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concordance value of 92 % at an analysis time of one hour.
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Abstract: Pen-side testing of farm animals for infectious diseases is critical for preventing transmission in herds and\
providing timely intervention. However, most existing pathogen tests have to be conducted in centralized labs with
sample-to-result times of 2-4 days. Herein we introduce a test that uses a dual-electrode electrochemical chip (DEE-
Chip) and a barcode-releasing electroactive aptamer for rapid on-farm detection of porcine epidemic diarrhea viruses
(PEDv). The sensor exploits inter-electrode spacing reduction and active field mediated transport to accelerate barcode
movement from electroactive aptamers to the detection electrode, thus expediting assay operation. The test yielded a
clinically relevant limit-of-detection of 6 nM (0.37 uygmL™") in saliva-spiked PEDv samples. Clinical evaluation of this
biosensor with 12 porcine saliva samples demonstrated a diagnostic sensitivity of 83 % and specificity of 100 % with a
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Introduction

It is widely disseminated that human, animal, and environ-
mental health is tightly interconnected. Pathogens such as
coronaviruses (CoVs) cause severe respiratory, enteric, and
systemic infections in human and animal hosts,"? jeopard-
ize animal husbandry and food supply,” and have poten-
tially devastating environmental and global biodiversity
consequences.'! Furthermore, viral outbreaks in livestock
pose continuous threats to human health, carrying risks of
human zoonotic infections or the emergence of trans-
boundary viral strains with pandemic potential, as evi-
denced by the recent COVID-19 pandemic.F! In fact, more
than 70 % of all emerging infections are believed to have
animal origins.®! Additionally, infectious animal diseases
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pose a clear economic threat, affecting local food produc-
tion, national economies, and global trade. In 2013, the
introduction of porcine epidemic diarrhea virus (PEDv)—
an emerging and highly transmittable CoV —devastated
10 % of the US commercial swine population in 31 states
within a span of 18 months, leading to economic losses of
> US $400 million.™

Although biosecurity measures in the commercial swine
industry is comprehensive in many countries including
Canada and United States, the rapid and recurrent spread of
PEDv demonstrates the vulnerability of the farming industry
to emerging pathogens. The current biosecurity surveillance
measures for animal diseases such as PEDv rely on polymer-
ase chain reaction (PCR) testing, which requires analysis at
centralized laboratory, specialized equipment and technical
expertise, and transport and turnaround times between
sample submission and diagnosis spanning 2—4 days.”” The
lack of rapid and on-farm testing allows emerging animal
pathogens to spread, increasing morbidity and mortality
rates in animals.® Immunoassays are popular alternatives to
PCR for PEDv detection, which reduce sample-to-result
time and assay complexity by eliminating the need for
reverse transcription and target amplification. These assays
rely on the use of antibodies as bio-recognition elements
and are often integrated into engineered detection platforms
or devices for rapid testing such as lateral flow assays
(LFAs),”*™  enzyme-linked  immunosorbent  assays
(ELISA),">' and electrochemical assays.'*?”! Although
rapid, these methods, all based on antibody-based sandwich
assays, either require multi-step processing such as washing,
labeling, or addition of reagents (ELISA and electrochem-
ical assays) or suffer from low clinical sensitivity and
specificity partly stemming from the poor stability and cross-
reactivity of the antibodies (LFAs).”
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DNA aptamers, a class of functional nucleic acids
selected in vitro for specific target binding, offer several key
advantages over antibodies for the development of rapid
tests such as their small size, high chemical and thermal
stability, easy and precise modification, compatibility with
DNA machines and consequently reagent-less sensing,
scalable production and minimal batch-to-batch variation.*!
In addition, it has been shown that aptamers can be used to
directly detect targets present in clinical samples,%!
making these molecular recognition elements increasingly
important for developing rapid diagnostic devices. In the
past few decades, many important DNA aptamers have
been selected for rapid diagnosis of viral diseases including
human immunodeficiency virus (HIV), influenza, porcine
reproductive and respiratory syndrome virus (PRRSv),
African swine fever virus (ASFv) and coronaviruses like
SARS-CoVP*?®! and MERS.””" However, there are no
aptamers currently available for detecting PEDv.

