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ABSTRACT: Rapid and inexpensive serological tests for SARS-CoV-2
antibodies are needed to conduct population-level seroprevalence
surveillance studies and can improve diagnostic reliability when used in
combination with viral tests. Here, we report a novel low-cost
electrochemical capillary-flow device to quantify IgG antibodies targeting
SARS-CoV-2 nucleocapsid proteins (anti-N antibody) down to S ng/mL
in low-volume (10 L) human whole blood samples in under 20 min. No
sample preparation is needed as the device integrates a blood-filtration
membrane for on-board plasma extraction. The device is made of stacked
layers of a hydrophilic polyester and double-sided adhesive films, which
create a passive microfluidic circuit that automates the steps of an
enzyme-linked immunosorbent assay (ELISA). The sample and reagents
are sequentially delivered to a nitrocellulose membrane that is modified
with a recombinant SARS-CoV-2 nucleocapsid protein. When present in
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the sample, anti-N antibodies are captured on the nitrocellulose membrane and detected via chronoamperometry performed on a
screen-printed carbon electrode. As a result of this quantitative electrochemical readout, no result interpretation is required, making
the device ideal for point-of-care (POC) use by non-trained users. Moreover, we show that the device can be coupled to a near-field
communication potentiostat operated from a smartphone, confirming its true POC potential. The novelty of this work resides in the
integration of sensitive electrochemical detection with capillary-flow immunoassay, providing accuracy at the point of care. This
novel electrochemical capillary-flow device has the potential to aid the diagnosis of infectious diseases at the point of care.

KEYWORDS: point-of-care (POC) diagnostics, capillary-flow device, electrochemistry, SARS-CoV-2, serology

B INTRODUCTION

Coronavirus disease (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was
classified as a pandemic by the World Health Organization
and has caused over 4 M deaths worldwide as of July 2021." In
order to contain the pandemic, different strategies have been
developed within the last year to detect SARS-CoV-2
infections and monitor the virus spread. Both antigen and
antibody detection play important roles in pandemic manage-
ment as well as assessment of patient prognosis.

Reverse transcription polymerase chain reaction (RT-qPCR)
is considered to be the gold standard method for detecting the
presence of virus, while rapid antigen tests are used for
screening at point-of-care (POC) facilities.” Meanwhile,
serological testing has become key for population-level
surveillance because it can be used to detect previous exposure
to SARS-CoV-2, even in asymptomatic patients, and enables
identification of individuals that remain susceptible to the
virus.” Thus, seroprevalence analysis can guide decision
making around social restrictions and lockdown measures
that are in place in most countries.” Moreover, serological
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assays can be used in combination with RT-qPCR to improve
COVID-19 diagnostic reliability,”® as well as to establish
contact tracing, to identify convalescence plasma donors and to
study antibody titers following vaccination.”

Current serological assays for COVID-19 include neutraliza-
tion assays, enzyme-linked immunosorbent assays (ELISAs),
and chemiluminescent immunoassays.” Whilst being highly
sensitive, these assays take hours to days to provide results and
require laboratory instrumentation that is not widely available
in low-income settings or at the point of care.” In response to
the need for rapid tests imposed by the worldwide pandemic,
multiple COVID-19 serology assays,”*'”"" including POC
assays'” are rapidly emerging. Of the rapid COVID-19
serology tests that are commercially available, most use
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lateral-flow immunoassay (LFIA) formats. While LFIAs offer a
simple operation and deliver fast results,"> their clinical
sensitivity remain far lower than standard laboratory methods,
limiting their impact on pandemic control and management."*
In addition, LFIAs require an advanced reader to give
quantitative results.

