion of (A) AF-apt in the absence and
presence of 25 uM acetyl fentanyl (AF), 500 uM adenosine (ADE), or 125 uM MDPV, (B)
MDPV-apt in the absence and presence of 10 uM MDPV, 500 uM ADE, or 200 uM AF,
(C) ADE-apt in the absence and presence of 80 uM ADE, 125 uM MDPV, or 200 uM AF.
(D) The resistance value of each aptamer-ligand pair calculated from the plots presented in
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Figure 5-13. Simultaneous detection of multiple small-molecule analytes using triple-
modified mPEDs. WE1, WE2, and WE3 were respectively modified with AF-32, MDPV-
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34, and ADE-25. Plots show SWV response of each working electrode to (A) 5 uM MDPV

or (B)120 uM adenosine (ADE).
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Figure 5-14. SWV response of the triple-modified mPED to ternary mixtures. SWV
response of each working electrode of a triple-modified mPED to ternary mixtures of acetyl
fentanyl (AF), MDPV, and adenosine (ADE) in buffer. A-G corresponds to sample #s 1-7
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listed in Table 1A. WE1, WE2, and WE3 were respectively modified with AF-32, MDPV-
34, and ADE-25.
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Figure 5-15. Simultaneous detection of multiple small-molecule analytes with triple-
modified mPEDs. (A) Schematic for the fabrication of a mPED modified with aptamers
AF-32 (WE1), MDPV-34 (WE2), and ADE-25 (WE3). (B-D) SWV response of each
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working electrode to (B) 10 uM acetyl fentanyl (AF), (C) a binary mixture of 10 uM AF
and 5 uM MDPV, (D) and a ternary mixture of 10 pM AF, 5 pM MDPV, and 120 uM
adenosine (ADE). (E) Calibration curve for the three different targets collected from
single-aptamer-modified mPEDs. Error bars represent the standard deviation of
measurements from the three working electrodes on the same device.

Table 5-1. Recoveries from spike-and-recovery experiments with ternary mixture
detection in (A) buffer, (B) 50% urine, and (C) 50% saliva.

A sample [Spiked concentration] (uM) [Found concentration] (uM) Recovery in buffer (%)
ID AF MDPV  ADE AF MDPV ADE AF MDPV ADE
A1 25 0.5 25.0 26+0.1 0.5+0.0 257+08 1027+52 1003+6.6 1028%3.3
A2 25 0.5 120.0 24+01 0.5+0.0 121.0+64 971+28 1014%75 1009%53
A3 25 5.0 25.0 25+0.1 49+04 251%15 100.9+55 98.2+7.5 100.5+ 6.1
A4 25 5.0 120.0 24+01 49+04 116.2+22 96.8+56 984+7.3 96.9+1.9
A5 10.0 0.5 25.0 10.9+0.1 0.5+0.0 266+05 1095+1.3 1037149 1064+20
A6 10.0 0.5 120.0 9.7+0.1 0.5+0.0 1219+52 972+10 1043122 1016+43
A7 10.0 5.0 25.0 10.5+0.4 4.7+01 254 +1.2 104.8+44 93.8+23 101.4+5.0
A8 10.0 5.0 120.0 104 +05 51+03 117.3+23 1041+45 1023+54 978+19

B Sample [Spiked concentration] (uM) [Found concentration] (uM) Recovery in 50% urine (%)
ID AF MDPV  ADE AF MDPV ADE AF MDPV ADE
B1 25 25 25.0 27+0.0 27+0.1 241+22 106.5+1.0 107720 96.3+9.0
B2 2:5 25 150.0 26+0.1 25401 1528+19.1 1029+53 101.5+5.2 101.8+12.7
B3 2.5 15.0 25.0 27£02 15.1+16 280+05 107.0+88 100.8+108 111.8+20
B4 25 15.0 150.0 25+0.1 158+1.3 1653+114 986+50 1054+86 1102+76
B5 10.0 25 25.0 9.5+0.2 25+0.1 2712+1.3 948+20 1002+27 108.7+54
B6 10.0 25 150.0 9.7+1.3 25+0.1 156.7+17.1 96.7+128 100956 1045+114
B7 10.0 15.0 25.0 10.7+0.9 141112 23.7+11 107.7+94 941178 950143
B8 10.0 15.0 150.0 10.1£1.1 149+16 1609+13.7 101.1+114 995+10.3 107.3+9.1

