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ABSTRACT: The COVID-19 pandemic focused attention on a pressing need for fast, accurate, and low-cost diagnostic tests. This
work presents an electrochemical capillary driven immunoassay (eCaDI) developed to detect SARS-CoV-2 nucleocapsid (N)
protein. The low-cost flow device is made of polyethylene terephthalate (PET) and adhesive films. Upon addition of a sample,
reagents and washes are sequentially delivered to an integrated screen-printed carbon electrode for detection, thus automating a full
sandwich immunoassay with a single end-user step. The modified electrodes are sensitive and selective for SARS-CoV-2 N protein
and stable for over 7 weeks. The eCaDI was tested with influenza A and Sindbis virus and proved to be selective. The eCaDI was
also successfully applied to detect nine different SARS-CoV-2 variants, including Omicron.
KEYWORDS: SARS-CoV-2, immunoassay, biosensor, electrochemistry, screen-printed carbon electrodes, fluidic device

■ INTRODUCTION
The outbreak of COVID-19, caused by the infectious severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
shed light on the need for developments in effective point-
of-care diagnostics.1 To date, a large number of COVID-19
tests have been approved by the U.S. Food and Drug
Administration2 and even more published in academic
literature.3−5 Despite the options available for point-of-care
testing, the recommended and most sensitive testing option is
reverse transcriptase polymerase chain reaction (rt-PCR). Rt-
PCR tests detect the viral RNA and remain the gold standard
for testing, as they have the lowest limits of detection (LODs)
and highest specificity.6 Unfortunately, the rt-PCR assay takes
hours to complete, so depending on the site of sample
collection it can take several days for a patient to receive a
result.7 Enzyme linked immunosorbent assays (ELISAs) are
another diagnostic tool that can be used to detect COVID-19-
associated antigens or antibodies.7 Unfortunately, traditional
ELISAs still need to be performed in a laboratory setting,

require many tedious steps or complicated robotics, and can
take several hours to complete.8

Alternatively, lateral flow assays (LFAs) have been
developed to decrease the time to result and allow for
diagnosis at the point-of-care.9 These tests detect antigens or
antibodies as opposed to viral RNA. Generally, the addition of
a sample induces capillary flow through a nitrocellulose strip,
and reagents dried within the device are delivered sequentially
to the test and control lines, producing a colorimetric signal of
two lines for a positive sample and one line for a negative
sample. Unfortunately, these devices are rightfully criticized for
their lack of sensitivity and limits of detection, especially
compared to more sophisticated techniques like ELISA.10,11
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Microfluidic and other flow devices have been developed to
perform traditional lab-based techniques like rt-PCR, rt-LAMP,
nested PCR, nucleic acid hybridization, ELISA, and
fluorescence based assays.12 By reducing the sample volumes
needed, these devices provide a platform that can control
reactions, separations, delivery of reagents, and detections with
high sensitivity, faster readouts, and a lower cost compared to
the traditional techniques.13 There have been many attempts
to automate multistep assays such as ELISA in inexpensive
flow devices.14 The flow of reagent delivery has been
controlled by chemical barriers,15,16 physical barriers,17,18

hydrophobic barriers,19 and complex geometric fluid paths in
the paper-based devices.20,21 Many still require more than one
user step.19 In 2013, Apilux et al. introduced an automated
sandwich ELISA with one sample addition step in a paper
device.20 This device was a promising step forward; however,
paper devices have been known to suffer from slow and
nonuniform flow and difficulties with particle and reagent
transport..22,23

Capillary-driven fluidic devices have become popular due to
their lack of need for external pumps and other laboratory
equipment.24 A new class of hollow channel capillary-driven
devices using polyethylene terephthalate (PET) and double-
sided adhesive (DSA) was recently introduced by our group,
and these devices have been used to demonstrate advanced
mixing and flow control25,26 and applied to viscosity
measurements27 and SARS-CoV-2 serology tests.28,29 While
other examples of using PET for capillary-driven devices have
been shown,30 they lack the complexity necessary for
sequential delivery and precise flow control.