Electrochemical bioanalytical methods have gained consid-
erable interest in recent years'® because they provide easy and
rapid signal quantification, re(}uire simple instrumentation, and
enable assay miniaturization.'® Critically, sensitive electrodes
can be integrated in microsystems, enabling the analysis of
small-volume samples.'” Coupled with immunoassays, they can
achieve extremely low detection limits."®'” Electrochemical
immunoassays have been successfully applied to the detection
of viral antigens’””' and anti-viral antibodies.””** While
providing great analytical sensitivity and clinically relevant
dynamic range, electrochemical immunoassays typically require
multistep procedures and laboratory-based equipment.'®"”
Yet, with the growing use of carbon as an electrode material
and the miniaturization of electronic instrumentation, electro-
chemical assays can now be made low-cost and portable,
allowing for high-performance diagnostic assays to be
deployable at the point of care.”*~**

Electrochemical paper-based devices (ePADs) have attracted
widespread attention in biosensing due to their numerous
advantages.”” A paper is one of the most common materials
used in capillary-flow devices because it is affordable, flexible,
easy to dispose, and allows simple device fabrication.’® ePADs
are used to transport solutions through microfluidic channels,
delivering them to an electrode that drives an electrochemical
reaction. The flow is driven by the capillary force of the paper,
without the need for an external pump. As a result, ePADs
provide portability and simplicity while achieving high
analytical performance offered by electrochemical techni-
ques.”’ However, difficulty with controlling flow and the
resulting non-uniform flow rates are the known limitations of
ePADs. Capillary-driven microfluidic systems, such as lami-
nated devices made of polyester films, were developed to
overcome these limitations, enabling uniform, fast, and
accurate flow control.”>** Compared to paper-based devices,
which suffer from nonspecific adsorption of reagents and
analytes on the cellulose fibers, laminated devices are less
adsorbent, hence limiting this problem. Due to their improved
flow capacities and limited nonspecific adsorption, laminated
devices offer better analytical performance than paper-based
devices.”

Here, we present an electrochemical capillary-flow immuno-
assay that combines the ease of use of an LFIA with the high
sensitivity of electrochemical detection methods. Our novel
assay is applied to the detection of IgG antibodies against a
SARS-CoV-2 nucleocapsid protein (anti-N antibodies) in
human blood samples. An anti-N IgG antibody was chosen
as the analytical target of our novel device because of its
clinical relevance in COVID-19 diagnosis and patient
prognosis.”*"*® Based on our previous work,**” the device
developed here is made of stacked layers of polyester and
double-sided adhesive films, which create a capillary-flow
microfluidic circuit. The device integrates a blood-filtration
membrane for on-board plasma extraction. Dried reagents
along the microfluidic flow path are rehydrated during device
operation and sequentially delivered to a detection zone. The
detection zone consists of a stencil-printed carbon electrode
(SPCE) held onto a nitrocellulose membrane (NCM) that is
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modified with capturing agents specific to the target analyte,
anti-N antibody. If present in the sample, anti-N antibody is
detected using chronoamperometry in a sandwich assay setup.
Development of the electrochemical capillary-flow device is
presented, and a sensor response is characterized. As a proof-
of-concept experiment, the device is coupled to a near-field
communication (NFC) potentiostat operated from a smart-
phone, demonstrating its full potential for POC use.

B EXPERIMENTAL SECTION

Reagent Preparation. N Protein. A recombinant SARS-CoV-2
nucleocapsid protein (N protein) was produced as described
elsewhere.’®*” Briefly, a bacteria-codon optimized gBlock was cloned
into a pET28a bacterial expression with a C-terminal 6xHis tag. A
recombinant protein was expressed in BL21(DE3) pLysS E. coli and
purified by nickel affinity and size exclusion chromatography. To
minimize aggregation, S0 mM of HEPES buffer (pH 7.4), 500 mM of
NaCl was used throughout the purification process. N protein purity
was assessed using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. A solution of 0.5 mg/mL recombinant N protein
was prepared in 45 mM of trehalose and 4.5% glycerol and striped
onto a 3 X 16 mm NCM (FF120, GE) using a reagent dispenser
(Claremont Bio), so that 120 ng N protein was dispensed on each
strip. N protein striped NCMs were stored at 4 °C for up to a month
before use, as stability over storage was illustrated elsewhere.*”

