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ABSTRACT: Diagnosis of coronavirus disease (COVID-19) is
important because of the emergence and global spread of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Real-
time polymerase chain reaction (PCR) is widely used to diagnose
COVID-19, but it is time-consuming and requires sending samples
to test centers. Thus, the need to detect antigens for rapid on-site
diagnosis rather than PCR is increasing. We quantified the
nucleocapsid (N) protein in SARS-CoV-2 using an electro-
immunosorbent assay (El-ISA) and a multichannel impedance
analyzer with a 96-interdigitated microelectrode sensor (ToAD).
The El-ISA measures impedance signals from residual detection
antibodies after sandwich assays and thus offers highly specific, label-free detection of the N protein with low cross-reactivity. The
ToAD sensor enables the real-time electrochemical detection of multiple samples in conventional 96-well plates. The limit of
detection for the N protein was 0.1 ng/mL with a detection range up to 10 ng/mL. This system did not detect signals for the S
protein. While this study focused on detecting the N protein in SARS-CoV-2, our system can also be widely applicable to detecting
various biomolecules involved in antigen−antibody interactions.
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The disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) that emerged in 2019 and

spread globally is officially named COVID-19 by The World
Health Organization.1,2 Due to the recent advent of highly
contagious mutations and the increase in asymptomatic
infections, a rapid antigen diagnosis is urgently needed.3−5

Several diagnostic and detection methods have been
developed to help prevent the spread of the virus. Real-time
polymerase chain reaction (RT-PCR) is a popular method for
the rapid and reliable quantitation of mRNA transcription.6 It
is fast and effective and can quantify gene or transcript
numbers of target sequences within a mixed community
background in environmental samples with high specificity and
sensitivity.7−9 However, PCR tests are expensive because they
require gene amplification equipment and diagnosis requires
several hours. Paradoxically, RT-PCR is also so sensitive that
trace amounts of DNA left remaining from a previous test or
impurities can lead to erroneous results.10,11

On the other hand, immunological assays focusing on the
detection of viral antigens such as the SARS-CoV-2
nucleocapsid (N) protein or spike (S) protein are currently
emerging for the diagnosis of viral infection. A sandwich assay
is generally used for antigen detection.12,13 The capture and
detection antibodies that are applied to measure antigens are
generally referred to as antibody pairs. After an antigen binds

to a capture antibody on a solid substrate, the detection
antibody conjugated with appropriate reporters binds to an
additional epitope on the target antigen, resulting in electro-
chemical or optical signal production.14 The signal intensity
indicates the amount of detection antibody, which is
proportional to the antigen. Sandwich assays are highly specific
and sensitive because two antibodies are required to bind to
the protein. Lateral flow sandwich assays (LFAs) colorimetri-
cally indicate an antigen that binds to an antibody and thus
identify the presence or absence of a desired target.15 Although
LFAs can be purchased over the counter at pharmacies as a
rapid kit with the advantage of direct application by
prospective patients, these assays need to be highly specific
and sensitive for general use.16

Electrochemical biosensors are popular analytical devices
used for transducing enzymatic reactions and molecular
recognition for point-of-care diagnosis.17−22 Current commer-
cial electrochemical biosensors are inexpensive, highly
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sensitive, and easy to automate. Electrochemical impedance-
based biosensors might serve as attractive sensing platforms
because detection is label-free.23−26 Interdigitated micro-
electrodes have also attracted interest in the fields of
impedimetric immunosensing and biosensing small molecules
or DNA.27 However, nonspecific protein binding on electrodes
hampers the transduction of specific binding results.28

We propose a novel electro-immunosorbent assay (El-ISA)
for detecting the N protein in SARS-CoV-2 using an
impedance analyzer (ToAD) that is free of interference from
nonspecific biomolecules. The target is the N protein because
it is the most abundant protein in SARS-CoV-2. A capture
anti-N protein Ab is immobilized to the wells of 96-well plates.
The N protein binds to the capture antibody, and then the
antigen is washed out. Incubation with the anti-N protein
detection Ab results in sandwich formation, and the
concentration of the detection antibody decreases. The El-
ISA quantifies the amount of the detection antibody remaining
after antigen−antibody binding without the need for labeling
or catalysts such as nanoparticles or enzymes. Because the
detection antibody is attached to the electrode sensing area in
a fresh solution, signals are not interrupted during the
collection of impedance data. In contrast, most electrochemical
sensing approaches are applied to bound antigens in complex
solutions such as blood and saliva containing nonspecific
biomolecules, which leads to signal interruption.29,30 The
ToAD system monitors the impedance fluctuation of signals in
an electric field using a 96-well platform with software
displaying electrical signals including capacitance, conductance,
admittance, and impedance. Combining ToAD with the El-ISA
allows quantification of antigen−antibody interactions in 96-
well plates by monitoring admittance in real time.