Colorimetry is the most common detection mechanism for
capillary-driven and paper-based flow devices, but it often
suffers from low sensitivity and small linear ranges.31

Electrochemical detection is an attractive alternative because
it can be quick, cost-effective, accurate, highly sensitive, and
quantitative.32 Additionally, the double line readout of a
traditional LFA relies on user interpretation and does not
easily yield itself to quantitative detection. Further, there are
many existing reports of improving LFA sensitivity by
incorporating electrochemical transducers.33 Electrodes have
also been incorporated into various other flow devices to
improve detection.34,35 Additionally, electrodes have previously
been used for e-ELISA, using electrochemistry as an alternate
detection for traditional ELISA.36−38

Previous work presented a device for the detection of IgG
antibodies against SARS-CoV-2 N proteins in whole blood;29

however, this device required two distinct steps for the end
user, making it difficult for untrained users to operate. While
monitoring antibodies is useful to study immune response in
an individual and the overall population, it cannot be used to
detect active infection. To detect active infections, we sought
to develop a modified system for direct detection of SARS-
CoV-2 N protein. This work describes an electrochemical
capillary driven immunoassay (eCaDI) device made from
polyethylene terephthalate (PET) and adhesive films with an
incorporated screen-printed carbon electrode system. Upon a
one-step addition of a sample, the flow device sequentially
delivers all the reagents necessary to perform an automated
ELISA, producing quantitative detection of SARS-CoV-2.

■ METHODS

Reagents and Materials
Solutions were prepared using 18.2 MΩ·cm water purified using a
Milli-Q system (MilliporeSigma, USA). Phosphate buffer saline (PBS)
tablets, 3,3′,5,5′-tetramethylbenzidine (TMB), ethylenediaminetetra-
acetic acid (100%), ferrous sulfate heptahydrate (100%), sodium
hydroxide (98.9%), D-(+)-trehalose dihydrate (100%), and sodium
tetraborate (≥99%) were purchased from Sigma-Aldrich (Saint Louis,
MO). Tween80 (pure), boric acid (99.5%), casein, 10× Stable
Peroxide Buffer, bovine serum albumin (≥98%), and sucrose
(≥99.5%) were purchased from Thermo Fisher Scientific (Waltham,
MA). Commercial SARS-CoV-2 anti-N antibodies (MM08) and
SARS-CoV-2 detection-HRP (MM05-H) antibodies were purchased
from Sino Biological (Beijing, China). Igepal was purchased from MP
Biomedicals (Irvine, CA). Unmodified glass fiber with PVA binder
was purchased from MilliporeSigma (Burlington, MA). Zeba 40K
Micro Spin Desalting Columns were purchased from Thermo
Scientific (Rockford, IL). Polyethylene terephthalate sheets (2500
and 9984) and double-sided adhesive (467) were purchased from 3M
(Saint Paul, MN). Carbon ink (CI-2057) was purchased from
Engineered Materials Solutions, Inc. (Attleboro, MA). Dielectric ink
was purchased from Dupont (Wilmington, DE).

Solutions
Phosphate buffer solution (PBS, 10 mM) with 140 mM sodium
chloride and 2.7 mM potassium chloride, pH 7.4 was prepared by
dissolving a tablet in DI water according to package instructions.
Phosphate buffer solution (10 mM) with Tween20 (PBST) was made
by adding 0.05% Tween20 to PBS. Antibody immobilization buffer
was prepared by adding 0.0005% Tween 20 to PBS. Stable peroxide
buffer (SPB) 1× was prepared by diluting commercial 10× stable
peroxide buffer 1:10 and adding 0.1% Igepal and 0.1% Tween 80.
Borate buffer, 1 M, pH 8.5, was prepared by dissolving boric acid in
water and adding sodium hydroxide. The buffer was then diluted to
50 mM in water and used to dilute the aged casein blocker. A bulk
solution of 6% aged casein was prepared as previously reported.39

Briefly, 6 g of casein was dissolved in 80 mL of 50 mM sodium
hydroxide overnight. Then 0.26 g boric acid and 0.45 g sodium
tetraborate were added and the solution was pH adjusted to 8.5. The
solution was diluted to 100 mL with Millipore distilled water and
heated at 37 °C for 7 days. The aged casein was aliquoted and stored
at −20 °C. Drying buffer was prepared as previously reported.40 First,
a 1 M solution of EDTA was prepared in PBS. Ferrous sulfate was
added to a concentration of 0.01 M. Then 4% trehalose and 0.1% BSA
was added, and the solution was stored at 4 °C for up to 3 months.