c Sample [Spiked concentration] (uM) [Found concentration] (uM) Recovery in 50% saliva (%)
ID AF MDPV  ADE AF MDPV ADE AF MDPV ADE
c1 25 25 25.0 24+02 25+0.1 249+19 97.0+7.9 99.0+5.7 994175
c2 2.5 25 150.0 25+01 25+0.3 148.0+80 1004+3.8 1004198 987153
c3 25 15.0 25.0 25+02 16.2+1.3 230+05 101.5+64 1081+86 918+21
c4 25 15.0 150.0 26+0.1 16.0+10 1535+99 1059+36 1069+6.7 1023+6.6
C5 10.0 25 25.0 105+04 26102 236+0.7 105.2+4.2 1041171 945428
Ccé 10.0 2.5 150.0 10.7+0.4 251049 1483+121 107144 99.2+55 99.0+8.0
c7 10.0 15.0 25.0 10.3+0.6 158+ 1.4 258+09 103.2+64 1056+9.0 103.1+34
cs8 10.0 15.0 150.0 107 £1.2 159+1.2 1475+23.6 106.7+11.7 106.1+83 98.4+157

For the ternary mixture, we observed specific target concentration-dependent
increases in current from each electrode (Figure 5-15D and Figure 5-14). The triple-
modified mPEDs showed high accuracy and precision, with 94-110% recoveries
calculated based on the calibration curves for each analyte (Figure 5-15E), and ~4%

average inter-device variability from three different devices (Table 5-1A). These results
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indicate that aptamer-modified mPEDs can robustly detect multiple small molecules

simultaneously in a single sample.
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Figure 5-16. Detection of different targets in 50% urine using single-aptamer-modified
mPEDs. Detection of acetyl fentanyl, MDPV, or adenosine in 50% urine using single-
aptamer-modified mPEDs. The three working electrodes of a mPED modified entirely with
either (A) AF-32, (B) MDPV-34, or (C) ADE-25 were incubated with various
concentrations of acetyl fentanyl (0 — 50 uM), MDPV (0 — 100 puM), or adenosine (0 —
1000 puM), respectively. Panels show the calibration curves (left) and close ups of the two
linear ranges (middle and right). Error bars represent the standard deviation of the
measurements of the three working electrodes from the same mPED.
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Figure 5-17. Detection of various targets in 50% saliva using a single-aptamer-modified
mPEDs. Detection of acetyl fentanyl, MDPV, or adenosine in 50% saliva using a single-
aptamer-modified mPEDSs. The three working electrodes of amPED maodified entirely with
either (A) AF-32, (B) MDPV-34, or (C) ADE-25 were incubated with various
concentrations of acetyl fentanyl (0 — 50 uM), MDPV (0 — 100 uM), or adenosine (0 —
1,000 uM), respectively. Panels show the calibration curves (left) and close-ups of the two
linear ranges (middle and right). Error bars represent the standard deviation of the
measurements of the three working electrodes from the same mPED.

Table 5-2. Recoveries obtained from spike-and-recovery experiments with a ternary
mixture in 50% saliva using a PDMS-confined triple-modified mPED.

Sample [Spiked concentration] (uM)

ID

[Found concentration] (uM)

Recovery in saliva (%)