Materials and Instruments. Protein-free blocking buffer,
96-well plates, and Alexa Fluor 647 protein labeling kit were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Bovine serum albumin (BSA) was purchased from GenDE-
POT (Baker, Texas, USA). PBS (1×) was obtained from
Corning (Corning, NY, USA). H2O2 (30% aqueous solution)
and sodium hydroxide were purchased from Daejung
Chemicals (Siheung-si, Gyeonggi-do, Korea). SARS-CoV-2
nucleocapsid protein (N protein) and anti-nucleocapsid
protein antibodies (anti-N protein Ab: C524 for the capture
antibody and C706 for the detection antibody) of SARS-CoV-
2 were purchased from HyTest (Turku, Finland). All other
reagents including casein blocking buffer (10×) were
purchased from Sigma Aldrich (St. Louis, MO, USA).
Fluorescence emission was measured using a SpectraMax i3x
microplate reader (SpectraMax i3x, Molecular Devices, San
Jose, CA, USA). The ToAD system was manufactured by
Cantis Inc. (Ansan-si, Gyeonggi-do, Korea).

Stabilization of Admittance in the ToAD System.
Before El-ISA evaluation with the ToAD system, electrodes in
the wells of 96-well plates were immersed in 5% H2O2 (250
μL) for 1 h and then rinsed with deionized (DI) water (280
μL). Thereafter, 100 mM NaOH (250 μL) was added to each
well and admittance was measured by the ToAD system for 2 h
at a frequency of 100 Hz to monitor bleaching of the residue
from the electrodes. The NaOH solution was replaced twice
with PBS (250 μL), and the admittance at 100 Hz frequency
was measured for 1 h.

Sandwich Assay for the El-ISA. Fluctuations in the
admittance of the anti-N protein detection Ab (C706) were
monitored to verify the performance of the ToAD system.
After stabilization, admittance at 100 Hz was measured in real

Figure 1. Operation of the ToAD system. (a) Configuration of the ToAD system consisting of an IDE sensor, impedance reader, and software to
analyze real-time impedance. (b) El-ISA.
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time at various concentrations of anti-N protein Ab (0, 0.1, 0.5,
1, 5, 10, and 20 ng/mL). The microwells of 96-well plates were
incubated for 2 h with 2 μg/mL capture anti-N protein Ab in
PBS (250 μL). The antibody was removed, and then
microwells were incubated with casein (0.1×, 270 μL)
blocking buffer for 1 h. The microwells were then washed
with PBST (0.1% Tween 20 in PBS, 280 μL) with the plates
shaking for 2 min at 500 rpm.31,32 Subsequently, the wells were
washed twice with 280 μL of PBS for 2 min with shaking at
500 rpm and then incubated with 250 μL of PBS containing 0,
0.1, 0.5, 1, 5, and 10 ng/mL N protein for 1 h. After that, the
plates were again washed with PBST and PBS, and 250 μL of
anti-N protein detection Ab (20 ng/mL) in PBS was added.33

The residual detection antibody was immediately quantified
using the ToAD.
Verification of Antigen−Antibody Reaction Using

Fluorescence Immunoassays (FIAs). The detection anti-
body was labeled with Alexa 647 protein using FIA kits as
described by the manufacturer. The N protein was
immobilized on the anti-N protein capture Ab in 96-well
plates, and the plates were washed with PBST and PBS and
then incubated with 20 ng/mL labeled detection antibody in
PBS for 1 h.34,35 Fluorescence emission was measured using a
SpectraMax i3x microplate reader at excitation and emission
wavelengths of 647 and 668 nm, respectively. The fluorescence
intensity was measured five times per well, and average values
were plotted.