Inactivated Virus Samples
SARS-CoV-2 strains (USA-WA1/2020 = NR-52281, UK00 = NR-
54000, UK11 = NR-54011, SA08 = NR-54008, SA09 = NR-54009,
WA = NR-52281 (wildtype), Delta = NR-55486, Gamma = NR-
54982, Kappa = NR-55486, Omicron = NR-56486) were obtained
from BEI Resources and grown/quantified to produce viral stocks in
BSL-3 containment in Vero E6 cells (ATCC (CRL-1586) in DMEM
media containing 2% fetal bovine serum at 50 mM HEPES (pH 7.5).
Stocks were stored at −80 °C in single-use aliquots. Viral stocks were
quantified for infectivity via plaque assay (plaque-forming units
(PFU)/ml) following procedures outlined in previous work.41 Sindbis
virus TE3′2J was quantified as described by Steel et al.,42 and
Influenza A (H1N1) A/Swine/1976/31 (ATCC VR-1682) virus was
quantified on MDCK cells (ATCC CCL-34) essentially as previously
described.43 To inactivate all virus, viral stocks were thawed and 0.1%
Igepal was added to a final concentration of 0.1% for 30 min on ice,
followed by storage at −20 °C. All inactivated virus samples were
verified for lack of infectivity prior to removal from BSL-2/BSL-3
containment via plaque assay. After the viruses were inactivated, all
steps and experiments using inactivated virus were performed in a
BSL-2 cabinet. Dilutions of inactivated viral stocks were made in
stable peroxide buffer (SPB) immediately prior to addition to devices.
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Desalting and Quantification of Antibodies

MM08 and MM05-H antibodies were desalted using Zeba Spin
Desalting Columns according to directions. Briefly, the columns were
dried and then rinsed three times with PBS by spinning at 4700 rpm
for 60 s. Then 7 μL of commercial antibody solution was added and
the sample was spun for 2 min. MM08 was diluted 1:100 in antibody
immobilization buffer and used immediately for electrode modifica-
tion. MM05-H was diluted to 80 μL in PBS, quantified using variable
path length UV/vis Solo-VPE (C Technologies, Inc., Bridgewater,
NJ), diluted to 1 μg/mL in SPB for static experiments, and diluted to
20 μg/mL in drying buffer for fluidic experiments. More information
on the quantification can be found in the Supporting Information (SI)
(Figure SI1 and Table SI1).

Electrode Fabrication

A three-electrode system was screen printed on 3M 2500 PET film
using carbon ink and a 305 count mesh screen. After printing, the ink
was dried for 30 min at 60 °C. Dielectric ink wells were then screen-
printed around the working electrode and UV cured until dry. The
reference electrode was painted over with a thin layer of Ag|AgCl
paste (Sigma-Aldrich Saint Louis, MO) and dried for 30 min at 60 °C.
The electrode covers heets (PET sheets on which electrodes were
screen printed) were then cut using a CO2 laser cutter according to
the device layout and serve as top layer of the device.

Electrode Modification with Drying Method

The electrodes were functionalized by drop-casting 10 μL of 10 μg/
mL capture antibody (MM08) in antibody immobilization buffer onto
the working electrode, inside the dielectric ink well. The electrodes
were dried in a Petri dish at 37 °C for about 45 min. Once dry, 5 μL
of 0.3% aged casein in 50 mM borate buffer was dropped into the
dielectric well and allowed to dry at room temperature.

