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A Simplistic Label-Free Electrochemical Immunosensing
Approach for Rapid and Sensitive Detection of Anti-SARS-
COV-2 Nucleocapsid Antibodies

Branham J. Kock,” Jarid Du Plooy,” Rochida A. Cloete,” Nazeem Jahed,”
Thuan Nguyen Pham-Truong,” Christopher Arendse,” and Keagan Pokpas*®

Rapid and precise detection of SARS-CoV-2 antibodies is para-
mount for effective outbreak monitoring and vaccine efficacy
assessment. While existing approaches for antibody detection
often rely on complex electrochemical immunosensing with
nanomaterial functionalization targeting S-protein antibodies,
their limitations in sensitivity and complexity have hindered
widespread application. Here, we present a simplistic immuno-
sensing platform designed for the rapid, and precise detection
of SARS-CoV-2 specific 1gG and Nucleocapsid antibodies.
Notably, this study marks only the second exploration of SARS-
CoV-2 N-protein antibody detection. The platform utilizes tradi-
tional self-assembled monolayers to establish selective bio-
affinity between SARS-CoV-2 specific Nucleocapsid antibodies
and a gold electrode functionalized with the N-protein antigen.

Introduction

The most recent global threat to our well-being is the rapid
spread of Coronavirus Disease 2019 (Covid-19), a respiratory
iliness caused by a large RNA virus known as the coronavirus.
This enveloped virus has a positive single-stranded RNA
genome, making it capable of infecting humans. Individuals
afflicted with Covid-19 typically exhibit symptoms such as fever,
cough, nasal congestion, and various other indicators of upper
respiratory tract infections. In more advanced stages of the
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Interestingly, despite the absence of nanomaterial functionaliza-
tion, the developed platform achieves sensitivity comparable to
existing sensors across a wide detection range (0.025 to 1 ng/
mL) with an impressive limit of detection (0.019 ng/mL). The
simplicity of the approach, relying solely on immunocomplex
reactions, underscores that effective binding efficiency may be
achieved in the absence of complex functionalization and
determines its affordability, specificity, and high sensitivity. By
eliminating the need for additional functionalization steps, the
platform offers a streamlined solution for SARS-CoV-2 antibody
detection and demonstrates the possibility of N-protein anti-
body detection as a promising avenue for widespread applica-
tion in SARS-CoV-2 outbreak monitoring and vaccine efficacy
assessment particularly in underdeveloped regions.

infection, when the patient’s condition deteriorates, pneumonia
may develop characterized by its distinct symptoms. To
mitigate the impact of Covid-19 symptoms and potentially
confer immunity, various vaccines have been developed."

Current diagnostic methods for SARS-CoV-2 include Antigen
tests, Nucleic Acid Amplification Tests (NAATs), and other viral
tests. The predominant clinical diagnostic tool for the coronavi-
rus is the Quantitative Reverse Transcription-Polymerase Chain
Reaction (gRT-PCR), which targets the E and RdRP genes of the
virus.? While gRT-PCR has proven its utility, it is not without
limitations. For instance, in asymptomatic patients, viral loads
may be insufficient for accurate monitoring. Additionally, the
presence of interfering substances may lead to false-positive
results. Moreover, this method entails a relatively lengthy
turnaround time, atypically ranging from 2-4 hours to obtain a
result.”!

