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Abstract

The COVID-19 pandemic has led to a substantial increase in the advancement of point-of-care (POC) diagnostic tools due
to their potential utility in detecting and managing the spread of the disease. Currently, many diagnostic techniques neces-
sitate advanced laboratory equipment and specialized expertise to deliver dependable, cost-effective, specific, and sensitive
POC tests for COVID-19 diagnosis. Herein, we report a highly sensitive electrochemical sensor array that features S-RBD
protein, covalently anchored on the surface-engineered Pt-black-coated microdisk gold electrodes to monitor severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Computer simulations were performed using different electrode gaps
to optimize and fabricate the gold microdisk electrode array. The high sensitivity was ensured by decreasing the electrode
gap as well as by depositing Pt-black nanoparticles on the microdisk gold electrodes, by means of chronopotentiometry. The
electrical readout depends on monitoring changes in the cyclic voltammograms at the electrode/electrolyte interface as a
result of the competitive interaction between monoclonal COVID-19 antibodies and varying antigen concentrations. Overall,
the developed electrochemical sensor array exhibits promising electroanalytical capabilities by displaying an excellent linear
response ranging from 100 to 1 pug/ml with a detection limit of ~ (0.23 ng/ml). In addition, as a proof-of-concept applica-
tion, the developed electrochemical sensor array was employed as a sensing platform for the detection of heat-inactivated
SARS-CoV-2. Such accomplishments highlight the advantages of low-cost localized electronic devices with high sensitivity
and rapid multiple samples detection capabilities to play a crucial role in controlling the spread of infectious diseases like
COVID-19.

Keywords S-RBD protein - Pt-black (platinum black) - Heat-inactivated SARS-CoV-2 - Monoclonal COVID-19
antibodies - Microdisk electrochemical sensor array - Chronopotentiometry - Cyclic voltammograms

1 Introduction

The outbreak of the coronavirus disease, caused by the
SARS-CoV-2 virus was first seen in the city of Wuhan,
China, on December 2019. On February 11, the World
Health Organization (WHO) officially designated the dis-
ease caused by SARS-CoV-2 as COVID-19 (Corona Virus
Disease 2019), and later, WHO declared COVID-19 to be
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a global pandemic, affecting regions all around the world.
Because of its rapid transmission via direct contact, the total
number of cases worldwide surpassed 346 million, resulting
in approximately 5.5 million deaths by January 2022 [1].
Controlling the spread of the COVID-19 disease has hinged
on the critical element of early detection. Early detection has
played a pivotal role in preventing further health, social, and
economic consequences, allowing for the implementation of
appropriate countermeasures in a timely manner.

To date, several diagnostic and detection techniques have
been developed to combat the virus’s spread. One of the
most popular methods is reverse transcriptase real-time pol-
ymerase chain reaction (RT-PCR), which offers rapid and
dependable quantification of mRNA transcription [2]. It is
known for its speed and effectiveness, allowing the precise
quantification of gene quantities in target sequences with a
high degree of specificity and sensitivity [3—6]. However,
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PCR tests require controlled laboratory environments, spe-
cialized protocols, and sophisticated equipment, making
them impractical for applications in the resource-limited
settings of developing countries [7]. Also, it is so sensitive
that even trace amounts of residual DNA from previous tests
or impurities can lead to inaccurate results [8, 9].

On the other hand, immunologic assays use anti-
body—antigen interactions to detect viral antigens, such as
the nucleocapsid (N) protein or spike (S) protein as well as
to detect the immune response (antibody) against SARS-
CoV-2[10, 11]. When an antigen binds to a capture antibody
on a solid substrate, the detection antibody linked to suitable
reporters binds to an additional epitope on the target antigen.
This interaction leads to the generation of electrochemical
or optical signals. Immunoassays have been adapted into
various formats suitable for point-of-care (POC) diagno-
sis, including lateral flow assays [12—14]. However, these
devices either require long analysis periods exceeding 1
hour or susceptible to produce false-positive results [15].
False-positives often result from non-specific interactions
between the target and immobilized proteins, representing a
significant contributor to inaccuracies [16]. As a result, there
is still a high demand for a rapid, highly sensitive, specific,
and precise approach to COVID-19 diagnosis in point-of-
care testing to effectively manage the pandemic.