Device Fabrication

The fluidic devices were designed using CorelDRAW (Corel, Ontario,
Canada) and cut using a CO2 laser cutter (Zing 10000, Epilog Laser)
to pattern layers of PET films (9984) and 3M 467 DSA and sandwich
the layers together. Glass fiber conjugate release pads were cut to fit in
a medium size Petri dish. A solution of 10 mM PBS was prepared with
0.1% thimersol and 0.5% Tween 20. Sucrose was added to a final
concentration of 3% w/v. The glass fiber pad was fully submerged and
soaked in this solution for 15 min at room temperature and then
removed from the solution and dried in a 37 °C incubator overnight
until completely dry. After pretreatment, pads were cut to 3 mm × 5
mm. TMB reagent pads were made by pipetting 5 μL of TMB
solution onto pretreated glass fiber pads and incubated at 37 °C for 15
min. This process was repeated two additional times, resulting in 15
μL of TMB for each reagent pad. Next, 5 μL of 80× diluted Great
Value blue food dye in Milli-Q distilled water was added and
incubated at 37 °C for 1 h. The reason for adding food dye is to create
a visual aid within the eCaDI that allows the operator to evaluate the
flow through the device and determine the correct time to start the
chronoamperometry measurement. HRP-antibody conjugate release
pads were made by pipetting 5 μL of 20 μg/mL HRP conjugated
secondary antibody solution onto glass fiber pads and incubated at 37
°C for 15 min. This process was repeated once, resulting in 10 μL of
20 μg/mL HRP-antibody solution for each reagent pad. Finally, 5 μL
of 80× diluted Great Value yellow food dye in Milli-Q distilled water
was added and incubated at 37 °C for 1 h. After preparation of both
conjugate release pads, the pads were placed within the channels of
the device, and the cover layer containing the functionalized electrode
was placed on top and sealed to the exposed DSA. Devices were kept
out of the light until used for experiments. Before use, a 17 mm
diameter (shape shown in Figure 1) Whatman 1 chromatography
paper waste pad was inserted to the opening at the bottom of the
device.

Figure 1. (A) Exploded view of eCaDI showing alternating PET (gray) and adhesive (red) layers. The second layer from the top shows the two
reagent pads (blue = TMB, yellow = HRP ab) and the passive pump on the far right. (B) Flow of eCaDI: (i) addition of sample and sequential
delivery of (ii) HRP-antibodies (with yellow dye) and (iii) TMB (with blue dye) to the SPCE. (C) Electrochemical immunoassay and detection
mechanism, showing modified electrode, target capture, secondary antibody binding, turnover of substrate, and electrochemical detection.
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Static Electrochemical Detection Method
For static assay experiments, wells made with 3M 467 double sided
adhesive (DSA) mimicking the size of the fluidic channel were placed
over the working, counter, and reference electrodes to confine the
solutions. To complete the assay, 20 μL of inactivated virus, diluted in
SPB, was dropped in the well and incubated for 30 min. After washing
with PBST followed by PBS, 20 μL of 1 μg/mL labeled antibody
(MM05-H) solution in SPB was dropped into the well and incubated
for 25 min. The electrodes were washed a final time, and 20 μL of
PBS was dropped until measurements could be taken. Just before the
measurement, the 20 μL of PBS was removed with a pipet. Then 50
μL of TMB was added to the electrode surface, confined by the
adhesive well, and incubated for 2 min. Immediately following the
TMB incubation, a 2 min chronoamperometry measurement was
started using a potentiostat (PalmSens4). A 0.0 V potential was
applied to the working electrode (vs the Ag|AgCl reference electrode),
while the current was recorded.
Fluidic Assay
The modified electrode cover sheets and reagent pads were prepared
as described above. A volume of 95 μL of sample was added to the
inlet of the device to initiate flow and sequential delivery of reagents
and the device was connected to PalmSens4. Once the blue dye
visibly reached the detection channel, a 0.0 V potential was applied
and current was measured until the peak was complete.
Electrochemical Data Processing
For the data collected using the static detection method, the current
from the chronoamperograms was averaged over 10 s centered at 60 s
for three or six measurements. For fluidic experiments, the highest
point of the current peak from the amperogram was averaged for each
device for three devices.