HRP-Antibody. Anti-mouse-IgG conjugated to horseradish perox-
idase (HRP-antibody; ab97040, Abcam) was used as a detection
antibody. A solution of 5 ug/mL HRP-antibody was prepared in 0.01
M FeSO,—EDTA, 4% trehalose, and 0.1% BSA to enable storage of
the dried antibodies for at least 5 months.** HRP-antibody reagent
pads were made by pipetting 10 uL of this solution onto 3 X S mm
glass fiber pads (Millipore Sigma, GXDX203000) and were then dried
at 37 °C for 30 min. They were stored at 4 °C for up to a week before
use.

Anti-N Antibody. Antibodies against SARS-CoV-2 N proteins
(GTX632269, GeneTex Inc.) were spiked in 0.1 M phosphate buffer
saline (PBS) pH 7.4 (PBS-based sample) or in blood samples. Whole
human blood from healthy individuals was obtained from Lee
Biosolutions.

Other Reagents. The electrochemical substrate used throughout
this study was 3,3',5,5'-tetramethylbenzidine (TMB), purchased from
Sigma-Aldrich (T0440). The washing buffer solution consisted of 0.1
M PBS (pH 7.4) and 0.1% Tween80. All solutions were prepared
using ultrapure water purified using a Milli-Q system (Millipore
Sigma).

Electrode Fabrication. Electrodes were fabricated using a stencil-
printing method described previously.*' Graphite powder (3569,
Asbury Carbons) was hand-mixed with carbon ink (E3178, Ercon
Inc.) in the ratio 0.6—1 (%w/w) to create a graphite paste. Single-use
stencils were made of 100 um thick polyester films (PP2500, 3 M),
which were cut using a CO2 laser cutter (Zing 1000, Epilog)
following a pattern designed with CoreIDRAW. A stencil was taped
onto a whole polyester film (PP2500, 3 M) and a squeegee was used
to print the graphite paste onto the film. Upon removal of the stencil,
the SPCEs were cured at 60 °C for 30 min. SPCEs were then plasma
treated at 500 mTorr, 125 W for 2 min to improve electrochemical
performance.*" Finally, AglAgCl ink (901773, Sigma-Aldrich) was
hand-painted on the reference electrode (RE) and cured at 60 °C for
30 min. Plasma-treated electrodes, as fabricated here, have been
shown to be stable for at least 10 days*' and were used for up to a
week following plasma treatment.

Capillary-Flow Device Fabrication. The capillarzr—ﬂow device
was fabricated similarly to a device previously reported,”” with major
differences including the design and number of layers, the materials
used and the integrated SPCE. Here, the device was constructed by
stacking four layers of a 100 pm thick hydrophilic polyester film
(PP2500, 3 M) intercalated with three layers of a S0 um thick double-
sided adhesive (467 MP, 3 M). On each of these seven layers,
elements of the microfluidic circuit (channels, inlets, outlets and vent
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Figure 1. Schematic overview of the electrochemical capillary-flow immunoassay. (A) Exploded view (i) and 3-dimensional view (ii) of the
capillary-flow device incorporating a stencil printed carbon electrode (SPCE) facing a NCM. Exploded view (i) shows the four layers of polyester
film (gray, L1, L3, LS, L7) and the three layers of double-sided adhesive (turquoise, L2, L4, L6) assembled to create the 3-dimensional microfluidic
network represented in (ii). Pink arrows indicate flow direction during delivery regime. In channels where flow direction is different between filling
and delivery regimes, blue arrows indicate flow direction during filling regime. Where channels are superimposed, arrows indicate flow direction in
both top and bottom channels. (B) Electrochemical immunoassay and detection mechanism. If present in the sample, anti-N antibodies are
captured by N proteins striped on the NCM. Secondary HRP-labeled antibodies subsequently bind to anti-N antibodies and catalyze the oxidation
of the substrate TMB, creating an electroactive compound (oxTMB) that is detected via chronoamperometry.