We sought to develop a reagent-less electrochemical
aptamer-based sensor for rapid PEDv sensing to combine
the advantages of aptamers with the ultra-sensitivity of
electrochemical readout. The existing aptamer-based elec-
trochemical sensors typically employ target-induced struc-
ture switching.”>"! The integration of the redox label
directly on the structure-switching aptamer that is immobi-
lized on the sensing electrode often results in large back-
ground signals even before target capture due to the
reversibility of the system™! and/or the flexibility of the
DNA aptamer.”'*! Aptamers relying on the displacement
of a labeled single-stranded DNA strand for signal trans-
duction offer an alternative strategy;”***" however, such
assays typically operate in a signal-off configuration®*" or
carry a large background current in the few reported signal-
on designs.”>® The abovementioned assay designs are
prone to introducing errors in heterogeneous clinical
samples that generate varying background signals.

In order to develop a reagent-free, signal-on, and low
background sensor for detecting PEDv, we first discovered a
PEDv-specific aptamer that we later integrated into a dual-
electrode electrochemical chip (DEE-Chip). The DEE-Chip
aptasensor is designed to house the aptamer bound to a
DNA barcode onto one electrode and detect the released
barcode on another electrode. The separation of the analyte
capture and signal reporting on two different electrodes
enables signal-on sensing with almost no redox background.
Mass transport enhancement strategies, such as reduction of
inter-electrode spacing and active field mediated transport,
were also effectively harnessed to overcome slow Kkinetics,
enabling the dual-electrode sensor to discriminate between
healthy and diseased samples from 12 clinically derived
porcine oral fluids in 60 mins without target labelling,
amplification, or enrichment.
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Results and Discussion
Aptamer Selection and Characterization

In order to develop the DEE-Chip aptasensor for detecting
PEDv, we selected DNA aptamers specific to the nucleocap-
sid protein of PEDv (N-PEDv) using our previously
described magnetic bead-based SELEX technique (Fig-
ure 1a).%%*! We chose N-PEDv as the target analyte due its
high degree of expression and ability to conserve large
genetic regions during PEDv infection, which minimizes the
extent of mutation relative to the spike (S) protein sites.[***!

Following ten rounds of selection with a library contain-
ing 6x 10" DNA molecules (see Table S1 for the sequences
of the DNA library and primers used), high-throughput
sequencing was conducted using the 10™ selection pool,
consistent with a previously described protocol.*? Many
aptamers were discovered; the top 50 aptamer sequences
based on their abundance in the final pool are listed in
Table S2 (named according to their rank). The top five
ranked aptamers (PEA1-PEAS) were selected for binding
studies using a gel-based electrophoresis mobility shift assay
(EMSA). The extracted K, values (binding affinity) of these
aptamers ranged from 2.3 to 26.3 nM (Table S2), values that
are comparable with most reported aptamers for pathogen
detection and thus validate the quality of the selected
sequences for subsequent use in diagnostic assays.*! As
PEAL yielded the highest affinity (K;=2.3 nM) compared
to the other four sequences, it was chosen for further
investigation.

It is widely disseminated that shorter aptamers are more
stable, cheaper to produce and easier to immobilize onto
electrodes.! Considering these factors, we truncated PEA1
(containing 79 nucleotides; Figure 1b) to yield shorter
variants. In total, 8 variants (named PEA1-1 to PEA1-8)
were designed and tested for N-PEDv binding using EMSA
(Figure S1). A close analysis of the data revealed that
PEA1-3 (shortened to 54 nucleotides; Figure 1c) possessed
an affinity (Ky=2.8 nM, Figure 1d and Figure S2) similar to
that the full length PEA1, while a significant loss in affinity
was observed for all other derivatives (Figure S1). This
result suggests that the L1 and L2 loops in PEA1 play
important roles in recognizing the protein target (Figure 1b).