■ RESULTS AND DISCUSSION

Electrochemical Capillary Driven Immunoassay Device
and Mechanism
SARS-CoV-2 virus contains multiple structural proteins that
can be used as the target for diagnostic assays including the
envelope spike glycoprotein (S protein), envelope protein (E
protein), membrane protein (M protein), helicase (Hel), and
nucleocapsid protein (N protein).44 Other works have also
detected SARS-CoV-2 RNA as the target.45 Early in the SARS-
CoV-2 diagnostic development literature (and still now), S
protein was a popular target choice.46−53 S protein detection
received considerable attention because it is responsible for the
coronavirus iconic structure, plays a vital role in infection of
host cells, and induces an immune response.54 The N protein
and the S protein in SARS-CoV-2 both produce specific
antibody responses,55 and these are both now commercially
available for purchase. For this work, N protein was chosen as
the analyte. In SARS-CoV-2 virus particles, the ratio in number
of N:S proteins was found to be 1000:100, respectively,56

which could lead to better sensitivity with more detectable
analyte per virus. Other antibody-based assays that have been
made for both SARS-CoV-2 S and N proteins have shown a
lower LOD for N protein vs S protein.57

This work introduces a device that automates the steps of a
sandwich ELISA with an electrochemical detection and only
requires one final user step. The presented electrochemical
capillary driven immunoassay (eCaDI) device consists of
alternating layers of polyethylene terephthalate (PET) and
double-sided adhesive (DSA) as shown in Figure 1A. The flow
channels are cut and assembled entirely in a CO2 laser cutter
which eliminates some of the difficulty of aligning layers that
has been previously reported for similar device.26,28,29 The
assembly in the laser cutter was achieved by optimizing laser

parameters to only cut through intended layers at a time in
different steps so that the different channels could be created
without outside assembly even with varying channel heights.
The fluidic channels were sealed by the electrode cover sheet
cut from PET with a screen-printed carbon electrode. Similar
screen-printed electrodes have frequently been used for
biosensing applications due to their low-cost and well-studied
characteristics.58−61 Cyclic voltammograms of a redox probe
measured with 24 different electrodes can be found in Figure
SI2, demonstrating their electrochemical behavior and
reproducibility. The middle three layers (DSA/PET/DSA)
define a channel height of 200 μm for all the channels except
the channel that flows over the electrode which has a height of
50 μm. The reagent pads contain dried HRP-labeled antibody
(yellow pad) and the TMB substrate (blue pad). The sample
inlet has a half moon (shown in Figure 1A on the third and
fourth layer from the top) with the 50 μm height which forces
the sample to flow through the detection channel first before
filling other channels.

Figure 1B illustrates the function of the device for sample
and reagent delivery demonstrated with dyes, and Figure 1C
summarizes the sensing mechanism of the eCaDI. A video of
the device running can also be found in the SI. Briefly, the
electrode is modified by drying the anti-N protein capture
antibody and aged casein blocker, binding through passive
adsorption. After the device is fully assembled, the sample is
added to the inlet and the sample flows over the modified
electrode (Figure 1B,i). Flow is induced by the passive pump
waste pad and the PET sheets forming the bottom of the
channels have a hydrophilic coating that encourages the
continuous movement of the sample through the device. If
present in the sample, the N protein is captured by the
antibody on the electrode surface. Simultaneously, the
remaining channels fill and rehydrate the reagent storage
pads. Due to the difference in channel lengths the HRP-labeled
anti-N protein antibody is hydrated and delivered first and, if
the N protein is present, will bind to it (Figure 1B,ii). Finally,
the TMB is delivered to the electrode and the measurement is
recorded (Figure 1B,iii).

Reagent delivery was simulated using dyes added to reagent
pads in addition to the reagents in all devices used for this
study. The HRP-labeled antibody was delivered to the
electrode on average at 4:17 ± 0:50 following sample addition,
and the TMB was delivered at 14:45 ± 1:26 (n = 46) (Table
SI2). The total measurement (started as the TMB is delivered)
reported in this work can take 6−12 min; however, since the
peak height is used to determine the presence of virus, in its
final application the measurement would be able to stop as
soon as the current begins decreasing. Overall, compared to
traditional ELISAs, eCaDI greatly reduces the time required
for a full sandwich immunoassay. After the sample is added, the
eCaDI assay is typically completed in under 25 min with one
user step, whereas a full traditional sandwich ELISA or rt-PCR
test can require 5+ h with many steps that require trained
personnel.
Evaluation of Electrode Modification for SARS-CoV-2
Detection