holes) were designed using CorelDRAW and cut with a CO, laser
cutter, to create the 3D microfluidic network shown in Figure 1A. An
HRP-antibody reagent pad was placed in the device channel before
adding the top layer of polyester film. Then, a blood-filtration
membrane (Vivid GX Membrane, Pall Corporation) was placed over
the sample inlet, to retain blood cells and deliver plasma to the
microfluidic channel. Subsequently, a NCM striped with an N protein
was inserted at the outlet of the microfluidic channel, and a waste pad
(Grade 1 CHR, Whatman PLC) was placed over the end of the NCM
to create a passive pump for the fluidic system. Finally, a SPCE was
placed on top of the NCM, upside-down, so that the working
electrode (WE) was in contact with the N protein strip. The SPCE
was held in position on the NCM by the layer four adhesive (L4,
Figure 1Ai).

Device Operation and Electrochemical Recording. The assay
was initiated by adding a 10 4L blood sample onto the blood-filtration
membrane. Then, 85 uL of washing buffer were added to the buffer
inlet, as shown in Video S1. Once the buffer had started to flow
through the NCM, a 0.0 V potential was applied to the WE (vs the
AglAgCl RE) using a portable potentiostat (PalmSens4) and
chronoamperometry recording started. Following the sequential and
automated delivery of sample, washing buffer, HRP-antibody and
washing buffer to the NCM, 1 yL of TMB was added to the substrate
inlet on the NCM, as indicated in Figure 1Aii. In the presence of HRP
in the detection zone, TMB gets oxidized into an electrochemically
active product (oxTMB), which is then reduced at the electrode
surface, generating an increase in the cathodic current. The
electrochemical immunoassay detection mechanism is illustrated in
Figure 1B.

B RESULTS AND DISCUSSION

Electrochemical Capillary-Flow Device Design. The
electrochemical capillary-flow device was developed with the
aim of detecting anti-SARS-CoV-2 N protein specific antibod-
ies with high sensitivity at the point of care. The design of the
capillary-flow device was based on previous POC devices
developed by our group”’**” and incorporated a SPCE to
allow for high-sensitivity detection. Assembled layers of laser-
cut polyester and double-sided adhesive films created the
microfluidic circuit shown in Figure 1A. This microfluidic
circuit provided sequential delivery of the reagents used in the
electrochemical immunoassay to a detection zone. The
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detection zone consisted of a NCM that was modified with a
capturing agent, recombinant SARS-CoV-2 N protein, and a
SPCE in contact with it. The SPCE had been plasma-treated
for improved electrochemical performance, as previously
characterized." The flow was maintained by an absorbent
waste pad placed downstream from the detection zone.

The capillary flow-driven assay was initiated by adding a 10
uL sample of whole blood on the blood-filtration membrane.
This allowed blood cells to be retained in the membrane, while
plasma passed through it and entered the channel. The buffer
was then added to the device, simultaneously filling all the
device channels by capillary action, as illustrated by the arrows
in Figure 1Aii) and shown in Video S1. This was possible,
thanks to a bare glass fiber pad (L3, Figure 1Ai) and a vent
hole (L7, Figure 1Ai) that were added to the buffer channel to
prevent air from being trapped. The buffer flow under the
blood-filtration membrane carried blood plasma to the NCM.
If present in the sample, anti-N antibodies bound to the N
proteins immobilized on the NCM (Figure 1B). While buffer
kept flowing in the channels and through the NCM, washing
away unbound sample components, HRP-antibodies were
released from the reagent pad placed on L4 (Figure 1A) and
subsequently delivered to the NCM. At this point, HRP
antibodies bound to anti-N antibodies if present on the NCM.
To prevent non-specific absorption of HRP-antibody the
blood-filtration membrane, which could act as a passive pump
due to evaporation, the center channel was split into two
superimposed channels and a hydration channel was
incorporated into the device (shown in dark gray in Figure
1Aii). This enabled the plasma to flow through the top channel
while the washing buffer and the HRP-antibody flow through
the bottom one (so called HRP-antibody delivery channel,
shown in yellow in Figure 1Aii). Both channels converged at
the end of the device, after the blood-filtration membrane but
before the NCM. Evaporation of solution through the filtration
membrane was also minimized by covering it with a lid made
of a polyester film (Figure 1Ai). Following HRP-antibody
delivery, the excess of HRP-antibody that had bound to the
NCM was washed off automatically by the washing buffer
running through the device. Lastly, 1 yL of the TMB substrate
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was added to the substrate inlet on the NCM, as indicated in
Figure 1Aii. From there, it flowed to the detection zone where
it was oxidized by HRP when present. The resulting
electroactive compound (oxTMB) was finally detected via
chronoamperometry using the SPCE held on the NCM. The
complete sandwich immunoassay and electrochemical detec-
tion mechanism are illustrated in Figure 1B.