In addition to affinity, we also tested the specificity of
PEA1-3 by evaluating its binding to the following four
proteins: bovine serum albumin (BSA), human a-thrombin
(Tb), RNase H2 of Clostridium difficile (RNase H2) and the
target N-PEDv protein (Figure le). BSA is commonly used
as a control protein to test the aptamer specificity. Human
o-thrombin, on the other hand, was chosen due to the
existence of a high-affinity DNA aptamer that specifically
recognizes this human protein®! while RNase H2 was
chosen to represent a nucleic acid binding protein. We did
not observe any significant binding of PEA1-3 to the control
proteins. We further tested aptamer-specific interactions of
PEA1-3 with the spike (S) and nucleocapsid (N) proteins of
SARS-Cov-2 (another virus from the coronavirus family)
and did not observe any significant binding (Figure S3),
further validating the specificity of the aptamer. Owing to its
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Figure 1. Aptamer selection and characterization. a) Depiction of the aptamer selection process. The secondary structures of b) full-length aptamer
PEA1 and c) truncated PEA1-3. d) Binding curves and resultant affinity values (K, nM) extracted from the full-length and truncated aptamers
binding to the nucleocapsid protein of PEDv (N-PEDv). Aptamer PEA1-3 was chosen for subsequent testing. e) Selectivity tests demonstrating
PEA1-3 binding of N-PEDv (target protein) in comparison with the control proteins bovine serum albumin (BSA), thrombin, and RNase H2 of
Clostridium difficile (RNase). A concentration of 5 nM of each protein was used in this study (BA: bound aptamer; UA: unbound aptamer).

ability to specifically identify N-PEDv, we chose PEA1-3
for constructing the reagent-less electrochemical assay for
detecting PEDwv.

Engineering the Dual-electrode Electrochemical Chip
(DEE-Chip)

In order to integrate PEA1-3 into a reagentless electro-
chemical biosensor, we annealed the newly developed
aptamer sequence (PEA1-3) with a methylene-blue (redox
molecule) tagged bio-barcode to create an electroactive
aptamer (e-aptamer), the sequence of which is given in
Table S1. The e-aptamer was then integrated into a dual-
electrode electrochemical chip (DEE-Chip) with two sensing
electrodes, E,; and E, (Figure 2). In this assay, E, is used for
housing the e-aptamers on the electrochemical chip at the
time of fabrication to enable reagent-less operation and for
validating the chip and assay quality; whereas, E, is designed
for generating the electrochemical signal needed for sample
analysis. For constructing the DEE-Chip, we immobilized
the e-aptamers onto E, and modified E, with single-stranded
DNA (ssDNA) capture probes specific to the biobarcode
sequence of the e-aptamer (Figure 2). In the presence of the
target protein, the redox barcode is designed to be released
from E,, diffuse on the DEE-Chip, and then be recaptured
on E, for signal generation. The two related yet separate
events on E; and E, are expected to yield a signal
attenuation on E; and signal increase on E, upon target
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capture. To facilitate the barcode release from E;, we
designed several mismatched base pairs between the
aptamer PEA1-3 and barcode (Figure2c and S4). Five
barcode sequences were designed to form partial duplexes
with PEA1-3 and the release of the barcode was assessed
using native polyacrylamide gel electrophoresis with radio-
labeled barcodes and PEA1-3 in the presences of N-PEDv
protein. Barcode-3, which showed the highest release
(91.2%), was chosen as the bio-barcode for setting up the
electrochemical tests (Figure S4 and Table S1).
FElectrochemical chips comprised of star-shaped E; and
E, gold electrodes patterned onto polystyrene substrates
were fabricated for small volume (10 puL) bioanalysis.
Electrodeposition of gold was then employed to derive the
three-dimensional nanostructured architecture required for
sensitive detection at both electrodes**”! (Figure S5). Dif-
fusion-limited growth stemming from the presence of sharp
edges along the star electrodes served as the main driving
force in  generating this dense nanostructured
topography.**! To ensure successful reproducibility and
function of the devised platform, 1) extensive electrochem-
ical cleaning of the electrodes was conducted prior to e-
aptamer and probe bio-functionalization, 2) reproducible
electroactive surface area generation was conducted on both
E, and E, using cyclic voltammetry in sulfuric acid (Fig-
ure S6a), and 3) sufficient e-aptamer and probe bio-func-
tionalization was verified for E;, and E, using cyclic-
voltammetry measurements in 2mM K,Fe(CN), (Fig-
ure S6b). Electrodes that significantly deviated from the
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Figure 2. Schematic illustration of the operating principles and the
components of the DEE-Chip assay. a) Sample-to-test workflow: liquid
samples comprising of N-PEDv are introduced to the DEE-Chip using a
dropper. b) Signal changes: Left: Prior to sample introduction, a
methylene blue redox peak is exhibited by E, while an absence of this
peak is exhibited on E,. Right: Following N-PEDv introduction, target
induced displacement of the redox barcode on E, and subsequent
capture on E, yields a decrease in the methylene blue peak on E, while
a signal increase is seen on E,. c) Molecular Operation: Left: E-
aptamers comprised of redox barcodes are immobilized on E; while
single-stranded DNA (ssDNA) capture probes are anchored on E,.
Middle: In the presence of the target protein (N-PEDv), these redox
barcodes are released from E, and diffuse towards E,. Right: Following
diffusion, the redox barcodes are subsequently captured on E,, yielding
a decrease in the redox peak on E, and a signal increase on E,.