Electrochemical detection has shown great promise to
address the limitations of molecular spectroscopic approaches.
A variety of electrochemical biosensors® have been developed
for the  detection of  SARS-CoV-2, encompassing
immunosensors,” aptasensors,” and enzymatic” sensors. These
sensors utilize diverse platforms and substrates such as screen-
printed electrodes (SPEs)® paper-based systems,”'” gold
electrodes,"" test strips,'® and others, demonstrating rapid and
accurate detection of SARS-CoV-2. Electrochemical sensing
methods have gained prominence in detecting proteins, nucleic
acids, bacteria, viruses, antibodies, and their fragments owing
to their simplicity, low cost, rapidity, high sensitivity, and
selectivity. In the context of SARS-CoV-2 detection, immunosen-
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sors operate by detecting a specific target analyte, such as an
antigen (Ag), through the formation of a stable immunocom-
plex with an antibody acting as a capture agent (Ab). This
interaction generates a quantifiable signal through a trans-
ducer, defining a biosensor as an immunosensor. In immuno-
assays, the system relies on the interaction between the
antibody and the antigen, while in contrast, in immunosensors
the development of the immunocomplex and diagnosis occur
on the same platform. This is a nuanced distinction between
immunosensors and immunoassays"?''?, Antigen-antibody in-
teractions are the focal point of recent research. The bulk of
studies leverages these for the ultrasensitive detection of
antigens. A less common approach is for the detection and
monitoring of antibody production."” The structural composi-
tion of SARS-CoV-2 consists of 4 proteins, the spike protein, the
membrane protein, the Envelope protein, and the Nucleocapsid
Protein. These structural proteins found in SARS-CoV-2, differ
most from their respective proteins in SARS-CoV and MERS-CoV
viruses. Based on its ability to make a SARS-CoV-2 specific
detection platform and its previously demonstrated high
immunogenicity in similar devices, the nucleocapsid protein (N-
Protein) has shown promise to be used as the biosensor's
antigen. The N-protein to nucleocapsid antibody (N-antibody)
interaction is more selective and sensitive for biosensor
application in comparison to the commonly used spike protein.
For the electrochemical biosensor referenced to be fabricated, a
closer look into the Nucleocapsid protein (N) is discussed."®

The N-protein in question is one of the most abundant
structural proteins in virus-infected cells and is highly conserved
in the coronavirus genus.'”” The N-protein’s primary function is
to bundle the viral genome RNA into a long helical ribo-
nucleocapsid (RNP) complex and engage in virion formation via
interactions with the viral genome and membrane protein."®
Furthermore, in host immunological reactions, the N protein is
an immunodominant antigen that can be exploited as a
diagnostic antigen and immunogen.™

Various researchers have explored antibody detection
through electrochemical methods, with successful applications
reported. Electrochemical impedance spectroscopy has been
particularly effective in detecting SARS-CoV-2 antibodies using
a nanowire-based biosensor, achieving a limit of detection
(LOD) in the pg/mL range.”® Najjar etal. proposed an
innovative approach for antibody detection through RNA.?"
Their method involved an electrode functionalized with the
Spike S1, nucleocapsid, and receptor-binding domain antigens
of SARS-CoV-2. This setup facilitated the automatic extraction,
concentration, and amplification of SARS-CoV-2 RNA from
unprocessed saliva. It also integrated Cas12a-based enzymatic
detection of SARS-CoV-2 RNA through isothermal nucleic acid
amplification with a sandwich-based enzyme-linked immuno-
sorbent assay. In contrast to other lateral flow-based assays
(LFAs) that require multiple antibodies, a label-free paper-based
electrochemical platform has been designed to target SARS-
CoV-2 antibodies without the need for an additional antibody.
This platform offers a distinct advantage in simplicity.”? Addi-
tionally, a novel electrochemical sensor has demonstrated the
rapid and label-free detection of SARS-CoV-2 antibodies using a
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commercially available impedance sensing platform. This
method surpasses the standard enzyme-linked immunosorbent
assay (ELISA) in terms of LOD and can effectively differentiate
impedance spikes from negative control (1% milk solution) for
all CR3022 samples.” These advancements showcase the
versatility and efficacy of electrochemical approaches in the
realm of SARS-CoV-2 antibody detection.