■ RESULTS AND DISCUSSION

Multichannel Impedance Analyzer with an Interdigi-
tated Microelectrode (IDE) Sensor, ToAD. The multi-
channel impedance analyzer, ToAD, is a real-time, high-
throughput impedance reader recently developed by Cantis

Inc. (Figure 1a). It consists of a 96-IDE array corresponding to
the wells of standard 96-microwell plates on the upper sensor
part and an impedance reader on the lower part of the device.
Electrical measurements associated with specific biological
events were taken by dipping the electrode arrays into the
wells. Then, electrical signals, including impedance, admit-
tance, conductance, and phase, were wirelessly transferred in
real time to ToAD software on a desktop computer (Figures
S1 and S2). The ToAD system has an interdigitated wave-
shaped electrode (IWE) sensor36 that increases the uniformity
of the electric field around the electrode and improves the
analytical sensitivity of impedance biosensors,37,38 which
accounts for the excellent performance of the El-ISA strategy.

El-ISA. The El-ISA is based on a combination of
immunological back-titration and electrochemical real-time
readout by ToAD (Figure 1b). The working principle of the
El-ISA can be explained as electrical quantitation (admittance
changes) of the detection antibody remaining in solution after
antigen−capture antibody binding. This method can be
applied utilizing most commercially available ELISA kits
because the operational procedure of the El-ISA is simple. It
consists of a conventional immunoassay including capture
antibody immobilization, blocking, antigen binding, and
detection antibody incubation in 96-well plates, followed by
IDE sensor dipping and real-time measurement of changes in
impedance on detection antibody binding to the surfaces of
gold electrodes.
Because specific immunoassays and electrical measurements

are spatiotemporally separate, the El-ISA offers several
advantages. Surface modification of gold sensor electrodes is
not required to capture a specific target and prevent the
nonspecific binding of abundant proteins in biological fluids,
unlike conventional electrochemical biosensors. Here, residual

Figure 2. Determination of optimal frequency for electrochemical measurement. (a) Schematic of admittance change in the equivalent circuit
dependent on the antibody adhered to the electrode. (b) Admittance magnitude before and after IgG binding on IDE electrodes at 40, 100, 500,
and 1000 Hz. (c) Normalized admittance differences.
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detection antibody molecules remaining after an immunoassay
are directly captured on bare gold electrodes. An active bare
gold surface effectively captures proteins such as antibodies,39

and there are no other biomolecules in the solution to cause
impedance changes in the IDE sensors by surface binding. This
feature is an important advantage in terms of the reusability of
gold IDE sensors as the electrodes can be simply cleaned,
regenerated, and recycled >30 times for immunoassays. This
might be an asset for commercialization (Figure S3).
Moreover, the El-ISA is much simpler and more efficient
than conventional ELISAs because enzymes such as horse-
radish peroxidase and alkaline phosphatase do not participate
in signal transduction and residual detection antibody binding
to the electrodes directly produces electrical signals such as
admittance changes.
Determination of the Frequency for Electrochemical

Measurement. The ToAD analysis software is coded based
on the interfacial impedance model of an equivalent circuit
composed of a constant phase element (CPE) and series
solution resistance (Rs). Basically, it can measure and plot
electrical parameters, including admittance, impedance,
capacitance, and phase, at 40, 100, 500, and 1000 Hz in real
time. The equivalent circuit shows that the detection IgG
antibodies form a single layer that simply adheres to the
electrode surface (Figure 2a). This interaction between IgGs
and the electrode surface influences the electrical change of the
interface, which is associated with double layer capacitance and
charge transfer resistance. We added 20 ng/mL IgG to the
electrodes to optimize the frequency. Figure 2b shows the plots
of admittance magnitude before and after IgG binding to the
IDE electrodes at 40, 100, 500, and 1000 Hz. The magnitude

difference increased as the frequency increased from 40 to
1000 Hz, but the vertex of the corresponding normalized
values was confirmed at 100 Hz (Figure 2c). The collector
power (Vcc) and frequency were 0.3 mV and 100 Hz for data
acquisition, respectively. The data were collected based on
impedance and converted into parameters of admittance,
capacitance, and conductance according to the equations
designed in the software.