expected electroactive surface area and those that did not
present the expected redox signature and peak values were
not used for further experiments to reduce chip and
manufacturing related variabilities.

We have evaluated the storage stability of our DNA
functionalized chips in a previous study.” Vacuum-packed
chips stored at 4°C demonstrated a 20 % decrease in signal
after 30 days, which is in agreement with reported literature
on storage stability of similarly functionalized gold
electrodes.”” The high signal-to-background ratio of our
assay is expected to enable our assays to be usable despite
the signal loss; however, the use of preservation
chemistries®™ might be required in the future to overcome
aging effects.

Electrochemical Assessment Against Viral Protein Load
Given its importance to the farming industry and the lack of

rapid tests currently available, we chose PEDv as our clinical
target. However, this assay design can be easily adapted to
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other viral and non-viral targets by modifying the e-aptamer
to one specific to the newly chosen analyte.*

Aiming to assess the performance of the DEE-Chip in
detecting clinically relevant amounts of viral protein, we first
challenged the platform with known concentrations of N-
PEDv spiked in buffer. Measured current changes at both
E, and E, (using square wave voltammetry, SWV), were
used to probe the DEE-Chip response to viral protein loads
of 10 nM (0.6 pgmL™") to 500 nM (29 pgmL ") following an
incubation period of 45 mins and a small sample volume of
10 uL (Figure 3a). The redox currents on each electrode
were generated through the electrochemical reduction of
methylene blue that was tagged on the DNA barcode. The
ensuing signal-changes were quantified by measuring the
redox current before (baseline; I E; yore> I Ej peore) and after
(signal; T E| e, I Es o) Viral protein loading of the DEE-
Chip, with the resultant signal-changes [Signal Change E (Al
E/l EY=(1 E 4o~ E iore) =T E eiore)] then extracted to
yield the sensor response calibration curve (Figure 3b). Prior
to target introduction, e-aptamers immobilized on E, bring
methylene blue moieties close to the gold surface. As this
electrode is stepped through a series of potential pulses,
reduction of methylene blue at the electrode gives rise to a
characteristic voltametric peak at —0.3 V (baseline; Fig-
ure 3b (left, inset)).”! Concurrently, an absence of this
redox signature is observed on E, due to the lack of
methylene blue (baseline; Figure 3b (right, inset)). In this
manner, a device comprising of a signal-off (E;) electrode
and a signal-on electrode (E,) is designed on a single chip, in
which both electrodes are operated under identical exper-
imental conditions.

As anticipated, we observed opposing trends in signal-
changes on E; and E, that monotonically decreased (Fig-
ure 3b, left)) and increased (Figure 3b, right) with target
concentration, respectively. It is interesting to note that a
signal saturation is exhibited at both electrodes at a target
concentration of 500 nM (29 ugmL™"), likely due to the
saturation of available capture sites on E; and E,. A
regression fit to the linear region of the calibration curve
yielded a limit-of-detection (LOD) of 14 nM (0.82 uygmL;
82 ng for a sample volume of 10 pL/electrode) for the
signal-off electrode, whereas a LOD of 10 nM (0.60 ugmL™;
6.0 ng) was exhibited by the signal-on electrode in buffer
(Figure 3b).