Sequential Delivery of Reagents. The ability of the
capillary-flow device to sequentially deliver reagents to the
detection zone was demonstrated with a whole blood sample
and color dyes to mimic reagents, as shown in Figure 2.

A.t=1min B.t=6min C.t=12min D.t=16min E.t=20 min

[ Tg——

Figure 2. Sequential delivery of blood sample (A), washing buffer
(B), HRP-antibodies (C) washing buffer (D), and TMB (E) to the
detection area. HRP-antibody and TMB solutions are represented by
yellow and blue dyes, respectively.

Once the sample and the buffer were introduced in the
device, the flow started and pulled the plasma through the
NCM in 1 min (Figure 2A). Efficient blood cell filtration
through the filtration membrane was confirmed by visually
assessing the color of the solution flowing through the NCM
and the absorbent waste pad. While dark red residue remained
on the membrane, the fluid emerging through the membrane
was clear (Figure 2A). This observation is consistent with
results published by our group and others.””***’ Following
plasma delivery to the NCM and a subsequent buffer wash
(Figure 2B), the yellow dye that had dried on the reagent pad
to mimic the HRP-antibody was released through the HRP-
antibody delivery channel and flowed to the detection zone
(Figure 2C, 12 min). Simultaneously, buffer flowed through
the hydration channel to keep the blood-filtration membrane
hydrated, driving the flow to the NCM. After approximately 1
min, the HRP-antibody-mimicking yellow solution stopped
flowing through the NCM and washing buffer from the buffer
channel was delivered instead, to wash out excess HRP-
antibody (Figure 2D). Lastly, 1 uL of substrate-mimicking blue
solution was added to the device at time 16 min and flowed
past the detection zone in 4 min (Figure 2E, 20 min). Overall,
these results confirm that the reagents are sequentially
delivered to the detection zone in less than 20 min. Estimated
incubation periods in the devices are 3 min for blood, 6 min for
rehydrated HRP-antibody, and 4 min for TMB on the
detection zone, with automatic buffer washes between them.

Static Electrochemical Detection of Anti-N Antibod-
ies. Initial anti-N antibody assays were performed on PBS-
based samples using a capillary-flow device identical to the one
shown in Figure 1A, but without a blood-filtration membrane
and a hydration channel (Figure S1). The first anti-N antibody
measurements were carried out under static conditions. In this
set up, the NCM was removed from the capillary-flow device

4070

upon completion of the fluidic assay and before addition of 1
uL of the TMB substrate. Chronoamperometry measurements
started 2 min after the addition of TMB to the NCM. Three
SPCEs were successively connected to several NCMs exposed
to different anti-N antibody concentrations. Figure 3A displays

0+

-20 4

0 ng/mL

Current (nA)
A
o
1

10 ng/mL
-60 —— 50 ng/mL
—— 100 ng/mL
—— 1000 ng/mL
-80 T T T 1
0.0 0.5 1.0 1.5 2.0
Time (min)
B 35 LOD
—— 1.5 ng/mL
30 —— 0.1 ng/mL
< 25— 02 ng/mL
£
z 20
o 40
5 15
(8]
< 10 20
5 0
0