For the quick and precise measurement of SARS-CoV-2
serum antibodies, an electrochemical immunosensor that is
portable and affordable was created. The immunosensor
featured a quick test time, reported stable performance
throughout a 24-week storage period at room temperature, and
the ability to detect the quantities of immunoglobulin G (IgG)
and immunoglobulin M (IgM) antibodies against the SARS-CoV-
2 spike protein in human serum.”¥ As a nanotool for the ultra-
sensitive selective quantitative analysis of SARS-CoV-2 anti-
bodies, the spike protein was immobilized on the SPCE
modified with nickel hydroxide nanoparticles (Ni(OH), NPs). The
addition of the NPs made the biodevice more stable and made
the target detection more sensitive and selective.”™ Similarly,
the immunosensor reported,” designed an Au immunosensor
but detected for the S-Protein. The designed electrochemical
immunosensor is suitable for verifying human COVID-19
immune response or infection following immunization. The
analytical performance of immunosensors was greatly improved
by adding synthetic peptides as selective recognition layers
together with nanomaterials like gold nanoparticles (AuNPs). An
electrochemical immunosensor built on a solid-binding peptide
and tested for SARS-CoV-2 Anti-S antibodies was provided in
the study. Two crucial components of the peptide employed as
a recognition site were present: one based on the viral receptor
binding domain (RBD), which can recognize antibodies of the
spike protein (Anti-S), and another capable of interacting with
gold nanoparticles.””” Commercial electrical devices have also
been modified to detect SARS-CoV-2.¥ The field of study
continues to expand due to the few studies and Novelty behind
the form of sensing.”*3"

The majority of studies have primarily focused on detecting
the spike protein.®? Numerous sensor types have been
designed with a specific emphasis on simplifying antigen
detection. The overarching objective of these endeavors is to
develop a smart sensor suitable for point-of-care (POC)
applications in clinical analysis, providing patients with rapid
and accessible clinical tests.*® Adhering to these requirements,
an ideal biosensor should possess several key attributes: good
selectivity and stability,®¥ rapid response,*” a low limit of
detection,®® ease of use,’” low cost¥ and scalability. in
contrast to previously reported SARS-CoV-2 biosensors, the
developed immunosensor requires no additional modifications
to enhance its detection properties. It has demonstrated its
capability to detect in the low pg/mL range, effectively
competing with the more complex biosensor designs.

Herein, a label-free electrochemical immunosensor utilizing
commercial gold electrodes (AuE) as a straightforward and
simplistic approach for antigen-antibody testing targeting
SARS-CoV-2 nucleocapsid antibodies (N-antibody) is developed.
While the monitoring of the antigen-antibody interaction for
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Nucleocapsid Antibody detection has been relatively underex-
plored, it has proven to be a viable alternative for the detection
of SARS-CoV-2. Here the design and optimization of a Au-based
biosensor platform tailored for highly sensitive and selective
detection of the SARS-CoV-2 nucleocapsid antigen was pre-
sented relying on conventional self-assembled monolayers. Two
voltammetric methods, observing changes in current through
differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy (EIS), were employed in the detection
process. The work represents an alternative to existing studies
requiring platform functionalization with highly conductive
materials and only the second of a handful of studies for
monitoring of anti-SARS-CoV-2 nucleocapsid antibodies.

Results and Discussion

Functionalization and Characterization of Sars-Cov-2
Nucleocapsid Antibody Sensor