Electrochemical biosensors are widely utilized analytical
instruments for transducing enzymatic reactions related to a
diverse array of protein and nucleic acid analytes [17-23].
Furthermore, due to their scalability, high sensitivity, selec-
tivity, rapid response time, relatively lower costs, and ease of
use, electrochemical sensors have recently gained attention
as a promising diagnostic tool for COVID-19 [24-30]. These
exceptional attributes make these sensors essential tools for
the precise monitoring of biomarkers and early detection of
various diseases. However, a critical challenge in electroana-
lytical methods is the interference caused by biomolecule
adsorption on the sensor surface, limiting their potential
applications. Since, the sensor’s immobilization capac-
ity, sensitivity, conductivity, and specificity depend upon
the surface area and material composition of the electrode
[31, 32]. One effective solution to tackle this issue involves
designing efficient electrochemical sensors modified with
specific nanomaterials or molecules, thereby enhancing their
efficiency and improving the analytical performance.

Noble metals like gold and platinum possess excellent
properties that make them highly valuable for various bio-
sensing applications [33, 34]. Pt shares similar characteris-
tics with gold, including excellent conductivity, chemical
stability, high surface area, biocompatibility and a strong
interaction with thiol groups [35-38]. However, one key
advantage of Pt is its superior hydrophilicity particularly
in the form of Pt-black compared to gold. This enhanced
hydrophilicity facilitates better wetting and adsorption of

biomolecules onto the electrode surface, promoting stronger
binding interactions and improved sensitivity. Furthermore,
Pt-black’s high electrochemical active sites and robust cata-
lytic activity facilitate enhanced electron transmission,
thereby accelerating electrochemical reactions, resulting in
fast response times and improved detection limits [39, 40].

Among the various proteins found in coronaviruses, a sig-
nificant focus for vaccines and antibody development is the
spike glycoprotein (S-protein). This protein plays a crucial
role in recognizing receptors and facilitating the fusion of
the viral and host cell membranes, enabling the virus to enter
the host cell [41, 42]. The S-protein comprises two subu-
nits: S1 and S2. The S1 subunit contains a receptor-binding
domain (RBD), facilitating the attachment of the virus to the
host cell surface. Whereas, the S2 subunit is responsible for
facilitating the fusion of the viral and host cell membranes.
The S-RBD protein of SARS-CoV-2 displays a higher
binding affinity for hACE2 (human angiotensin-converting
enzyme 2) compared to the S-RBD of SARS-CoV, leading
to increased transmissibility [43].

Considering all the aforementioned information, we
report a comprehensive study based on the development,
detail characterization, assay optimization, and assessment
of heat-inactivated samples using a highly sensitive elec-
trochemical sensor array for detecting S-RBD protein. The
selection of the S-RBD protein was based on its clinical
significance in COVID-19 diagnostics. The developed sen-
sor utilizes a gold disk electrode (AuDE) array modified
with Pt-black nanoparticles. Initially, computer simulations
were performed using different electrode gap configurations
to optimize and fabricate the gold microdisk electrode array.
The heightened sensitivity (in terms of current density and
capacitance) was attained through the reduction of the gap
distance between the working and counter electrodes within
the gold microdisk electrode array. In addition, the deposi-
tion of Pt-black nanoparticles on the microdisk gold elec-
trodes contributed to the enhanced analytical sensitivity in
detecting the S-RBD protein. Scheme 1 illustrates the fabri-
cation process and the operational mechanism of the devel-
oped electrochemical sensor. The combination of a large
surface area, superior conductivity, and a greater number of
electrochemically active sites provided by the Pt-black nano-
particles enables rapid and precise detection. The electro-
analytical approach is based on the competitive interaction
between a constant concentration of monoclonal COVID-19
antibodies and S-RBD protein immobilized on the electrode
surface (biomarker). The electrical responses associated
with varying antigen concentrations were observed using
cyclic voltammograms, specifically by tracking changes in
the electron transfer rate at the interface between the elec-
trode and electrolyte. The developed electrode array demon-
strated the capability to detect S-RBD protein at concentra-
tions as low as 100 pg/ml in buffer saline. Furthermore, as a
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Scheme 1 a Schematic illustration of the Pt-black-based electrochemical sensor fabrication steps. b Optical images of the working electrochemi-
cal sensor array and complete measurement setup for monitoring multiple samples of the COVID-19 S-RBD protein

proof-of-concept application, the developed electrochemical
sensor array was utilized as a sensing platform for detecting
heat-inactivated SARS-CoV-2 (variant B.1.1.7). The results
demonstrated that the developed sensor could be employed
for the rapid, cost-effective, and highly sensitive multiple
samples detection of COVID-19, presenting it as a viable
alternative for point-of-care COVID-19 diagnosis.