10" 10° 10°

anti-N antibody concentration (ng/mL)
Figure 3. Static electrochemical detection of anti-N antibodies in PBS
samples. (A) Chronoamperograms obtained from one SPCE
consecutively connected to the NCM taken from five capillary-flow
devices, each exposed to a 5 uL PBS-based sample of distinct anti-N
antibody concentration. (B) Corresponding calibration curve showing
blank-subtracted current at t = 100 s (red). (Insert), amplification of
B showing the measurements recorded with three independent SPCEs
(red, blue, and purple) and overall signal fit (black dashed line).
Markers and error bars represent average and standard deviation (sd)
over a 10 s interval centered in 100 s. Data fitted with a 4-parameter
logistic (4PL) regression. Limits of detection (LODs) are calculated
as the anti-N concentration corresponding to 3 sd of the blank signal.

the chronoamperograms recorded from a single SPCE exposed
to five anti-N antibody concentrations ranging from 0 to 1 ug/
mL and the calibration curve generated by this dataset is
shown in Figure 3B, together with calibration curves of the
other two SPCEs (insert).

The current-to-concentration response of each SPCE
followed a 4PL model, which is typical for immunoassays.**
Inherent variability of electrodes that are stencil printed by
hand resulted in different LOD across the 3 SPCEs.
Nevertheless, all three LODs were below 2 ng/mL,
demonstrating the ability of this assay to consistently detect
anti-N antibody concentrations in 5 yL PBS samples down to
the low ng/mL range, which outperforms commercially
available*>*® as well as recently-developed POC anti-N
antibody assays."”~*’ These results prove that the capillary-
flow device successfully delivers sample and detection antibody
to the NCM and performs effective washing steps. It also
demonstrates successful electrochemical detection of TMB as
the immunoassay substrate, using a SPCE placed directly on
the NCM.

In-Flow Electrochemical Detection of Anti-N Anti-
bodies. Following preliminary results in the static measure-
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ment setup, flow-based anti-N antibody tests were performed
on PBS-based samples by running chronoamperometry under
flow conditions. Chronoamperometry measurements were
started upon delivery of buffer to the detection zone and
ended upon flow completion. Three SPCEs were successively
connected to four capillary-flow devices that were supplied
with PBS-based samples of four different anti-N antibody
concentrations ranging from 0 to 100 ng/mL.

Under flow conditions, delivery of TMB to the detection
zone produced a transient increase in the cathodic current
(Figure 4A) that correlated to the concentration of anti-N
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Figure 4. In-flow electrochemical detection of anti-N antibodies in
PBS samples. (A) Excerpt of chronoamperograms recorded from one
SPCE consecutively connected to four different capillary flow-devices,
each supplied with a S yL PBS-based sample of distinct anti-N
antibody concentration. Data were time-aligned with TMB delivery to
the detection zone (t = 0). (B) Calibration curves obtained for three
independent SPCEs (red from data shown in A, blue and purple) and
overall fit for all three SPCEs (black dashed line). Markers and error
bars represent average and sd over a 30 s interval centered in the
current local minimum. For each SPCE, the blank signal is subtracted
from the data. Data fitted with a 4PL regression. LODs are calculated
as the anti-N concentration corresponding to 3 sd of the blank signal.