AF MDPV ADE AF MDPV ADE AF MDPV ADE
1 2.5 2.5 25.0 26+02 25101 24.0+0.5 103.8 £8.7 98.4+£5.0 96.2+2.1
2 2.5 25 150.0 2501 24041 1632+132 992124 96.5+5.1 1022+838
3 2.5 15.0 25.0 26+01 1569+0.8 25914 1038+27 1064+53 1039157
4 2.5 15.0 150.0 26+02 152+04 159.3+£1.9 102.0+£6.7 101.3+£24 106.2+12
5 10.0 2.5 25.0 10.7£0.5 2601 27.3+0.5 106.5 +4.7 97.8+4.5 109.0+ 2.1
6 10.0 25 150.0 10.3+0.7 24+01 1400+86 103.0+6.8 944 +41 934+567
7 10.0 15.0 25.0 103+04 146+05 24411 1034 +3.5 97.4+36 97.5+42
8 10.0 15.0 150.0 10.3+£0.3 143+£0.9 165.7+28 102.7+26 95.0£6.5 110.5+1.8
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Figure 5-18. SWYV response of each working electrode of a triple-modified mPED in 50%
urine. SWV response of each working electrode of a triple-modified mPED in the absence
(black) and presence (red) of ternary mixtures of acetyl fentanyl (AF), MDPV, and
adenosine (ADE) in 50% urine. Plots A-H correspond to sample #s 1-8 listed in Table 5-

1B.

140




A B c D
181 WEl  srovppy 1.8 wer AFHIDEY LR - - 181 WEr . uppy
+ADE +ADE +ADE
g" 12 Saliv. E‘ 12 Saliva 3‘ 12 Saliva 3 1.2 Saliva,
— 0.6 - 0.6 - 0.6 - 0.6
0.0 0.0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V
1.8 1.8 1.8 1.8
« Ve AF:AMSEP . « HEZ arsmoey| || WEZ - \FeMDPV ’ WE2  AF+MDPV
1.2 : 1.2 1.2 +ADE 1.2 +ADE
2 aliv = +:|‘i[", € L= Saliv = Saliv:
- 0.6 - 0.6 - 0.6 - 0.6
0.0 0.0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V
WE3 WE3 WE3 WE3 [\ AF+MDPV|
43 AF+MDPV 45 AF+MDPV 42 AF+MDPV 43 +ADE
< 3.0 +ADE || |F 3.0 +ADE || (g 3.0 +ADE || 39 _
s Saliva = Saliva || [ Saliva = Saliva
1.5 1.5 1.5 1.5
0.0 0.0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V
E 1.81{ we1 . AF+MDPV E 1.8{ we1 . AF+MDPV g1.8 WE1 _ AF+MDPV H 1.81 wg1 . AF+MDPV
+ADE +ADE +ADE +ADE
<=_ 1.2 Saliva ‘_5._ 1.2 Saliva §_ 1.2 Saliva <=. 1.2 Saliva
= 06 = 06 = 0.6 = 06
0.0 0.0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V
AF+MDPV AF+MDPV AF+MDPV AF+MDPV
1.2 1.2 1.2 +ADE 1.2 +ADE
EL e 3 g:iR,E E“ Saliv E’ Saliv:
- 0.6 = 0.6 - 0.6 = 0.6
Saliva
0.0 0.0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V
WE3 WE3 WE3 WE3 [\ AF+MDPV|
45 AF+MDPV 4 AF+MDPV 4.9 AF+MDPV 2 +ADE
< 30 +AE || (% 3.0 +ADE || 1S 30 +ADE ||| 3.0
= Saliva || |= Saliva || [= Saliva || [= Saliva
1.5 1.5 1.5 1.5
0 0 0.0 0.0
-0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6 -0.3-0.4-0.5-0.6
E/V E/V E/V E/V

Figure 5-19. SWV response of each working electrode of a triple-modified mPED in 50%
saliva. SWV response of each working electrode of a triple-modified mPED in the absence
(black) and presence (red) of ternary mixtures of acetyl fentanyl (AF), MDPV, and
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adenosine (ADE) in 50% saliva. Plots A-H corresponds to the sample #s 1-8 listed in Table
5-1C.

We further demonstrated the capability of our triple-modified mPEDs to detect
multiple small-molecule targets in biological samples. We first generated calibration
curves by challenging single aptamer-modified devices with varying concentrations of
their respective target in 50% diluted urine (Figure 5-16) or saliva (Figure 5-17). The
modified mMPEDs demonstrated a clear target concentration-dependent signal, with <5%
intra-device variability. However, we did observe that the devices yielded lower signal
gains and 2-5-fold lower sensitivities (based on LOD) in these biological samples
compared to buffer. This is probably due to surface fouling by macromolecules present in