The Au sensor was produced by coating the gold working
electrode with a self-assembled monolayer (SAM) of 25 MSA.
The SAM creation severed to establish binding sites for the
linker designed to interact specifically with the SARS-CoV-2
nucleocapsid protein. The approach used was similar to the
work detailed in reference® and was meticulously character-
ized using electrochemical techniques as shown in Figure 1. To
ensure the specificity of the sensing surface, excess reactive
linkers were blocked by incubating the sensor with BSA.
Subsequently, the sensor was utilized to measure the electro-
chemically active ferri/ferrocyanide reaction post-BSA blocking,
providing a baseline or background signal. Following the
blocking step, the sensor was subjected to analyte incubation,
during which the designed linker facilitated the recognition and
binding of the SARS-CoV-2 nucleocapsid protein to the sensor’s
surface-immobilized antibodies. The study underscores the
importance of the sequential steps in creating a functional and
selective sensing platform for the targeted detection of the
SARS-CoV-2 nucleocapsid protein without the need for further
modification with smart materials. The approach described
herein holds promise for advancing the field of biosensing,
particularly in the realm of infectious disease diagnostics.
Differential pulse voltammetry (DPV) and Electrochemical
impedance spectroscopy (EIS) were performed to investigate
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Figure 1. (A) Voltammograms of functionalized gold electrode detecting 1
ng/mL SARS-CoV-2 nucleocapsid antibody, and (B) EIS plot of functionalized
gold electrode with 1 ng/mL SARS-CoV-2 nucleocapsid antibody 5 mM
([Fe(CN)s*~").
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the electrode behavior at different stages of surface modifica-
tion, Figure 1A and 1B, respectively. DPV revealed distinct
alterations in the ferri/ferrocyanide electron transfer kinetics
throughout each modification step recorded between —0.4 and
0.8V are shown in Figure 1A. A single, well-resolved peak is
shown at 0.18V for all surfaces studied attributed to the 1-
electron transfer from Fe(CN)s>~ to Fe(CN),* . Carboxylic acid
functionalities are introduced to the gold surface through MSA
functionalization resulting in repulsion of the negatively
charged Ferri/ferrocyanide ions. Subsequently, the carboxylic
acid functionalized AuE may be activated following EDC/NHS
chemistry. A slight increase in the Fe(CN) " peak current
confirms this step. Notably, the introduction of N-protein and
subsequent blocking with BSA induced a stepwise increase in
electron-transport resistance shown by an approximate 25%
and a further 60% decrease in peak current. The findings
confirm the successful fabrication of the SARS-CoV-2 Nucleo-
capsid sensor. Further immobilization of 1 ng/mL test solutions
of anti-SARS-CoV-2 specific N-protein antibodies was studied. A
decrease in recorded peak current is observed demonstrating
successful binding of biological antibodies at the sensor surface.
Thus, these modifications acted as inert electron transfer-
relating blocking layers without entirely hindering the diffusion
of the ferri/ferrocyanide redox couple toward the electrode
surface.

Subsequent characterization via electrochemical impedance
spectroscopy delved deeper into the nuances of each electrode
alteration stage. The Nyquist plots generated during the multi-
ple functionalization steps are shown in Figure 1B and elucidate
the evolving electron-transfer resistance. The EIS data was
recorded in a frequency range between 1 and 10,000 Hz. An
increase in calculated charge transfer resistance (R,) was found
following, MSA, EDC/NHS, N-protein, and BSA functionalization.
As seen in Figure 1B, one can observe a gradual increase in the
diameter of the semicircle in the Nyquist plots when the
relevant modifications were made. In this sense, it can indicate
the inhibition effects of modified steps on the electron transfer
between the redox probe and the electrode surface. This means
that the interfacial properties can be altered even by little
changes in the surface induced by specific binding to the
surface of the AuE and ultimately with the N-Protein and N-
Antibody. Immobilized antibodies on the electrode surface
were found to distinctly obstruct electron transfer, indicative of
the formation of an insulating barrier. The results are in
agreement with those found in the voltammetric character-
ization. This detailed electrochemical analysis enhances our
understanding of the intricacies involved in each surface
modification step, confirming the efficient binding of biorecep-
tors and antigens for the detection of SARS-CoV-2 N-protein
antibodies.

Analytical Study for the Detection of the Nucleocapsid
Antibody using the Electrochemical Imnmunosensor