2 Experimental Methods
2.1 Chemicals and Instrumentation

The target SARS-CoV-2 S-RBD protein, and anti-SARS-
CoV-2 S-RBD antibody (produced in mice) which recog-
nize the S-RBD protein were obtained from Acrobiosys-
tems (USA); Heat-inactivated SARS-CoV-2 variant B.1.1.7
(obtained from Human Nasopharyngeal swab, California)
was purchased from ATCC (USA); Hydrogen hexachlo-
roplatinate (IV) hexahydrate (H,PtClgs6H,0) (>37.50%
Pt basis), Lead diacetate trihydrate (>99%), Hydrochloric
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acid (HCI), 6-Mercaptohexanoic acid (MHA, 90%), N-ethyl-
N-(3-dimethyl aminopropyl)-carbodiimide hydrochloride
(EDC, crystalline), N-hydroxysuccinimide (NHS, 98.0%),
and sodium borohydride (NaBH,, powder, >98.0%), were
purchased from Sigma Aldrich (USA); Phosphate-Buffered
Saline (PBS, 1X, in liquid form, pH 7.4) was procured from
Welgene Inc. (Gyeongsan, Korea); Bovine serum albumin
(BSA), used as blocking agent, was supplied by Tech and
Innovation (Shuncheon-si, Korea). De-ionized (DI) H,O
was provided by the Water Purification System, PURESCI-
ENCE (Seongnam-si, Korea). Ethanol (extra pure, 94%) was
obtained from OCI Company Ltd., (Seoul, Korea).

2.2 Fabrication of Gold Microdisk Electrode Array

Photolithography and wet etching methods were used to
fabricate a gold microdisk electrode array on a glass sub-
strate (7.5 2.5 cm) with eight working disk electrodes
(@=500 pm) and a common counter electrode as shown in
Scheme 1b. Initially, a layer of DNR-L300-30 photoresist
was applied onto the gold-deposited glass substrate using a
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spin coater (SPIN-1200 D) at 1500 rpm for 40 s, followed
by a soft bake at 95 °C for 90 s. Subsequently, the photore-
sist-coated substrate was aligned with a photomask using a
mask aligner (Model: MDA-400M) for an exposure dura-
tion of 18 s under light radiation. After exposure, the sub-
strate underwent post-exposure baking at 110 °C for 2 min
and 30 s. The next step involved immersing the substrate
in a developer solution (AZ 300 MIF) for 10-15 s to elimi-
nate the unexposed tablephotoresist areas. Unexposed gold
regions were then removed at room temperature using etch-
ant GE-301G. Subsequently, the remaining DNR-L300-30
photoresist was eliminated using acetone, resulting in the
desired pattern on the gold-coated substrate. Following this,
the glass substrate underwent a 15-min ultrasonic cleaning
process, and an insulation layer of SU-8 2002 was applied
upon completion of the deposition process. As a first pro-
totype, all the surface engineering related to the fabrication
of the microdisk electrode array was adapted from the opti-
mized electrical properties of the microdisk electrode array
based on the finite element approach by using COMSOL™
Multiphysics software as shown in Fig. 1a. To facilitate elec-
trochemical deposition and store the solvents for immuno-
reaction and electrochemical measurements, a polystyrene

8-well chamber was attached to the microdisk electrode
array with eight reaction chambers. Polystyrene was chosen
due to its advantageous properties, such as being non-toxic,
cost-effective, and capable of securely holding solvents. This
ensures that the solvents remain in close proximity to the
electrode surface, thereby facilitating efficient reactions.

2.3 Preparation of Pt-Black-Enhanced
Electrochemical Sensor

Pt-black was electrodeposited using a three-electrode configu-
ration after the gold microdisk electrode array was cleaned
with ethanol and DI water. The deposition was carried out
in the sensing area chamber on the gold microdisk electrode,
which contains 2.5% hydrogen hexachloroplatinate (IV) hexa-
hydrate, lead diacetate trihydrate (0.05%), and HCI (0.01 M).
Lead diacetate trihydrate decreases the over potential and
accelerates the conversion of PtC162‘ to platinum metal Pt(0),
which is the key step to deposit platinum black on the elec-
trode surface [44]. Pb ions, when adsorbed onto the electrode
surface, serve as potential nucleation sites for the formation
of Pt islands. In addition, the presence of Pb ions results in
a reduction in the conversion of Pt(IV) to Pt(Il) during the