antibody in the sample (Figure 4B). As in the static
measurement setup, the current-to-concentration response of
each SPCE followed a 4PL model and variability between
electrodes stencil printed by hand was observed. LODs
obtained were slightly higher than those achieved in the static
setup, which can be due to dispersive blurring of TMB in the
microfluidic flow. However, in-flow detection of anti-N
antibodies in the low ng/mL range was still possible.
Detection of Anti-N Antibodies in Whole Human
Blood. Finally, whole human blood was spiked with different
anti-N antibody concentrations ranging from 0 to 100 ng/mL.
These samples were run on the complete fluidic device
integrating the blood-filtration membrane, as shown in Figure
1, and chronoamperometry measurements were carried out
under flow conditions, as described previously. Three SPCEs
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were successively connected to four capillary-flow devices
running these whole blood samples spiked with anti-N
antibodies. In-flow chronoamperograms from one SPCE
(Figure SA) show the increase in the cathodic current
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Figure S. In-flow detection of anti-N antibodies in human whole
blood samples. (A) Representative chronoamperograms recorded
from one SPCE consecutively connected to four different capillary
flow-devices supplied with 10 4L human whole blood samples spiked
with different anti-N antibody concentrations. Data were time-aligned
with TMB delivery to the detection zone (t = 0). (B) Calibration
curves recorded with three independent SPCEs (red from data shown
in A, blue and purple) and overall fit for all three SPCEs (black
dashed line). Markers and error bars represent average and sd over a
30 s interval centered in the current local minimum. For each SPCE,
the blank signal is subtracted from the data. Data fitted with a 4PL
regression. LODs are calculated as the anti-N concentration
corresponding to 3 sd of the blank signal.

recorded upon delivery of TMB to the detection zone. The
correlation between the magnitude of this current and the
concentration of anti-N antibody in the whole blood samples is
shown in Figure 5B for all three SPCEs.

As for PBS-based samples, the current-to-concentration
response of each SPCE followed a 4PL model and variability
between electrodes was observed. This is shown by the
difference in the magnitude of current response observed
between the three SPCEs and highlights the variability of our
current electrochemical device. The magnitude of the currents
recorded here was 20 times higher than for PBS-based samples.
This signal increase was attributed to three main causes: (i)
blood sample volume was 10 uL instead of 5 pL for the PBS-
based samples, to cover the entire surface of the blood-
filration membrane and to maximize analyte extraction; (ii)
delivery of blood sample to the NCM was slowed down by the
blood-filtration membrane, allowing for longer sample
incubation time on the detection zone, hence enhancing
analyte capture; and (iii) the higher viscosity of plasma
compared to PBS could further decrease the sample flowrate
through the NCM. The increased signal magnitude for whole
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blood samples lead to improved analytical performance, with
higher sensitivity and lower LODs down to the 5 ng/mL range
(Figure S), which matches that of commercially available
tests.*>*® Table S2 provides a side-by-side comparison of the
performance of our electrochemical capillary-flow device in
relation to other tests for SARS-CoV-2 anti N antibodies
reported in the literature or commercially available. Note that
our device is the only one providing a quantitative detection in
whole blood samples at the point of care.

Proof-of-Concept Detection on a Smartphone. As a
proof-of-concept experiment, the electrochemical capillary-flow
device was coupled to an NFC potentiostat operated by a
smartphone and this truly portable system was used to detect
anti-N antibodies in whole blood samples. Commonly available
in smartphones, NFC is a low-cost technology that enables
wireless communication using a simple setup, making it ideal
for use in POC applications. The NFC potentiostat (SIC4341,
ISO14443A4, Silicon Craft Technology PLC) was operated by
an Android smartphone (Motorola One, XT1941) running a
mobile application made available by Silicon Craft (SIC4341
Allstar Android app). The electrochemical capillary-flow device
was connected to the NFC potentiostat via a socket mounted
on the NFC potentiostat printed circuit board, in which the
SPCE was inserted, as shown in Figure 6A.

A
B . "
= 0 pg/mL anti-N antibody
\ 1 pg/mL anti-N antibody
\‘
T
e W
5 M
o R
10 nA
1 min v

Time

Figure 6. (A) Picture of the whole smartphone-based detection
system, showing the electrochemical capillary-flow device connected
to the NFC potentiostat, which is wirelessly operated from a
smartphone. (B) In-flow chronoamperograms wirelessly recorded
using the NFC potentiostat operated by a smartphone. Data are from
two different capillary flow-devices supplied with S uL PBS-based
samples of 0 and 1 yg/mL anti-N antibody concentrations.