The quantitative analysis of the Nucleocapsid antibody (N-
antibody) detection was performed using DPV to detect a
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change in the ferri/ferrocyanide signal. The N-protein function-
alized working electrode was incubated for 30 min with varying
concentrations of N-antibody between 0.01 and 10 ng/mL. DPV
scans, spanning from —0.5 to 0.7 V, were performed before and
after incubation of the target molecule. Analysis of the obtained
signals involved point-by-point subtraction of the analyte peak
from the background peak using PS Trace software. The
subtraction yielded distinct peaks centred around 0.2 V, directly
reflecting the contribution of the analyte to the overall electron
diffusion. The calibration curve recorded by plotting the change
in current vs concentration for the 0.01 and 10 ng/mL range is
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Figure 2. 7-point Calibration curve in varied concentration range (0.01-10)
ng/mL in 5 mM ([Fe(CN)g> ).
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Figure 3. (A) Corresponding voltammogram of 7-point calibration curve. (B)
7-point Calibration curve of varied concentration range (0.025-1) ng/mL of
SARS-CoV-2 nucleocapsid antibody indicating the linearity of the electro-
chemical immunosensor in 5 mM ([Fe(CN)sJ>"*"). (n=3)
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given in Figure 2. An increase in peak current with increasing
concentration is exhibited up to approximately 2 ng/mL.
Thereafter, saturation of the electrode surface with nucleocap-
sid antibody blocks redox reactions limiting change in current.
A dynamic linear range of 0.025 and 1 ng/mL was found. The
resulting voltammogram and corresponding calibration plots
are provided in Figure 3A and 3B, respectively. A linear increase
in change in peak current with increasing concentration is
shown as peak currents are decreased. These peak heights
served as a quantitative measure of the presence of the N-
antibody, providing valuable insights into the effectiveness of
the sensor in detecting varying concentrations of the target
molecule. This DPV-based approach offers a robust and
sensitive method for the quantitative analysis of N-antibody
detection.

An overview of recently reported works for the electro-
chemical detection of SARS-CoV-2 antibodies is reported in
Table 1 highlighting specific biomarkers, bioreceptors, electrode
modifiers, and their performance metrics. The analysis includes
details on detection sensitivities, analysis times, limits of
detection (LOD), and sensing media. Notably, a limited number
of studies have focused on SARS-CoV-2 antibody detection,
with the majority concentrating on general or spike-protein
antibodies. Voltammetric techniques are predominant in cur-
rent diagnostic procedures, featuring analysis times in the 5-
60 min incubation range with only two reported works
investigating impedimetric or amperometric approaches. Metal
and metal oxide nanoparticle functionalization has commonly
been employed to enhance device sensitivity, and alternative
substrates such as interdigitated and paper-based platforms
have been proposed, showing commendable detection capa-
bilities. Reported detection sensitivities range from fg/mL to pg/
mL.

Comparing the designed immunosensor to those reported
in Table 1, its simplisity in design and fabrication stands out.
The biosensor features a streamlined architecture incorporating
a bioreceptor for target recognition and a transducer for signal
conversion without the need for further modification with smart
materials. The fabrication process involves straightforward
steps, making it user-friendly and requiring less specialized skill
sets to operate. In contrast to the common RT-PCR, the
biosensor can serve as a POC test kit with rapid results
availability.

The sensing range for antibody detection spans 0.025 to 1
ng/mL, achieving a low limit of detection (LOD) of 0.019 ng/mL.
This level of detection makes the immunosensor suitable for
applications demanding high sensitivity, such as medical
diagnostics and environmental monitoring. Comparatively, the
obtained LOD falls within a reasonable range, competing
favourably with the biosensors mentioned and surpassing
commercial ELISA test kits. The achieved LOD, however, does
not improve detection sensitivity over the only reported
electrochemical immunosensor for SARS-CoV-2 nucleocapsid
antibodies performed by Sadique et al which may be attributed
to the lack of further modification with a graphene-gold
nanoparticle nanocomposite. An R? value of 0.9869 indicates
good accuracy in the immunosensor’s performance.

© 2024 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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sid protein functionalized immunosensor and changes in Ferri/
ferrocyanide redox probe peak currents measured. The re-
corded voltammograms are shown in Figure 5. A 33 % decrease
in peak current is observed in the presence of both S-protein
antibodies studied. This change is significantly less than the
90% seen for Nucleocapsid antibody showing its improved
binding affinity and selectivity. The partial interference of the
spike antibody of SARS-CoV-2 with the nucleocapsid protein is
due to the fact that both have IgG responses. Both the
Nucleocapsid and Spike Antibody have structural similarities
along their peptide sequence that interacts with the nucleocap-
sid protein 124