Fig.1 Computer simulations to
assess electrode gap influence (a)
for microdisk sensor optimiza-
tion. a Finite element simula-
tions of current distributions for
different 3D models of micro-
disk electrode configuration. b
Output performance based on
simulation results for different —
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electrodeposition process, thus effectively lowering the energy
barrier required for the reduction of Pt(IV) to Pt(0). Pt-black
electrodeposition was conducted using a constant current den-
sity of — 2.5 mA per square centimeter for a duration of 400 s,
with reference to the external Ag/AgCl reference electrode, in
a three-electrode configuration. The developed Pt-black elec-
trode was cleaned before being incubated for 12 h at room tem-
perature in a solution of 6-mercaptohexanoic acid (100 mM).
Following the modification with a self-assembled monolayer
(SAM), the electrode surface was washed with ethanol and
deionized water. To anchor antibodies onto the SAM-modified
electrode (DE), the carboxyl groups of MHA were activated
within an aqueous solution of 200 mM EDC and 50 mM NHS
for a duration of 15 min. Next, 10.0 pl of antibody solution
(10 pg/ml, prepared in PBS) was applied onto the electrode
surface to immobilize the antibody for 30 min. Following that,
PBS was used to wash the electrode to remove unattached
materials from the electrode surface. Subsequently, the elec-
trode surface was incubated using 0.5% BSA (bovine serum
albumin) to block the non-specific sites. Finally, the developed
Pt-black-based electrochemical sensor was washed with PBS
before being used for S-RBD protein detection experiments.

2.4 Electrochemical Signal Readout

To assess the analytical range of the SARS-CoV-2 electro-
chemical sensor, 10.0 pl of different concentrations (ranging
from 1 pg/ml to 1 pg/ml) of the S-RBD protein were prepared
in PBS and then allowed to incubate for 5 min on the devel-
oped microdisk electrode configuration. Subsequently, the
electrodes were washed with PBS buffer, and cyclic voltamme-
try measurements (CV) were conducted. In order to perform
the electrochemical signal readout, the designed sensor array
must be integrated into the measuring setup both electrically
and fluidically, which is accomplished via a specially designed
chip holder. The setup used here consists of a polystyrene-
made 8-well chamber to hold the solvent of virus samples,
a potentiostat (Emstat Pico MUX) for signal readout, and a
laptop for displaying the acquired signal. The sensing array
was connected to the Emstat Pico MUX system (PalmSens,
Netherlands), which can monitor the electrical readouts of the
eight-channel sensing array simultaneously using PSTrace
(PalmSens, Netherlands) software. The real-time data (cyclic
voltammograms) were collected for each sensor by applying a
sweep starting from -1.0 V and stopping at 1.0 V.

3 Results and Discussions
3.1 Computer Simulation of Electrode Properties

The optimum electrical characteristics of the gold micro-
disk electrode array were calculated using COMSOL™
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Multiphysics software. For finite element simulations, a
3D geometry of the fabricated microdisk electrode array
was designed and simulated in a frequency domain electric
current module. The model consists of a buffer layer (PBS:
c=1.6 S/m, £=280), a counter electrode, and a microdisk-
working electrode (Gold: 6=4.11e7 S/m, £=1.143). The
simulations were performed at a fixed voltage in the fre-
quency range of 10 Hz—10* Hz. This is because the capaci-
tance change was most sensitively measured at this fre-
quency. The electrode gap parameters were controlled to
determine the optimum electrical properties for the gold
microdisk electrodes:

The electrode gap (1-8 mm) between the working and
counter electrode was analyzed and the current distribu-
tions of different microdisk electrode models were derived
as shown in Fig. 1. The following equations were used to
determine the capacitance based on the current data:

J=0cE+jwD +J,, (1)
1%

Z=7 ©)

Z =jWL+ (iWwC)™, 3)

C=—-iQxaf-2)7, “

where J stands for current density, E represents the electric-
field intensity, D for electrical permittivity and J, stands for
externally produced current. Equation (1) was used to deter-
mine the current for each frequency from the software, while
the impedance (Z) value may be determined from the current
and voltage value set at (200 mV) using Eq. (2). Since the
inductor (L) parameter in the equivalent circuit is almost
zero, therefore the imaginary part of impedance and fre-
quency were used to calculate the capacitance as illustrated
in Fig. 1b using Eq. (4) [45]. In Fig. 1b, it is evident that as
the gap distance between the working and counter electrodes
decreases, the capacitance response or the sensitivity of the
sensor increases. This increase in capacitance response or
heightened sensitivity can be attributed to several electro-
chemical factors including enhanced electric-field intensity,
improved double layer formation, reduced diffusion distance
and decreased inter-electrode resistance, all of which con-
tribute to high charge transfer and mass transport, ultimately
leading to more effective detection and response to analytes
molecules.