the biosamples.19167
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Figure 5-20. Fabrication of an aptamer-modified mPED with a PDMS sample-
containment chamber. (A) Schematic for the fabrication of the PDMS-confined mPED,
with photograph at right showing a device containing 200 pL of a blue dye for visualization
of the chamber. (B) SWV readings from each working electrode of the device measured
with 50% saliva containing a ternary mixture of 10 uM acetyl fentanyl (AF), 15 uM MDPV,
and 150 puM adenosine (ADE).
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Figure 5-21. SWV response of each working electrode of a PDMS-confined triple-
modified mPED in 50% saliva. SWV response of each working electrode of a PDMS-
confined triple-modified mPED in the absence (black) and presence (red) of ternary
mixtures of acetyl fentanyl (AF), MDPV, and adenosine (ADE) in 50% saliva. Plots A-G
correspond to sample #s 1-7 listed in Table 5-2.
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We then used the triple-modified mPEDs to perform spike-and-recovery experiments
in 50% urine or saliva spiked with ternary mixtures of acetyl fentanyl, MDPV, and
adenosine. As expected, these devices proved robust for accurate and specific detection of
these ternary mixtures, and demonstrated high inter-device precision, with satisfactory
recoveries of 94-112% in urine (Table 5-1B, Figure 5-18) and 92-108% in saliva (Table
5-1C, Figure 5-19). These findings clearly demonstrate that the aptamer-modified mPEDs
can achieve sensitive, specific, and robust multi-target detection in complex biomatrices.

5.3.5. Incorporation of a sample confinement zone into a triple-modified mPED

To further enhance the potential of our device for on-site detection, we incorporated a
polydimethylsiloxane (PDMS) chamber surrounding all electrodes as a means of confining
the samples on the device. The PDMS chamber (outer dimensions: 23 x 9 mm, inner
dimensions: 19 x 5 mm) readily adheres onto the mPED and creates a hydrophobic barrier
that retains microliter samples within the detection zone where electrochemical
measurements are performed (Figure 5-20A). We validated the performance of PDMS-
containing triple-modified device by detecting a ternary mixture of acetyl fentanyl, MDPV,
and adenosine spiked into 50% saliva (Figure 5-20B). These devices demonstrated
comparable performance (94-110% recovery, Table 5-2 and Figure 5-21) as non-confined
mPEDs, while enabling analyte detection with a 10-fold smaller sample volume (~200 pL).
The PDMS chamber design is therefore particularly well suited for precious biosamples

that are difficult to procure in large amounts.
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5.4. Conclusion

The on-site detection of multiple small molecules could enable more comprehensive
chemical profiling of complex samples in the context of analytical applications such as
medical diagnostics, food safety, and environmental monitoring. Current lateral-flow
immunoassays can detect multiple small-molecule analytes in a single sample, but these
assays are limited by high cost, large batch-to-batch variation of antibodies, and the
qualitative nature of their colorimetric readouts. As an alternative, PEDs offer low cost,
rapid turnaround, portability, and ability to accurately quantify analytes, but it is generally
difficult to develop PEDs that can detect multiple analytes in parallel due to the lack of
specific bioreceptors that can be incorporated in this electrochemical platform. Here, we
have taken advantage of the flexibility and customizability of our fabrication method to
prepare mPEDs with multiple gold working electrodes, which can achieve sensitive,
accurate, and robust multi-analyte detection with a single device. Our fabrication method
is highly reproducible, yielding high-quality devices with nearly identical physical and
electrochemical properties and minimal batch-to-batch variation. The mPEDs described in
this work can be modified with three different aptamers that bind distinct targets (in this
work, acetyl fentanyl, MDPV, and adenosine) in a multiplexed fashion. Our mPEDs
achieved accurate and robust analytical performance for sensitive and specific detection of
small molecules, comparable in all respects to E-AB sensors developed with conventional
gold disk electrodes. Importantly, the triple-modified mPEDs could simultaneously
quantify mixtures of small molecules in biological samples such as urine and saliva without
any measurable crosstalk among electrodes. In addition, a custom PDMS chamber can be

easily attached to our aptamer-modified mPEDs to confine samples on the device, allowing
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for multiple analyte detection in microliters of unprocessed biological samples such as
saliva within seconds.