Synthetic Human Serum Testing

Finally, to demonstrate the practical applicability of the SARS-
CoV-2 nucleocapsid Antibody immunosensor, a human serum
electrolyte was used for the detection of antibodies. The choice
of human serum is practically relevant as common SARS-CoV-2
tests involve sampling blood, saliva, and mucus. Three concen-
trations of antibodies (0.1, 0.5, and 1 ng/mL) were utilized in the

0,25 ——Bare AuE
——1gG S Antibody
——IgM S Anitbody

0,20 4 —— N Antibody

0,15
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Figure 5. Voltametric interference study of 1ng/mL of the IgG and IgM SARS-
CoV-2 S proteins compared to 1 ng/mL SARS CoV-2 nucleocapsid antibody
in 5 mM ([Fe(CN)s>*).
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Figure 6. Calibration curve of varied concentration range (0.1-1) ng/mL of
synthetic human serum detection of SARS- CoV 2 nucleocapsid antibody
done in 5 mM ([Fe(CN)g]*). (n=3)

ChemistrySelect 2024, 9, e202400409 (6 of 8)

experiment. As depicted in Figure 6, the immunosensor
exhibited robust performance, yielding an R? value of 0.99932.
These results collectively suggest that the method offers good
precision, trueness, andhigh accuracy. The successful detection
of antibodies in a medium as complex as human serum
reinforces the practical utility and reliability of the immunosen-
sor in real-world scenarios. This finding further supports the
immunosensor’s potential as a valuable tool in clinical settings,
contributing to the accurate and sensitive detection of SARS-
CoV-2 antibodies in patient samples.

Conclusions

To conclude, the development of a SARS-CoV-2 immunosensor
holds immense relevance in the context of the ongoing COVID-
19 pandemic and beyond. The COVID-19 pandemic has brought
significant disruptions to societies worldwide, emphasizing the
need for rapid and accurate diagnostic tools to control the
spread of the virus. Immunosensors, such as the one developed,
have the potential to revolutionize the way we detect and
monitor SARS-CoV-2 infections. Herein a label-free electro-
chemical immunosensor with a simplistic design was capable of
detecting SARS-CoV-2 nucleocapsid antibody. The work exhib-
ited only the second study for anti-SARS-CoV-2 N-protein anti-
bodies. The sensing scheme relies on the disruption of the
redox conversion ([Fe(CN)6]*~*") triggered by immunocomplex
formation between the captured immunoglobulins produced in
response to SARS-CoV-2 in humans with the immobilized
nucleocapsid protein of SARS-CoV-2. The fast 30 min and
sensitive detection of SARS-CoV-2 antibodies was recorded with
a detection limit of 0.019 ng/mL, which is more sensitive than
half of the reported antigen-antibody SARS-CoV-2 Immunosen-
sors in the absence of further smart material (nanomaterial,
polymer, etc.) modification or use of other complex substrates.
In addition, the basic device was capable of detecting targeted
antibodies in synthetic human serum and has an acceptable
sensitivity and specificity.

The primary advantage of an immunosensor lies in its ability
to detect the presence of specific antibodies with high
sensitivity and specificity. By harnessing the unique binding
properties of antibodies, immunosensors can accurately identify
the presence of SARS-CoV-2 in patient samples, even at low
concentrations. This feature enables early detection of the virus,
which is crucial for timely isolation and treatment, thus limiting
the spread of COVID-19. The simplicity of immunosensor
technology makes it suitable for point-of-care testing. This
means that healthcare professionals can rapidly screen individ-
uals for SARS-CoV-2 infection in various settings. This capability
facilitates efficient contact tracing and enables the implementa-
tion of targeted measures to control outbreaks. The develop-
ment of SARS-CoV-2 immunosensors represents a significant
breakthrough in the fight against COVID-19 and highlights the
potential for transformative diagnostic technologies. With their
high sensitivity, specificity, portability, and versatility, immuno-
sensors have the capacity to revolutionize infectious disease
detection, surveillance, and prevention not only during the
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current pandemic but also in future outbreaks. It is crucial to
continue supporting research and innovation in this field to
maximize the potential of immunosensors in improving global
health and well-being.