Furthermore, the comparison of different electrode con-
figurations in Fig. 1 demonstrates that the electrode with
a 1 mm gap distance between the working and counter
electrodes outperformed the others with higher gap dis-
tances. This suggests that a smaller electrode gap leads to
superior sensor performance, reinforcing the significance
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of considering this parameter. Based on the simulation
results and the expected high performance indicated by the
observed trends, we proceeded to fabricate a prototype of
an electrode array with eight working disk electrodes and a
common counter electrode for the detection of the S-RBD
protein. The empirical data obtained from the fabricated
electrodes aligned well with the simulation results, further
validating the effectiveness of the optimized electrode con-
figuration in achieving high sensitivity. Hence, our compu-
tational analysis clarifies not only the relationship between
electrode configuration and sensor sensitivity but also acts
as a crucial guiding principle in the design and optimization
of sensor platforms for biomedical applications.

3.2 Formation of the Self-Assembled Monolayer
(SAM) on the Pt-Black Electrode

In the process of developing an electrochemical sensor,
the deposition of a SAM layer on the electrode surface is a
fundamental step as it provides an organized framework for
controlled and precise interaction between the biosensor and
target molecules [46]. Prior to the formation of the SAM on
the Pt-black-based electrode, the electrode surface was thor-
oughly cleaned to remove impurities. Following the cleaning
step, the electrode was then immersed in a solution of 6-mer-
captohexanoic acid (100 mM) for 12 h at room temperature.

To verify the presence of a SAM on the electrode sur-
face, AFM (atomic force microscopy) was used to assess
the degree of roughness and surface topologies for both
the unmodified and SAM-modified electrode surfaces. In
Fig. 2a, d, you can observe the surface topology and the
associated height profile of the AuDE in its pristine condi-
tion. Figure 2b, e display the surface topology and height
profile of the Pt-black electrode, while Fig. 2c, f present
the surface topology and corresponding histogram height
profile of the Pt-black electrode after modification with the
SAM. Following the SAM modification, the electrode’s sur-
face exhibited a noticeable smoothing effect, resulting in
a reduced roughness of (R,=3.026 um) in contrast to the
(Ry=3.051 pm) roughness observed before the SAM modi-
fication. This difference in roughness (~25 nm) provides
clear evidence for the successful formation of the SAM on
the Pt-black-based electrode.

Furthermore, EDS analysis was carried out to confirm
the elemental composition of the SAM modification on the
electrode’s surface. Following the SAM modification, sulfur
(S) was found with an atomic percentage of 11.17%, as seen
in Fig. 2i. This finding validates the effective creation of
the SAM layer on the electrode surface through the robust
bonding between Pt-black and sulfur.

The re-confirmation of the deposition of the SAM on the
Pt-black electrode surface was successfully performed by
the treatment with NaBH, solution to remove SAM from

the electrode surface. The SAM-modified electrode was
immersed in 0.5 M NaBH, solution for 20 min to com-
pletely remove the SAM layer, and to restore the original
electrochemical characteristics. The CV results demonstrate
a significant increase in current intensity after the removal
of the SAM layer as shown in Figure S1(b). This increase is
nearly equivalent to the current observed in the CV results
for the pristine Pt-black electrode as shown in Figure S1(a).
The outlined procedure for removing the SAM layer from
the electrode surface serves as a verification step to confirm
the successful formation of the SAM on the Pt-black elec-
trode surface.