Our mPED fabrication process is highly reproducible. To understand why, it is helpful
to assess the production process, which can be separated into two phases. In the first phase,
metallic thin film electrodes are deposited on the filter paper with the aid of stencils and a
vacuum filtration setup. During this phase of production, we were visually able to identify
defective devices based on, for example, failure of nanoparticle deposition. Roughly 10%
of devices failed this visual inspection. We attribute the high rate of successful device
fabrication to the simplicity of the filtration process and the high level of control of material
deposition on the paper substrates. In particular, variability in the first phase of fabrication
arises from two sources that can be easily and tightly controlled: solution flux during
vacuum filtration and the homogeneity and high reproducibility of manufacturing the raw
materials (i.e., gold and silver nanoparticles, carbon nanotubes, filter paper). In the second
phase, the paper-based electrodes are modified with aptamers via a very well-established
protocol.?! This entails adding 10 pL of thiolated methylene blue-modified aptamer onto
the working electrode and incubating for 1 h at room temperature. The concentration and
amount of aptamer, and therefore the resulting aptamer surface coverage, can be accurately
controlled. Of 16 aptamer-modified devices, only one did not function: a success rate of
~94%. We observed that the absolute currents produced by each mPED can be slightly
different (~10% relative standard deviation), perhaps due to slight differences in surface
roughness between each working electrode. However, the target-induced change in signal
(measured here as signal gain) is highly precise (3-5% relative standard deviation) among

different electrodes of the same device as well as between different devices.
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This work demonstrates a generalizable and cost-effective strategy for the manufacture
of aptamer-modified mPEDs for the accurate, rapid, and robust detection of multiple
analytes in a single complex sample. Although we have demonstrated sensitive detection
of three small-molecule analytes here, our vacuum filtration technique allows the flexible
fabrication of electrodes of diverse material, thickness, and shape, and we believe that it
should be feasible to fabricate up to 16 working electrodes on a stamp-sized single paper
device at a cost of less than $2. And given the rapid development of SELEX and sequencing
techniques,'®® it has become increasingly straightforward to isolate aptamers that
selectively recognize various targets with different binding properties. These in turn can
readily be incorporated into mPEDs, and we envision that with a handheld potentiostat,
facile multianalyte detection of virtually any set of analyte or combination of analytes in a

drop of sample can be achieved on-site.
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CHAPTER 6: Summary and Future Work

6.1. Summary

E-AB sensors have attracted much attention due to their advantages of simple
fabrication, ease of use, accuracy, specificity, sensitivity, and the ability to detect analytes
in complex sample matrices in real-time. However, applying E-AB sensors in the real
world is challenging. This dissertation aims to develop highly sensitive and specific E-AB

sensors and paper-based devices for detecting small molecules in real-life applications.

It is more efficient to use a single receptor to detect families of structurally-related
analytes than it is to generate many reagents that collectively target these molecules.
However, it remains challenging to develop affinity reagents that can recognize all
compounds in a given family while also retaining high specificity against interferents. In
Chapter 3, we described a novel method to control the specificity and cross-reactivity of
aptamer-based sensors by utilizing a mixture of two aptamers that exhibit different binding
profiles. As a demonstration, we used two synthetic cathinone-binding aptamers to detect
synthetic cathinones, a family of dangerous illicit designer drugs. One aptamer had high
cross-reactivity towards 12 commonly-used drugs in the synthetic cathinone family and
low specificity against 17 frequently-observed interferents or adulterants, while another
aptamer had low cross-reactivity and high specificity. We first performed a Cy7 dye-
displacement assay to determine the optimal molar ratio between the two aptamers to
maximize their target responsiveness and specificity against interferents. Then we
fabricated dual-aptamer-based E-AB sensors that can detect all 12 synthetic cathinones

with high cross-reactivity and minimal response to the various interferents tested. Notably,
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this sensor performance could not be achieved by E-AB sensors based on either aptamer

alone.