To evaluate the effectiveness of the DEE-Chip in work-
ing in relevant matrices, we spiked the viral protein targets
(10 uL sample volume) in 30 % swine saliva. However, in
order to compensate for the increased non-specific adsorp-
tion in this biological matrix, thiol terminated polyethylene
glycol (PEG) was used as the anti-fouling agent. Further-
more, the incubation period was increased from 45 mins to
120 mins to account for the increased diffusion time required
by the bio-barcode within the more viscous saliva matrix./*”
Trends mirroring those demonstrated in the buffer-spiked
study were seen in SWV curves obtained using saliva-spiked
samples (Figure 3c). The signal-change extracted from the
voltammetry curves revealed that while both the buffer and
saliva study were able to distinguish between samples with
and without PEDv on E,, starting at a concentration of

© 2022 Wiley-VCH GmbH
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Figure 3. Dual electrode electrochemical assay for detecting PEDv nucleocapsid protein. Square wave voltammetry (SWV) curves obtained from E,
and E, following incubation with various concentrations of target protein spiked in buffer (a) or 30% swine saliva (c) and incubated on the
electrode for 45 mins or 120 mins, respectively. b) Calibration plots depicting the associated signal-changes in signals attained on E, and E,
following incubation with target concentration of 10 nM (0.6 pgmL™"), 20 nM (1.2 pgmL™"),100 nM (5.8 ugmL™"), 250 nM (14.5 pgmL™") and

500 nM (29.0 ygmL™") in buffer (b) or 30% swine saliva (d). All electrochemical measurements were performed in a 25 mM phosphate buffer
solution containing 25 mM NaCl (25/25 buffer) against a silver/ silver chloride (Ag/AgCl) reference electrode and a platinum (Pt) counter electrode
in a potential range of 0-0.45 V and a scan rate of 0.1 Vs™". Error bars depict the standard deviation from the mean obtained using three (n=3)

separate devices per sample.

10nM (0.6 pygmL "), the signal-change was considerably
higher in the saliva study (Figure3d). This is largely
attributed to the increased incubation time used in the
saliva-spiked study. Even though signal saturation on E, was
observed in buffer starting at a concentration of 250 nM
(Figure 3b), this was not observed when saliva samples were
used (Figure 3d). We attribute this to the increased viscosity
of saliva and slower diffusion of barcode from E, to E, as
well as non-specific binding between released barcodes and
saliva components, all of which could reduce the amount of
barcode available at E,. The associated calibration curve,
pertaining to the signal-changes at E; and E,, revealed a
LOD of 15nM (0.89 pygmL™'; 8.9 ng) for E, and a LOD of
8nM (0.46 pgmL'; 4.6ng) for E, in saliva (Figure 3d).
Despite minute differences in LOD between buffer spiked
and saliva spiked samples, both samples yielded LODs that
fall well within the clinically relevant range reported. More
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specifically, considering the 10 uL analysis volume, the
method is capable of detecting as low as 4.6 ng of the protein
in saliva, which is in line with the reported values of 440 ng
on day 3 or 66.3 ng on day 7 in rectal swabs.* This is further
bolstered by the finding that a significantly higher magni-
tude of shedding is observed in oral fluids as compared to
rectal swabs during the 14 days post-infection with PEDv.[*?
The large signal-changes achieved on E, and the resultant
LOD are facilitated by our unique two-electrode design that
suppresses background contributions on E,.[®! Rapid antigen
tests often require sample dilution to both reduce non-
specific binding and control sample viscosity.™ We exam-
ined whether this is necessary for our newly developed assay
(Figure S7). Our data demonstrate that despite the observed
signal change on E, in the presence of N-PEDv in undiluted
saliva, negligible signals are generated on E,. However, the
signal on E, is recovered when saliva is diluted to 30 %. The
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lack of signal on E, in undiluted saliva is likely related to the
reduced mass transport from E; to E, due to the high
viscosity of undiluted saliva, non-specific binding between
saliva components and the barcode, and the non-specific
binding of saliva components with the probe on E,, all of
which could have affected the signal generation at E,,

Specificity of the DEE-Chip Assay

To further explore the integrity of the devised platform, we
investigated whether the DEE-Chip assay could specifically
recognize N-PEDv targets. We challenged the sensor by
introducing a panel of non-target proteins including throm-
bin, bovine serum albumin (BSA), and ribonuclease
(RNase) spiked in 30 % healthy porcine saliva. The DEE-
Chip displayed remarkable specificity, accurately distin-
guishing the N-PEDv samples from the nonspecific panel on
both E, and E, (Figure 4a—c). Moreover, a significantly high
signal-change of 10.80 was observed on E, when it was
incubated with the N-PED sample compared to relatively
insignificant signal-changes of 0.00, 0.09 and 0.41 for
thrombin, BSA and RNase respectively, demonstrating the
exceptional specificity of the assay. The use of two separate,
yet related biorecognition events—target binding on E; and
barcode binding and signal transduction on E,—reduces the
effect of nonspecific binding occurring on E, on the signal
generated on E,, contributing to the high specificity of this
assay.
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Kinetics Analysis and Optimization