3.3 Electrochemical Characterization of the (AuDE/
Pt-black/SAM/EDC-NHS/anti-SARS-CoV-2 spike
RBD) Sensor

The stepwise functionalization process of the developed sen-
sor was evaluated by assessing its electrochemical perfor-
mance in a 10 mM phosphate-buffered saline (PBS) solution
at a scan rate of 80 mV/s. Figure 3a, b illustrates the cyclic
voltammograms (CV) and capacitance profiles obtained
from the following electrodes: bare AuDE, Pt-black-depos-
ited gold disk electrode (Pt-black/AuDE), SAM/Pt-black/
AuDE, anti-SARS-CoV-2/SAM/Pt-black/AuDE and BSA/
anti-SARS-CoV-2/SAM/Pt-black/AuDE. Initially, the bare
AuDE’ displayed a nearly flat voltammetric response due to
their poor conductivity. However, upon depositing Pt-black,
the electrodes displayed the appearance of a pair of redox
peaks and a significant increase in the peak current (/). This
increase in the peak current (1) can be attributed to both the
expanded surface area and the inherent conductivity of the
Pt-black-NPs [47]. In the next step, the electrode surface was
modified with the SAM, leading to a significant decrease in
the peak current. The sharp decline in peak current suggests
the non-conductive nature of both the hydrocarbon chains
and carboxylic acid groups within the SAM, hindering the
movement of the electron transfer toward the electrode sur-
face. Finally, the antibody was immobilized on the sensor
surface to complete the fabrication of the electrochemical
sensor. After the antibody immobilization, the current inten-
sity in the CV exhibited a further reduction. This reduction
was attributed to the formation of a supramolecular inclusion
complex, which hindered the electron transfer at the elec-
trode/solution interface. These findings provide confirmation
of the successful attachment of anti-SARS-CoV-2 antibodies
to the electrode surface, which is responsible for recognizing
RBD spike protein after immobilizing the surface with the
non-specific blocking agent (BSA). The developed sensor
was employed for electrochemical sensing of RBD spike
protein at different concentrations, which were prepared in
phosphate-buffered saline (PBS).
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Furthermore, the developed sensor was employed for
capacitance detection in a phosphate-buffered saline (PBS)
solution. The reduction in electrode capacitance following
the deposition of SAM, anti-SARS-CoV-2, and BSA can
be attributed to the creation of a sequence of dielectric
layers at the electrode/solution interface. The sensor’s
capacitance at the interface between the electrode and the
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electrode, f SAM-modified Pt-black electrode. SEM and EDS results
for g Bare Au electrode, h Pt-black deposited Au electrode, i SAM
modified Pt-black electrode

solution is characterized by a series of multiple capaci-
tors as depicted in Fig. 3b [48]. The decrease in electrode
capacitance observed after the sequential deposition of
SAM, anti-SARS-CoV-2, and BSA serves as evidence of
S-RBD spike protein detection through a capacitance-
based sensing mechanism.
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3.4 Scan Rate Study

Using CV, we examined how different scan rates affect the
oxidation peak currents of protein in PBS solution contain-
ing 1 ng/ml of S-RBD protein as depicted in Fig. 3c. As the
scan rate increased from 20 to 200 mV/s, the oxidation peak
currents exhibited a linear increase that was proportional to
the scan rate. Figure 3d illustrates the relationship between
the peak current and the scan rate. The linear relationship
observed between oxidation and reduction peak currents
and the scan rate yielded linear equations represented as
Y=0.0457x — 0.104 and Y=0.0489x — 0.277 with correla-
tion coefficients (R?) of 0.992 and 0.997 respectively. Based
on these findings, it is confirmed that the oxidation reaction
of protein followed an adsorption-controlled process and is
likely to be dependent on oxide groups at the electrode’s
surface [49].
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3.5 Analysis of S-RBD Protein Adsorption
on Electrode Surface

The electrochemical response of the fabricated sensor toward
various S-RBD protein concentrations was evaluated in the
presence of a fixed concentration (10 pg/ml) of monoclonal
COVID-19 antibody and PBS. Under optimized parameters,
CV voltammograms were used to examine different protein
concentrations as shown in Fig. 4a. Following the incubation
of protein, the sensor exhibited a progressive decline in its
current response from low to high concentrations (100 pg/
ml to 1 pg/ml). It is because, the specific binding of S-RBD
protein and COVID-19 antibody facilitates the formation of
an insulating layer on the electrode surface, which hinders
the electron transfer between the electrode and electrolyte.
As illustrated in Fig. 4a, the sensor exhibited a significant
fluctuation in current as protein concentrations varied, and
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there was no apparent saturation even at a concentration
as high as 1 pg/ml. Furthermore, calibration experiments
were conducted to extract favorable electroanalytical results
from the calibration curve. This includes an excellent linear
regression (R*=0.993) from 100 pg/ml to 1 pg/ml with a
detection limit (LOD) of ~0.23 ng/ml as shown in Fig. 4b.
Furthermore, the analytical performance of the developed
electrochemical sensor was evaluated in comparison to simi-
lar SARS-CoV-2 detection electrochemical sensors reported
in the literature, as summarized in Table S1. In this context,
the developed platinum-black-based sensor array exhibited
electrochemical performance that was either comparable or
superior to that of other electrochemical sensors designed for
the detection of SARS-CoV-2. In particular, we can assess
the superiority of our research over previous studies in four
specific sections: (1) High sensitivity and long-term stabil-
ity of the developed electrochemical sensor were achieved
by covalent immobilization of antibodies on the metal sur-
face (Pt-black). This is in contrast to physical adsorption,
which is known to have drawbacks such as low stability,
poor reproducibility, and limited control over the orienta-
tion of immobilized molecules [50]. (2) The multi-channel
electrochemical readout led to a significant improvement in
the accuracy of diagnosing SARS-CoV-2. (3) Low detec-
tion limit accompanied by a rapid response time of 5 min.
(4) The numerous electrochemically active sites offered by
Pt-black nanoparticles serve as signal amplifiers, thereby
facilitating heightened sensitivity and precise detection.