Stabilization of Electrical Signals from the 96-
Electrode Array. The 96-electrode array was immersed in
5% H2O2 overnight and then washed with 100 mM NaOH on
the following day for 2 h. The NaOH was replaced with PBS
(working buffer) twice for 1 h each to stabilize electrical
signals. Admittance obviously changed in the first stabilization
step but changed minimally (138−139 μS) in the second step
(Figure S4). The electrical measurements started when the
change in admittance stabilized at ≤3 μS.

Admittance Monitoring According to Antibody Bind-
ing to Electrodes. The El-ISA records the electrical signals
for the residual detection antibody to assess the antigen−
antibody interaction. Therefore, we monitored anti-N protein
detection Ab to verify antibody binding to the electrode before
starting the El-ISA. The anti-N protein Ab gradually moves
toward and physically adsorbs onto the electrode, which
decreases admittance (Figure 3a); this change in admittance is
referred to as ΔY. After the admittance signals stabilized, anti-
N protein Ab (0−20 ng/mL) was dispensed into 96-well plates
and admittance was monitored (Figure S5) for 60 min (Figure
3b). When the 96-well plate containing the residual antibody
solution was loaded after the stabilization step, the admittance
of the transitional state may be initially unstable after the

Figure 3. Measurement of anti-N protein detection Ab concentration. (a) Physisorption of the detection antibody to the electrode surface
decreases admittance. (b) Admittance monitored for 60 min. Data from an array with eight electrodes were collected and averaged. (c) Normalized
admittance at 60 min.
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change of the solution. The first point of admittance in 10 ng/
mL differed from those of other concentrations; however, it

soon stabilized and showed a stable curve starting from 15 min.
The admittance decreased as the antibody concentration

Figure 4. Optimization of blocking buffer for the El-ISA. Admittance of residual detection antibody was monitored for 1 h during the El-ISA with
(a) nonprotein blocking buffer, (b) BSA (0.1×), and (c) casein (0.1×). (d−f) Normalized values of admittance in antigen−antibody reactions
containing 0, 0.01, 1, and 10 ng/mL N protein, respectively.

Figure 5. Principle of the El-ISA and quantification of the residual detection antibody. (a) Principle of the El-ISA depends on N protein
concentration. A higher concentration of N protein results in less residual detection antibody and consequently higher electrode impedance and
lower admittance. (b) Admittance of the residual detection antibody monitored in solution during the El-ISA in antigen−antibody reactions
containing 0, 0.1, 0.5, 1, 5, and 10 ng/mL N protein. (c) Normalized admittance values were calculated at 1 h.
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increased because the antibody interfered with the flow of the
current. Admittance was plotted at 60 min as a function of the
anti-N protein Ab concentration (Figure 3c). In addition, Ab
adsorption onto the electrode was evaluated using anti-N
protein detection Ab labeled with Alexa Fluor 647. The
fluorescence emission confirmed that the antibody was
adsorbed onto the electrode, not onto the SiO2 surface
(Figure S6).
Evaluation of the El-ISA for the N Protein with the

ToAD System. An optimized blocking agent was required to
suppress nonspecific biomolecule binding to ensure the
sensitivity and reproducibility of the El-ISA. Since the blocking
agent may detach from the 96-well surface during detecting the
residual antibody, we expected that a suitable blocking agent
should not interfere in signal detection during immunoassays.
We assessed a protein-free blocking buffer, BSA (0.1×), and
casein (0.1×) solution as candidates before adding the N
protein to the El-ISA. After the antigen−antibody reaction, the
remaining detection antibody induced an admittance change.
Casein (0.1×) inhibited nonspecific binding to the surface and
stabilized the antigen−antibody interaction on the surface the
most effectively compared to the other candidates, which
resulted in the most stable change in admittance (Figure S7
and Figure 4). The protein-free blocking buffer and BSA did
not sufficiently block nonspecific binding for the El-ISA. Anti-
N protein Ab remaining after the antigen−antibody reaction
was quantified by blocking with casein in subsequent studies.
Changes in admittance were monitored with 0−10 ng/mL