Before integrating the electrodes into the eCaDI, the electrode
modification was studied independently. Our group previously
reported a method in which the capture antibody and aged
casein were incubated for 1 h each and required manual
washing steps between incubations.62 Initially, the same
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incubation and washing steps were used to modify the
electrode before incorporation into the device. While there
were significant signal differences between the blank and
SARS-CoV-2 (representative amperograms shown in Figure
SI3), these steps were not practical for the long-term goals of
the device. The previous modification required 1.75 h. Here,
the capture antibody is dried completely in a 37 °C incubator,
which typically takes 30−40 min. The aged casein is then dried
on the working electrode in ambient conditions, typically dried
in under 15 min, bringing the total modification time to under
1 h. The aged casein blocks the surface of the electrode where
there is no capture antibody to prevent nonspecific adsorption
of interferents and the HRP-labeled antibodies. In addition to
greatly reducing the time required to under 1 h for both
modification steps, this method eliminates the need for manual
washing steps and significantly less antibody and reagents are
needed making this method more cost-effective for manu-
facturing. The washing steps also negatively altered the
hydrophilicity of the PET films used for the devices which
impeded flow. Figure 2A shows the current responses for
varying concentrations of SARS-CoV-2 inactivated virus.

Although the assay is specifically detecting N protein,
concentrations are reported in equivalent plaque forming
units (PFU)/mL which only quantifies viral particles capable
of infection. This unit was chosen because the end goal of this
device is to detect active infection and the limited
quantification techniques capable of being performed in a
BSL-3 cabinet. Stock virus solutions were titered to get these
values, and more information can be found in Methods. A clear
difference can be seen in the current response for each
concentration, and the resulting calibration curve (Figure 2B)
demonstrates the concentration dependent signal for concen-
trations ranging from 340 to 11 000 equiv PFU/mL. The data
are fit to a dose−response logistic fit and present a sigmoidal
shape, which is expected for immunoassays.63,64 The LOD for
this assay was calculated to be 68 equiv PFU/mL using the
theoretical blank plus 3 times the standard deviation of the
blank. More details on the fit and calculation can be found in
the SI. This calculated LOD is comparable to or lower than the
measured LOD of most commercially available rapid antigen
tests, which are typically between 80 and 500 equiv PFU/
mL.65,66 Many of these LODs, however, were measured and

Figure 2. (A) Representative chronoamperograms for varying concentrations of inactivated SARS-CoV-2 virus in SPB taken on modified electrodes
outside of the eCaDI using the static electrochemical detection method. Potential held at 0.0 V vs Ag|AgCl reference for 2 min. (B) Corresponding
calibration curve plotted on a log scale showing blank subtracted current. Symbols and error bars represent average and standard deviation over a
10 s interval centered on 60 s (n = 3). Data is fit with a dose−response logistic fit.

Figure 3. (A) Plot showing stability of blank subtracted current for modified electrodes in different storage conditions. Data is from
chronoamperometry recorded using the static electrochemical detection method for 1380 equiv PFU/mL inactivated SARS-CoV-2 minus the blank
current. Mean and error are from three electrodes ran for each day and for each condition. (B) Plot showing stability of blank subtracted current for
modified electrodes stored in a desiccator at room temperature. Data is from chronoamperometry recorded static electrochemical detection method
for equivalent 1380 equiv PFU/mL inactivated SARS-CoV-2 in SPB minus the blank current with SPB. Symbols and error bars represent average
and standard deviation over a 10 s interval centered on 60 s (n = 8).
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not calculated LODs. The lowest concentration tested by the
modified SARS-CoV-2 electrodes reported here was 340 equiv
PFU/mL. Long-term future work should determine the LOD
by serial dilution measurements to have a more realistic
understanding of the sensors’ capabilities at low concen-
trations. While the drying process as opposed to incubation
may have resulted in a slight loss of signal compared to the
method our group reported before,62 this method is much
more practical heading toward manufacturing and its working
range and LOD are still sufficient for most COVID-19 cases,
which have an extremely wide range of concentration from 5 to
106 equivalent PFU/mL.67 Higher infectivity has also been
shown to be correlated with higher equivalent PFU/mL
values.68