The connection between the NFC potentiostat and the
smartphone was established by simply placing the smartphone
over the NFC potentiostat, and this wireless connection
automatically powered it. First, basic electrochemistry was
performed to demonstrate the well-functioning of the NFC
potentiostat. A cyclic voltammogram recorded from a SPCE in
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terri/ferrocyanide is shown in Figure S2, and the complete
measurement set up and recording is shown in Video S2.
Then, to demonstrate the capability of this system to detect
anti-N antibody, two electrochemical capillary-flow devices
supplied with PBS-based samples of 0 (blank sample) and 1
ug/mL anti-N antibody were run and chronoamperometry was
performed using the NFC potentiostat. The current responses
from these two measurements are displayed in Figure 6B. A
clear increase in the cathodic current recorded from the 1 pg/
mL anti-N antibody sample was observed while the current
from the blank sample remained constant throughout the §
min measurement. While the concentration of anti-N antibody
tested here was higher than the targeted clinical range, this
proof-of-concept experiment demonstrates the capacity of the
NFC potentiostat to be used for this assay. Further
optimization of the NFC potentiostat current range is needed
to allow the detection of current responses generated by
samples of low anti-N antibody concentrations. This fully
portable wireless smartphone-based system would greatly
facilitate detection at the point of care.

B CONCLUSIONS

We have presented the development of a new electrochemical
capillary flow device and demonstrated its ability to detect IgG
antibodies against SARS-CoV-2 N proteins with performance
matching commercially available tests."”*® The device is easy
to use, can be fabricated at low cost (<$0.5, see Table S1), and
is single-use/disposable, making it ideal for POC applications.
Thanks to an integrated blood-filtration membrane, a droplet
of whole blood is added directly to the device and cells are
continuously filtered, while plasma is delivered to a micro-
fluidic circuit, which then performs the multistep assay. This
eliminates the need for sample preparation, provides sequential
delivery of multiple reagents to the detection zone, reduces the
number of pipetting steps, and minimizes user intervention,
enhancing the potential of such devices for use in a POC
setting. Like in a sandwich LFIA assay, the target analyte anti-
N antibody is captured on a NCM modified with N protein
and detected using labelled secondary antibodies. However,
the device developed here uses electrochemical detection via a
SPCE that is placed on the NCM and connected to a portable
potentiostat. While maintaining the ease of use and the rapidity
of a LFIA, this novel system provides a highly sensitive
detection, with detection limits lower than 10 ng/mL anti-N
antibody in human whole blood samples as small as 10 uL.
Critically, the electrochemical detection provides a quantitative
output, eliminating any possible user interpretation error,
which is a major advantage of the system to be used at the
point of care. In a proof-of-concept experiment, the device was
successfully used with a low-cost NFC potentiostat operated
from a smartphone. This potentiostat could be integrated with
the device in the future, so that the whole system is disposable.
This would eliminate the need for any dedicated instrumenta-
tion as the test could be run from a smartphone only, making it
useable at the point of need. Future work shall focus on tuning
the NFC potentiostat to match its recording range to output
signals from samples of clinically low analyte concentration.
Whilst there is preliminary evidence showing stability over
storage of every active component of the device (the
electrode,”' the N protein modified NCM?>” and the detection
antibody reagent pad’’), a stability study of the complete
device was not conducted yet and would be necessary for the
device to access the POC market. Lastly, further developments
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are needed to increase the reproducibility of our measure-
ments. We believe that variability between electrodes, which
are currently stencil-printed by hand, could be eliminated by
screen-printing electrodes in batches, as it is performed in
manufacturing settings. Additionally, manufacturing capillary-
flow devices in batches would allow for uniform assembly of
the device layers and provide a consistent pressure between the
electrodes and the NCM. This is difficult to accomplish by
hand assembly but is necessary to enhance the reproducibility
of our quantitative detection to translate it to real-world POC
use. Applied to the detection of other pathogens, this novel
electrochemical capillary-flow technology has the potential to
aid the diagnosis of multiple infectious diseases at the point of
care.
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