In Chapter 4, we described a novel immobilization strategy to improve E-AB sensor
sensitivity and SNR for small-molecule detection in biological sample matrices. In
conventional methods, the electrodes are first incubated with an aptamer solution and then
backfilled with MCH. This can leave the immobilized aptamers with insufficient spacing
to fold and transduce their signal efficiently once bound to the target. Surface probe density
can be controlled by varying the concentration of aptamer solution, but it is difficult to
control the appropriate spatial arrangement of the aptamers on the electrode surface. Here,
we developed a target-assisted immobilization strategy that can effectively control the
aptamers' spatial arrangement and thereby greatly enhance E-AB sensor performance.
Specifically, we incubated electrodes with aptamer-target complexes instead of aptamers
alone, such that the aptamers maintain a folded state during immobilization. We also found
that modifying at lower ionic strength conditions (20 MM NaCl and 0.5 mM MgCl; versus
1 M NaCl and 1 mM MgCly) can effectively reduce aptamer bundling on the electrode
surface. Using this strategy, we fabricated sensitive E-AB sensors with two-fold lower
LODs in biological samples and two-fold higher signal gains than sensors modified by
conventional methods. This strategy is generalizable for E-AB sensors fabricated with
arbitrary small-molecule-binding aptamers, regardless of their sequence or secondary

structure.

In Chapter 5, we fabricated portable aptamer-modified multiplex paper

electrochemical devices (mPEDs) for multi-analyte detection in single samples within
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seconds. We utilized an ambient vacuum filtration method to deposit the carbon nanotubes
and gold or silver nanoparticles in layers onto designed areas of a piece of filter paper.
Three specific small-molecule-binding aptamers were immobilized onto three different
working electrodes on a single PED device. We achieved sensitive and accurate
measurement for three small-molecule analytes—acetyl fentanyl, MDPV, and adenosine—
in saliva and urine. By incorporating a PDMS chamber around the detection area of the
device as a physical barrier, we were able to reduce the sample volume required for

detection to the microliter scale.
6.2. Future work

Electrochemical aptamer-based (E-AB) sensors are excellent sensor platforms for
diverse applications such as law enforcement®®, environmental monitoring’, food safety
171 and medical diagnostics'’? because they are label-free, highly sensitive and specific,
user friendly, and compatible with biosamples.!”® However, limited sensitivity for
detecting analytes at clinically relevant concentrations and the lack of portable devices for
point-of-care applications have greatly hindered the maturation of E-AB sensors from
proof-of-concept designs to commercial systems. My dissertation described a novel
immobilization strategy to improve E-AB sensor sensitivity by controlling the spatial
morphology of aptamers on the surface. There are still multiple opportunities to further
enhance the performance of E-AB sensors. For example, the redox reporter methylene blue
only transfers two electrons; in the future, we can find new redox reporters with more than
two electron transfer numbers to increase the signal generated by detection events.

Additionally, sensor performance suffers from the desorption of oligonucleotides from the
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sensor surface over time. Usually, aptamers are anchored onto the surface via gold-thiol
bond, which is a weak bonding strategy that is unstable over the long term. New strategies

such as "click” chemistry,'’

which offer simple means for generating highly stable
covalent linkages, can be utilized to improve the stability of surface oligonucleotides

during long-term measurements.

In addition, the use of E-AB sensors to detect hydrophobic molecules is still
challenging. The conventional backfill chemical is MCH, a polar, hydrophilic molecule.
Hydrophobic analytes can easily form aggregates or clusters on the electrode surface due
to the hydrophobic effect,”® but the identification of new hydrophobic backfills could solve
this problem. Biofouling is another critical issue hindering the sensitive detection of
analytes in biofluids via E-AB sensors. The use of new backfills or mixtures of different
backfills to form SAMs could further suppress interferent adsorption during continuous
detection over days or even weeks. More effective antifouling may improve sensor
sensitivity, reduce baseline drift, and minimize signal decay in order to maintain sensor

performance for long-time monitoring.

Importantly, our work has demonstrated the feasibility of using mPEDs for multi-
analyte detection in a single sample within seconds. In the future, we aim to achieve
simultaneous detection of up to 16 analytes by designing devices with more working
electrodes and utilizing a portable, multi-channel potentiostat. Different materials and
shapes of nanoparticles with high conductivity could also be used in the electrode to further

enhance the sensor performance.
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