While the engineered DEE-Chip embodies the analytical
sensitivity and specificity required for N-PED detection in
saliva, a detection period of 120 mins is undesirable for on-
farm testing. To overcome this limitation, we explored
whether strategies such as reduction of inter-electrode
distance and electric field-mediated barcode transport could
be leveraged to accelerate mass transport and reduce the
required incubation times.*”) Towards this end, we examined
the kinetics of the sensor response by measuring the signal-
changes on the two electrodes as a function of incubation
time (Figure 5) for three different electrode configurations
(Figure 5a). The first configuration represents the original
assay design, with an inter-electrode spacing “x” of 500 um
between E; and E, (Figure 5a,i). This was used to probe and
identify the limitations inherent to our original design (as
used in Figure 3). The second configuration features a
reduced inter-electrode spacing “y” of 300 um between the
two electrodes (Figure 5a,ii), allowing us to directly probe
whether decreasing the inter-electrode distance is sufficient
to overcome the challenge of transporting the barcode
through the viscous salivary medium to E, in under
120 mins. The last configuration explores the use of a
positive bias potential, applied on E,, in conjunction with an
interelectrode spacing of 300 um (Figure 5a,iii) to drive the
negatively charged DNA barcode via electro-migration from
E, to E,.

Plots representing the release and capture Kkinetics
observed in each of these three cases reveal that on E,, a
linear decrease in signal-change is observed between 15 and
60 mins, with the slope of the curve decreasing after 60 mins
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Figure 4. Specificity testing of the DEE-Chip in 30% porcine saliva. a) Square wave voltammograms representing the signal-changes obtained from
a pair of E; and E, electrodes. Each pair was separately incubated with 250 nM N-PEDv (target protein), bovine serum albumin (BSA), thrombin
and ribonuclease (RNase) spiked in 30% porcine saliva. Jitter-plots comparing the signal responses obtained from E, (b) and E, (c) in the presence
of target (N-PEDv) and control (thrombin, BSA, RNase) proteins. All electrochemical measurements were performed in a 25 mM phosphate buffer
solution containing 25 mM NaCl (25/25 buffer) against a silver/ silver chloride (Ag/AgCl) electrode and a platinum (Pt) counter electrode in a
potential range of 0~0.45 V and a scan rate of 0.1 Vs™'. Error bars depict the standard deviation from the mean obtained using three (n=3)

separate devices per sample.
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Figure 5. Developing engineering strategies for reducing assay time.
a) A visual representation of the engineering changes made to the
DEE-Chip for reducing assay time. The first case (i) demonstrates the
original inter-electrode spacing “x=500 pm” between E, and E,.
Scenario (ii) depicts the reduction of this inter-electrode spacing to
“p=300 pm”. Scenario (iii) portrays the use of inter-electrode spacing

w,n

y” in conjunction with an applied positive potential bias (+0.5 V) on
E,. b), c) Plots represent the release and capture kinetics observed in
each of the three cases depicted in (a). Dotted lines in (c) indicate
signal onset; extracted using tangents constructed to linearly extrap-
olate signal response at the first true-signal (non-noise) data points
and at the data point prior to the first true-signal (non-noise) data
(indicated by reference lines). For each group, n=3 independent
devices were tested per sample, each incubated with 500 nM of N-
PEDv at a sample volume of 10 pL. The data are presented as
mean + standard deviation with visual guidelines depicting the overall
trend in each scenario.