Materials and Methods
Chemicals and Materials

Palm-sens 4, PalmSens, Houten, The Netherlands. 3 mm Gold
Voltammetry (Au) working electrode (MF-2114), Platinum wire
Auxiliary electrode (MW-1032), Ag/AgCl with KCl solution
reference electrode. Potassium Chloride (SIGMA-ALDRICH),
Potassium Ferricyanide (SAARCHEM), MSA (SIGMA-ALDRICH),
PBS (CAPRICORN SCIENTIFIC), (1-ethyl-3-(3-dimethylaminoprop-
yl) carbodiimide)(EDC)(SIGMA-ALDRICH), N - Hydroxysuccini-
mide (NHS) (SIGMA-ALDRICH), N Protein (Sino Biological), BSA
(SIGMA-ALDRICH), Antibody (Sino Biological).

Anti-Sars-Cov-2 Immunosensor Fabrication

All time and concertation optimizations of incubation are
available in the supporting information (SI). Self-assembled
monolayers (SAMs) of mercaptosuccinic acid (MSA) were
formed on the Gold (Au) working electrode. To achieve this, a
25 mM MSA solution, prepared in phosphate-buffered saline
(PBS), was applied to the working electrode and allowed to
incubate for 24 hours. Following the incubation period, the
excess MSA solution was carefully removed, and the electrode
was rinsed with PBS to eliminate any remaining MSA. For the
subsequent cross-linking interaction, a 25 mM solution of EDC-
NHS was employed. As indicated by literature, the most
effective incubation time for this cross-linking agent was
determined to be 30 min, as EDC-NHS tends to be unstable in
water for longer periods.** A solution containing 10ug/mL of
N-Protein, prepared in PBS, was then applied to the electrode
and incubated for 1hour, a parameter optimized through
experimentation. To block non-specific binding sites, a 1%
bovine serum albumin (BSA) solution was utilized. This BSA
solution, composed of 10mg of BSA in 1mL biological
phosphate buffer, was applied to the device, aligning with
literature suggesting that an incubation time of 30 min is
sufficient to block most non-specific sites. This step enhances
the specificity and selectivity of the biosensor by preventing
unwanted interactions.

Antibody Interacting with Protein

The developed electrochemical immunosensor was applied to
the detection of SARS-CoV-2-specific Nucleocapsid antibodies in
test solutions. To electrochemically assess the nucleocapsid
antibody binding, the electrochemical signal of the functional-
ized sensor was measured at two key points: first, after the
blocking step to establish the background signal, and second,
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after incubation with the analyte using differential pulse
voltammetry (DPV) to obtain the analyte signal. The DPV scans
were recorded within the voltage range of —0.5 to 0.7 V. To
isolate the specific current change resulting from the antibody
binding to the sensor surface, the background signal was
subtracted from the analyte signal. This analytical process
enhances the precision of the measurements by eliminating
non-specific contributions and focusing on the electrochemical
response associated with the binding of the nucleocapsid
antibody to the sensor surface. The voltammetric analysis was
executed using the PS Trace V5.9 software from Palm Sens in
Houten, The Netherlands. A schematic illustration of the simple,
SARS-CoV-2 immunosensor is shown in Figure 7.

Characterization of Aue Electrochemical Sensor

All the electrochemical measurements were conducted using a
portable potentiostat (Palm-sens 4, PalmSens, Houten, The
Netherlands). Characterization of the Au electrode was carried
out by, differential pulse voltammetry (DPV) and electrochem-
ical impedance spectroscopy (EIS). DPV and EIS were used to
characterize the electrode at each stage of the functionalization
and to evaluate the antigen-antibody interaction on the surface.
All electrochemical measurements were performed in 0.1 M
potassium chloride (KCl) solution, containing 5mM Ferri/
ferrocyanide and measured against the Ag/AgCl reference
electrode.

Supporting Information

Assay optimization is included in the supporting information.
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