Stability of Electrode Modification

To determine the ideal storage conditions for the electrodes
after modification, four conditions were tested: with and
without desiccant, at 5 °C and at room temperature. These
conditions were chosen because they would be easily
implemented in a commercial setting. The plot showing the
stability over 24 days for each condition can be found in Figure
3A. The electrode signal was most stable at room temperature
with desiccant. The other storage conditions resulted in a
decrease in signal likely from loss of antibody activity of the
modification over time. Many other sensors with immobilized
antibodies have been found to store better in dry conditions,
due to faster protein degradation in humid environments.69−71

It is interesting that ambient temperature resulted in better
signal because the majority of literature reports for various
storage temperatures have shown that 4−5 °C is optimal
storage for antibody based sensors.69,72 Several theories to
explain this could be increased humidity in the fridge even in a
desiccator or perhaps the electrochemical signal of the SPCE
(as opposed to the modification itself) is impacted by the
lower temperature. The exact mechanism still remains unclear
and was outside the scope of the current investigation.

After the storage conditions with desiccant at room
temperature were chosen, a long-term stability study was
performed, and the results are shown in Figure 3B. After an
initial decrease in the first several days, the electrode response
remained stable between 0.09 and 0.13 μA for 1380 PFU/mL
inactivated SARS-CoV-2 and all within error of the other

points for over 7 weeks. This stability is comparable to or
better than most other reports.72 Additionally, more controlled
fabrication and storage environments would likely increase the
stability and reduce the variability of the electrodes. Error in
this study can stem from variability in fresh solutions made for
each time point, differences in electrode fabrication and
modification, as well as effects of modification stability. The
long-term stability of the electrodes is promising for further
real-world applications that require stability for manufacturing,
shipping, and use.
Detection of Varying SARS-CoV-2 Concentrations with
eCaDI Device

The full eCaDI device was used for in-flow detection of five
SARS-CoV-2 concentrations. Each sample was diluted in SPB,
which contains surfactant that will lyse the virus to release the
N protein into the solution, and H2O2 that is necessary for the
enzymatic reaction between the HRP and TMB substrate.
Figure 4A shows representative (n = 3) amperograms of each
concentration tested in the eCaDI. An increase in the cathodic
current that forms a peak can be seen as the TMB flows over
the electrode. With increasing viral concentration, the resulting
peak current increases, demonstrating that the eCaDI produces
concentration dependent signal. While amperogram peak
shape varied, the peak currents were consistent within
replicates. Plots of the average peak currents for each
concentration are shown in Figure 4B. Additionally, this
confirms that the reagents are being delivered in the
appropriate sequence to perform a sandwich immunoassay
and aligns with the dye delivery shown in Figure 1B. It is
important to note that the blank measurement without virus
present also has a current peak. The peak is likely a result of
autoxidation of the TMB combined with nonspecific
adsorption of the HRP-antibody to the fluidic channels and
electrode. Because of the nonzero blank signal, data moving
forward are blank-subtracted. Long-term, a positive diagnosis
would be based on a current exceeding a target threshold.
There are also noticeable differences in the shape of each
amperogram, particularly later in the measurement, which can
be attributed to slight differences in flow. Ideally, these
differences are expected to decrease if the devices are no longer
made, modified, and assembled by hand. The five concen-
tration points presented demonstrate a general trend across a

Figure 4. (A) Representative amperograms from full eCaDI device for varying concentration of SARS-CoV-2 in SPB (n = 3). Potential was held at
0.0 V for the duration of the runs. Data was time-aligned with TMB delivery to the electrode. (B) Corresponding plot of various concentrations of
inactivated SARS-CoV-2 virus in SPB. Symbols and error bars represent average and standard deviation of peak current from amperograms (n = 3
for each blank and concentration).
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wide range of concentrations, and future work will continue to
optimize the sensitivity of the eCaDI. There has been much
discussion of sacrificing the accuracy and sensitivity of a test to
improve accessibility, affordability, and timeliness of results in
order to better control the spread of infectious diseases,
particularly COVID-19.73 While some sensitivity compared to
a traditional sandwich ELISA is likely lost, the eCaDI meets
the latter needs to address the COVID-19 pandemic as well as
endemic diseases in the future.
Investigation of Potential Interferents and Ability to
Detect SARS-CoV-2 Variants