(Figure 5b). Redox-tagged barcodes are increasingly re-
leased between 15 and 60 mins as target proteins bind to the
surface immobilized e-aptamers. A plateau in signal-change
is subsequently attained at 120 mins as accessible e-aptamer
sites on E; are exhausted. In case “i” (x=>500 um), capture
of the released barcodes begins at 43 mins, rising exponen-
tially until a capture of >50% is attained by 120 mins
(Figure 5c¢,1). Using a diffusion coefficient (D) of ~1.18x
10" m?s™, as deduced from a fluorescein-tagged 33-nucleo-
tide oligomer navigating an aqueous solution,* we calculate
that it takes 17.7 mins (r=x%2D) for the barcode to diffuse
through an inter-electrode distance (x) of 500 um. Given
that the signal onset (43 mins) takes longer than the
diffusion time (estimated =18 mins in aqueous media), we
hypothesize that the viscosity of the salivary matrix lowers
the reaction kinetics. Reducing the inter-electrode distance
to 300 um to overcome this inherent diffusion time barrier
causes the theoretical diffusion time to reduce to 6.4 mins,
which correlates to a practical observed signal onset at
33 mins (Figure 5¢,ii). Inspired by the electrophoretic mo-
tion of DNA fragments through gels, we applied a positive
potential bias across E, to further aid in diffusion of the
barcode through saliva. Time-resolved electrochemical
measurements revealed that while signal onset mirrored that
of detection without the application of a bias-potential (case
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i), the signal-change increased at a much faster rate
between 30 and 60 mins, reaching 75 % of its final value at
60 minutes compared to much lower values for the first
(20 %) and second (45 %) configurations (Figure Sc, iii). The
improved signal detection achieved for sensors employing
both the reduction of inter-electrode distance and the
application of a bias potential supports the reduction of
detection time from 120 mins (case i; original design) to
60 mins (optimized design) for facilitating rapid on-farm
analysis. We have also measured the specificity and limit-of-
detection of the DEE-Chips with a reduced inter-electrode
distance and under an applied bias (scenario (iii)). As
expected, the redesigned chips enhanced the limit-of-
detection measured on E2 (6 nM in saliva and in 60 mi-
nutes). Additionally, the chip redesign did not affect the
assay specificity (Figure S8).

Clinical Detection

Given the literature evidence supporting the presence of
sufficient viral loads in the oral fluid samples for up to
35 days post-infection as measured by reverse transcription
PCR (RT-PCR), we expected viral detection in saliva to be
feasible using our assay.”’ We next assessed the capability
of the DEE-Chip for detecting PEDv in clinical swine saliva
samples. We analyzed 12 anonymized, clinically-sourced
swine oral fluid samples (Figure 6), six of which were
established as PEDv-positive and 6 of which were deter-
mined to be PEDv-negative by RT-PCR (Figure S9).
Following lysis and dilution, the porcine saliva samples were
analyzed using DEE-Chips for 60 mins (Figure 6a).
PEDv-positive samples exhibited a larger signal change
(0.44-0.75) compared to PEDv-negative samples (0.05-0.30)
on E, (Figure 6b). This was paralleled by much larger signal
differences observed between positive (3.0-20.8) and neg-
atives samples (< 0.90) on E, (Figure 6¢). It is important to
note that the DEE-Chip was unable to identify the presence
of PEDv in positive sample 4. In addition, small variations
in the magnitude of signal-change were observed with the
different samples, which is likely due to the differences in
the composition of the individual saliva samples and their
respective viral loads. Despite these variations, the electro-
chemical assay retains its performance over a range of
statistically significant cycle threshold (C,) values derived
from PCR (i.e., C, of 28.9-28.6 for positive samples 1-3 and
C, of 33.2-33.1 for positive samples 5-6). It should be noted
that the false-negative sample 4 had the largest C, value
(33.9) amongst the samples and as such the lowest viral load.
There are two hypotheses for the rationale behind the false-
negative result generated using sample 4: 1) an insufficient
viral load and 2) the presence of salivary inhibitory factors
that prevent bio-recognition by the aptamer on E,. We
tested these two hypotheses by re-analyzing the false-
negative sample and manually spiking it with PEDv at a
concentration of 500 nM (Figure S10). The signal-changes
elicited were then compared against an unspiked false-
negative analogue and a PEDv negative sample. Of these,
only the PEDv spiked samples exhibited a significant signal-
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Figure 6. Clinical evaluation of the DEE-Chip. a) Illustration of the diagnostic workflow from sample collection to sensor operation. Following
sample dilution and heating, the collected porcine saliva sample is added to the DEE-Chip, incubated for 60 mins at room temperature and

scanned using a portable potentiostat. Jitter-plots depicting signal-changes
(navy) and six negative (yellow) porcine saliva samples. Dotted lines indicat

measured on b) E, and c) E, for six clinically-obtained PEDv positive
e the cut-off threshold of the assay as extracted using the “Analyse-it”

toolkit in excel. The bars represent the mean of the signal-change extracted from square wave voltammograms on E, and E, for a given sample.