3.6 Optimization of Antibody Concentrations

The experimental parameters that hold significant influence
over the sensor performance primarily include the concen-
tration of antibodies and incubation time. Hence, various
concentrations of COVID-19 antibody, specifically 0.5, 1, 5,
10, and 50 pg/ml, were investigated to determine the concen-
tration that produces the highest signal value when interact-
ing with the biomarker/antigen (S-RBD protein) as shown in
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Fig. 5a. The experiment revealed that lower concentrations
of antibodies were insufficient to effectively bind all the
proteins present, leading to a correspondingly low current
signal. However, the current response exhibited a noticeable
increase with the high antibody concentration, reaching a
plateau at 10.0 pg/ml as depicted in Fig. 5b. Beyond this
point, the response remained nearly unchanged even as the
antibody concentration increased further, suggesting that the
surface had reached a state of saturation with the antibody.
Therefore, a concentration of 10.0 pg/ml was selected as
the ideal antibody concentration for constructing the elec-
trochemical sensor. Furthermore, the impact of incubation
time was evaluated, which reveals that a duration of 10 and
20 min did not produce satisfactory sensitivity. Therefore,
30 min was chosen as the optimal incubation time, as it rep-
resents the minimum period required for the effective for-
mation of antibody—antigen—antibody as shown in Fig. 5c.
In addition, the specificity of the monoclonal COVID-19
antibody in binding to the S-RBD protein was investigated
in comparison to non-specific proteins. This control experi-
ment was conducted to clarify the essential function of the
monoclonal COVID-19 antibody in identifying specific
biomarkers. Therefore, the electrochemical response of the
developed electrochemical sensor was analyzed in the pres-
ence of a fixed concentration (10 pg/ml) COVID-19 anti-
body, using a coexistence matrix consisting of proteins such
as BSA, human serum albumin (HSA) and c-reactive protein
(CRP). BSA (5 mg/ml), HSA (10 pg/ml), and CRP (5 pg/ml)
were chosen to individually assess potential cross-reactivity
with each protein, evaluate sensor specificity in the presence
of common serum proteins, and identify any interferences
affecting accurate detection of the specific protein (S-RBD)
in biologic samples. As shown in Fig. Se, no significant
changes were observed in the current response after the
interaction of non-specific proteins (BSA, HSA, and CRP)
exposed to the monoclonal COVID-19 antibody. Notably,
significant changes in current response occur when the spe-
cific protein (S-RBD) interacts with the same concentration
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of monoclonal COVID-19 antibody, as depicted in Fig. 5d,
resulting in a A7 value of 38% for S-RBD protein, compared
to Al values of 9% for BSA, 4.8% for CRP, and 6.2% for
HSA. These results indicate two important findings (1) the
selectivity of the antigen—antibody interactions at the devel-
oped SARS-CoV-2 electrochemical sensor, emphasizing that
the monoclonal COVID-19 antibody did not interact with the
non-specific protein. (2) the specificity of the SARS-CoV-2
electrochemical sensor, as no non-specific adsorption was
detected in the absence of the specific biomarker (COVID-
19 S-RBD protein). Importantly, these findings align with
the inherent nature of the monoclonal COVID-19 antibody
used in the study. Monoclonal antibodies offer superior
specificity compared to polyclonal antibodies because they

target a single epitope, thus preventing cross-reactions with
non-specific proteins [51]. Furthermore, monoclonal anti-
bodies enhance reproducibility as they maintain consistent
characteristics across different batches, making them a popu-
lar choice for clinical diagnosis [52].