To be effective, a diagnostic tool must be able to differentiate
between the target, in this case SARS-CoV-2, and other
viruses. To verify selectivity, the eCaDI was tested with
influenza A and Sindbis virus. This is especially important for
influenza A, as it presents symptoms that can easily be
mistaken for COVID-19 and is a common respiratory
pathogen.74 Both interferents tested approximately at or
below the signal of the average blank signal (SPB).
Representative amperograms are shown in Figure 5A, and a
bar graph comparing the interferent signals to that of SARS-

CoV-2 is shown in Figure 5B. The negative blank-subtracted
current might be due to proteins in the interferent samples
blocking access of the HRP-antibodies to the electrode surface,
decreasing the electron turnover by TMB. The selectivity of
the eCaDI for SARS-CoV-2 demonstrates feasibility for
application as a COVID-19 diagnostic.

Nine SARS-CoV-2 variants with different gene mutations
were tested with the eCaDI, including UK (UK00, UK11),
South African (SA08, SA09), Washington (WA), Delta, Kappa,
Gamma, and Omicron. All nine variants produced positive
signals above the average blank threshold, which was
determined from the average of three peak currents of SPB
without virus (Figure 6A). The positive results for the
Omicron variant were especially encouraging, since it has
significant mutations to both S and N proteins and has
presented a challenge to rapid antigen tests on the market.75

While all the variants were diluted to the same equivalent
PFU/mL concentration before being tested, the signal
responses varied significantly for each, which can be seen
more clearly in Figure 6B. The variation is likely due to
genomic differences in each that result in different N protein

Figure 5. (A) Representative amperograms from full eCaDI device of potential interferents all at equivalent 11 000 PFU/mL (Influenza A and
Sindbis) (n = 3). The black dashed line represents the average peak current of blank SPB without virus (n = 3). Potential was held at 0.0 V vs Ag|
AgCl reference for the duration of the runs. Data was time-aligned with TMB delivery to the electrode. (B) Bar graph showing the blank subtracted
current responses of the full eCaDI for interferents (orange) compared to the signal of SARS-CoV-2 virus (green) in SPB. Columns and error bars
represent average and standard deviation of peak current from amperograms held at 0.0 V (n = 3 for each blank and interferent).

Figure 6. (A) Representative amperograms (n = 3) from full eCaDI device of variants of SARS-CoV-2 virus. The black dashed line represents the
average peak current of blank SPB without virus (n = 3). Potential was held at 0.0 V vs Ag|AgCl reference for the duration of the runs. Data was
time-aligned with TMB delivery to the electrode. (B) Bar graph showing the blank subtracted current responses of the full eCaDI for variants of
SARS-CoV-2 virus in SPB. Columns and error bars represent average and standard deviation of peak current from amperograms held at 0.0 V (n =
3 for each blank and variant).
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expression or number of N protein per virus particle.76

Additionally, equivalent PFU/mL, as previously mentioned,
only quantifies infective virus particles not free N protein or
inactive virus particles which can lead to greater variability
when testing different samples as these would still be
quantified in this assay.

■ CONCLUSION
This work presents an electrochemical capillary driven
immunoassay (eCaDI) device that automates the steps of a
sandwich ELISA using electrochemical detection. A drying
modification technique is reported that achieves a limit of
detection of 68 equiv PFU/mL. The new device greatly
reduces the time required for traditional ELISA and eliminates
all steps that would require trained personnel. The electro-
chemical detection method offers the potential for more
sensitive and quantitative detection of SARS-CoV-2. The
modification and device assembly methods are also promising
steps toward manufacturing of similar devices. While a
reasonably low limit of detection was achieved in this study,
the device could be improved by further optimization of the
attachment chemistry of the capture antibody to the electrode
surface, the pretreatment method for the reagent pads, and the
extraction buffer composition in the device. Future work will
focus on detection of SARS-CoV-2 N-protein in physiological
samples such as nasal swabs, improving the stability of the
entire device, decreasing the time to readout, and testing
compatibility with near field communication (NFC) readout.
Overall, this work presents an important step to enable large
scale manufacturing and commercialization of point-of-care
devices for various biological analytes that have been
traditionally detected using ELISA.
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