The error bars represent the standard deviation from the mean obtained usi

ng three (n=3) separate devices per sample. All square wave

voltammograms were obtained using 25 mM phosphate buffer solution containing 25 mM NaCl (25/25 buffer) as the supporting electrolyte
against a silver / silver chloride (Ag/AgCl) electrode and a platinum (Pt) counter electrode in a potential range of 0-0.45 V and a scan rate of
0.1 Vs™. In addition, E, electrodes were biased using a bias potential of +0.5 V to reduce the detection window to 60 mins.

change (0.53) on E, and a large gain in signal-change (17.83)
on E,. The ability of the DEE-Chip to detect the spiked
sample rules out salivary inhibitory factors, pointing to the
insufficient viral load as the reason for the negative response
(consistent with the high C, value of sample 4).

Receiver Operator Characteristics (ROC) curves con-
structed from the data from the DEE-Chip (Figure 6b,c)
were subsequently used to assess the clinical performance of
this assay (Figure S11).*%1 An overall accuracy, or area
under the curve (AUC), of 0.975 (CI, 0.936-1.014), sensi-
tivity of 83 %, and specificity of 100 % were obtained at a
decision threshold of —0.34 (signal-change) on E,. A
corresponding AUC of 0.873 (CI, 0.735-1.012), sensitivity of
83 %, and specificity of 100 %, at a threshold of 1.16 (signal-
change) were obtained using E, data. We have also used our
calibration curve (Figure S8a) to convert the electrochemical
metrics to analytical metrics (Figure S12). The signal ranges
for the positive samples on E, ranged from 12-613 nM
(0.68-27 uygmL ™" (Figure S12)). Inspection of the clinical
performance metrics (sensitivity, specificity and AUC)
reveals that the DEE-Chip performance falls well within the
standard threshold of a reliable diagnostic test (AUC
>0.8,1% sensitivity >80%*) and specificity >90 %)),
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thereby indicating the potential of this assay for future
clinical use.

Conclusion

Considering recurrent surges in PEDv outbreaks coupled
with increasing reports of emerging viral pathogens in
animals, the need for a simple, on-farm, saliva-based viral
test is more critical than ever. In response, we developed a
rapid, simple, and reagent-less assay for on-farm detection
of PEDv. We developed a dual-electrode electrochemical
Chip (DEE-Chip) featuring functional e-aptamers for PEDv
testing. Towards this end, SELEX was first employed to
select a novel high-affinity DNA aptamer (Ky=2.3 nM) that
discriminately targets the highly conserved and mutation-
resistant N-protein of the PEDv virus. The DEE-Chip uses
a unique approach for integrating the PEDv aptamer for
reagent-less sensing; it includes one electrode for housing
the aptamer annealed with a redox DNA barcode and
another electrode for capturing the DNA barcode and
transducing an electrochemical signal. Using this approach,
the DEE-Chip yielded clinically relevant LODs of 14 nM
(0.82 ygmL™; E,) and 10 nM (0.60 uygmL""; E,) in 10 uL of
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buffer-spiked N-PEDv samples; while clinically relevant
LODs of 15nM (0.89 pgmL™; E,) and 8 nM (0.46 ugmL™";
E,) were obtained using saliva-spiked N-PEDv samples.

To reduce the assay time (initially 120 mins) for rapid
on-farm testing, we focused on engineering the inter-
electrode spacing of the chip and the use of a bias potential
to enhance the mass transport of the DNA barcode from
one electrode to another. Using the re-engineered DEE-
Chip, we analyzed 12 clinically-derived swine saliva samples.
The DEE-Chip successfully analyzed 92 % (and 100 % of all
samples for C;<33.17) of the clinical samples with a clinical
sensitivity of 83 %, specificity of 100 % and LOD of 6 nM
(0.37 ygmL™"; E,) in 60 mins without target amplification,
target enrichment, target labelling, or the addition of read-
out reagents. The DEE-Chip is versatile and can be
integrated with other e-aptamers for detecting various
bioanalytes, including other viruses and bacteria, for ful-
filling the unmet need of rapid and on-farm animal disease
surveillance.

Experimental Section

Comprehensive experimental procedures were placed in the
Supporting Information.
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