N-protein. A higher N protein concentration induces more
antibody−antigen−antibody reaction on the 96-well plate.
Thus, the sandwich formation is strongly induced, resulting in
less detection antibody remaining in the solution. Since there
are few detection antibodies to physically adsorb to the
electrode, the impedance and the admittance do not change
significantly. In contrast, in the case of lower N protein
concentration, the less sandwich formation induces more
detection antibody remaining in the solution. Thus, the
impedance and the admittance change prominently (Figure
5a). Considering these criteria, we determined changes in real-
time admittance values with physisorption of the residual
detection antibody in the solution (Figure 5b). Admittance
was plotted as a function of the N protein concentration at 60
min (Figure 5c). The results confirmed that the El-ISA can
quantify N protein concentrations by monitoring admittance.
Table 1 lists a summary of SARS-CoV-2 detection methods,
and the performance of our ToAD system is comparable with
those of other electrochemical detecting systems.
Specificity of the El-ISA with ToAD for the N Protein.

We validated the cross-reactivity of anti-N protein Ab against 1
ng/mL S protein in the El-ISA. The admittance of the El-ISA
did not significantly change with these concentrations of S
protein, but it obviously changed according to the N protein
concentration (Figure 6a,b). In particular, we established a
specificity test using sample solutions mixed with the N and S
proteins. The N protein (1 ng/mL) was consistently quantified
regardless of the concentrations of the S protein (0, 1, 10, and
20 ng/mL) (Figure 6c). These results indicated that the El-ISA
was specific for the N protein of SARS-CoV-2 compared with
the S protein.
We used the ToAD system to analyze 20% human serum

spiked with N protein to determine the feasibility of the El-ISA
for clinical applications. Figure 7 shows residual anti-N protein
Ab concentrations at 60 min. The spiked serum did not T
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interfere with the El-ISA, indicating excellent potential for
analyzing clinical samples. These results supported our primary
claim regarding the El-ISA because eliminating impurities
allowed measurements of detection antibody admittance
without interference.

FIA of the N Protein of SARS-CoV-2.We investigated the
reliability of the N protein results of the ToAD system using
FIAs to detect antibody on the bottoms of microwells (Figure
8a). After the sandwich assay, the fluorescently labeled
detection antibody was quantified using the SpectraMax i3x
microplate reader. The fluorescence intensity emitted by the S
protein was not significant; however, that emitted by the N
protein was linear and concentration-dependent (Figure 8b,c).
This association was also linear in 20% human serum spiked
with N protein (Figure 8d). These results confirmed that our
immunoassay system can be applied to clinical analyses.

Figure 6. Specificity of the El-ISA for the N protein compared with that for the S protein. (a) Changes in admittance of S (1 ng/mL) and N (0, 1,
5, and 10 ng/mL) proteins normalized at 60 min (b) Normalized admittance values for the N protein at 1 h. (c) Normalized admittance using a
mixed solution of N and S proteins.

Figure 7. Specificity of the El-ISA determined in 20% human serum
spiked with N protein. Concentrations of spiked N protein: 0, 0.1, 0.5,
1, and 10 ng/mL.

Figure 8. FIA of the N protein to cross-validate ToAD specificity. (a) Procedure for N protein detection by the FIA. (b) N and S proteins
determined by the FIA. (c) Fluorescence intensity according to N protein concentrations. (d) FIA in 20% human serum spiked with various N
protein concentrations.
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■ CONCLUSIONS
We designed a real-time system to monitor and detect the N
protein of SARS-CoV-2 by combining the El-ISA with ToAD.
We optimized the measurement frequency, electrode regener-
ation, and the blocking method before detecting the N protein
using our label-free El-ISA with an LOD of 0.1 ng/mL, a range
extending to 10 ng/mL, and minimal cross-reactivity with S
protein. The assay also detected the N protein in spiked 20%
human serum. Our FIA data also confirmed that our system
was sensitive and specific for detecting the N protein.
Moreover, the ToAD system can detect individual electro-
chemical signals in 96-well plates in real time. This novel El-
ISA combined with ToAD is an economical, rapid, convenient
system that is simple to operate. We therefore envision that
this combination could serve not only as a cost-effective, large-
scale test for detection of SARS-CoV-2 but also as a general
platform for the real-time measurement of other biomolecules
in clinical samples.
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