3.7 Heat-Inactivated SARS-CoV-2 Variant (B.1.1.7)

To evaluate the reliability and accuracy of the developed
electrochemical sensor, we conducted an analysis to diag-
nose a heat-inactivated sample of the SARS-CoV-2 variant
(B.1.1.7) with an unknown concentration. The fabricated
electrochemical sensor quantifies the concentration of
the RBD spike protein in a SARS-CoV-2 sample using a
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standard addition approach. Therefore, five different solu-
tions (100ul each) were prepared in PBS with the same con-
centration and volume (10ul each) of the unknown (heat-
inactivated) sample but varying the amount of the known
(S-RBD protein) samples at concentrations of 0, 2, 4, 6, and
8 ng/ml for calibration. This process guarantees uniform-
ity in the samples, ensuring that each of them contains an
identical amount of the unknown sample, that may poten-
tially interfere with the assay. The electrochemical sensor’s
response was measured for all the samples, including those
with known concentrations of the S-RBD protein and those
without known concentrations of the protein as shown in
Fig. 6b. A calibration plot depicting the relationship between
peak current and the standard additions of the known sam-
ples resulted in a straight-line graph as shown in Fig. 6¢.
The S-RBD protein concentration was determined within
the SARS-CoV-2 variant (B.1.1.7) by identifying the point
on the x-axis where the extended linear regression line inter-
sects the concentration axis with a signal value of zero.

3.8 Repeatability and Reproducibility

The repeatability and reproducibility of the developed elec-
trochemical sensor were investigated as these are critical
considerations for their potential use in clinical applications.
To assess the sensor’s repeatability, the identical electrode
was employed seven times to detect 1 ng/ml of S-RBD pro-
tein, with a 30-min gap between each trial, and the changes

Fig.6 a Application of the (a)
standard addition method to
spike S-RBD protein into the — 3 —

heat-inactivated virus sample.
b Cyclic voltammograms of the Oul p
obtained relative response. ¢
The concentration of the S-RBD
protein in the virus sample is
estimated by extrapolating the

standard curve and determining 2ul
the x-intercept 1ul 1l
\e—rVt NS

(b)

in cyclic voltammograms were monitored. To achieve high
reproducibility and repeatability, maintaining uniformity and
precision during fabrication, along with stable experimental
conditions, was crucial. Optimization of antibody concen-
trations, incubation times, and washing steps, coupled with
accurate sensor fabrication, minimized impedance mismatch
between electrodes and ensured consistent performance. Fig-
ure S2(a) displays the response current from eight meas-
urements conducted with a single electrode. The relative
standard deviation (RSD) for the recorded current value was
determined to be approximately 3.7%, which ensures the
consistency and reliability of measurements. In addition,
five identical electrodes were analyzed to monitor 1 ng/ml
of S-RBD protein under the same conditions to evaluate the
reproducibility of the developed sensor as shown in Figure
S2(b). The RSD of the recorded current value was found to
be 1. 45%, signifying good reproducibility of the developed
electrochemical sensor.

4 Conclusion

Considering the continuous rise in COVID-19 cases and the
emergence of highly transmissible and infectious variants
of concern, the demand for a highly sensitive, speedy, users
friendly, and customizable production of personal protective
equipment, without the requirements of advanced labora-
tory techniques or specialized expertise has become more
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urgent than before. To achieve this goal, we provide the
foundation for the development of the first prototype of an
electrochemical sensor array utilizing Pt-black nanoparti-
cles for point-of-care detection. The primary benefits (high
sensitivity and rapid detection) of the developed SARS-
CoV-2 electrochemical sensor array are supported by the
use of a nanostructured sensor platform modified with pt-
black nanoparticles. These nanoparticles offer exceptional
conductivity, a high number of electrochemical active sites,
strong catalytic properties, and chemical stability. In addi-
tion, to guarantee high sensitivity, the impact of different
electrode gaps on the sensor’s performance was thoroughly
assessed using commercial simulation software (COM-
SOL). The simulation results correspond with empirical
data, confirming that as the electrode gap decreased, there
was an increase in the capacitance change caused by the
analyte adsorption. The COVID-19 diagnosis was achieved
by monitoring changes in the voltammetric current upon
competitive interaction between anti-S-RBD-SARS-CoV-2
and the virus. This sensor configuration demonstrated excel-
lent sensitivity for both heat-in-activated virus samples and
purified S-RBD protein with detection limits of (0.40 ng/
ml) and (0.23 ng/ml) respectively. The developed Pt-black-
based electrochemical sensor array enables the simultaneous
detection of distinct biomarkers, opening the door to a new
era of cost-effective and highly sensitive devices for clini-
cal diagnosis of COVID-19 with fast and timely analysis.
Furthermore, to expand upon the future direction of this
aspect, we aim to enhance the Pt-black-based electrochemi-
cal sensor’s potential in biomarker detection. This involves
integrating it with mobile health technologies, platform min-
iaturization, exploring new biomarkers, and rigorous clinical
validation. By exploring these pathways, we believe that the
sensor array has the potential to transform COVID-19 diag-
nostics and make substantial contributions to public-health
initiatives.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13206-024-00153-3.
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