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SARS-CoV-2 emerged in late 2019 and quickly spread globally, resulting in significant morbidity, mortality, and
socio-economic disruptions. As of now, collaborative global efforts in vaccination and the advent of novel
diagnostic tools have considerably curbed the spread and impact of the virus in many regions. Despite this
progress, the demand remains for low-cost, accurate, rapid and scalable diagnostic tools to reduce the influence
of SARS-CoV-2. Herein, the angiotensin-converting enzyme 2 (ACE2), a receptor for SARS-CoV-2, was immo-
bilized on two types of electrodes, a screen-printed gold electrode (SPGE) and a screen-printed carbon electrode
(SPCE), to develop electrochemical biosensors for detecting SARS-CoV-2 with high sensitivity and selectivity.
This was achieved by using 1H, 1H, 2H, 2H-perfluorodecanethiol (PFDT) and aryl diazonium salt serving as
linkers for SPGEs and SPCEs, respectively. Once SARS-CoV-2 was anchored onto the ACE2, the interaction of the
virus with the redox probe was analyzed using electrochemical impedance spectroscopy (EIS) and cyclic vol-
tammetry (CV). Aryl diazonium salt was observed as a superior linker compared to PFDT due to its consistent
performance in the modification of the SPCEs and effective ACE2 enzyme immobilization. A distinct pair of redox
peaks in the cyclic voltammogram of the biosensor modified with aryl diazonium salt highlighted the redox
reaction between the functional groups of SARS-CoV-2 and the redox probe. The sensor presented a linear
relationship between the redox response and the logarithm of SARS-CoV-2 concentration, with a detection limit
of 1.02 x 10° TCID50/mL (50% tissue culture infectious dose). Furthermore, the biosensor showed remarkable
selectivity towards SARS-CoV-2 over HIN1virus.

1. Introduction

durations for the completion or rely on intricate and costly methods. The
reverse transcription polymerase chain reaction (RT-PCR) is currently

Human vulnerability to certain viral pathogens is well-documented,
with their harmful impacts ranging from mild symptoms to severe
pandemics resulting in high morbidity and mortality. As a consequence
of the SARS-CoV-2 spread in 2020, the world witnessed not only the
tragic loss of millions of lives but also profound disruptions in com-
merce, education, and general societal behavior. On March 11, 2020, the
World Health Organization designated SARS-CoV-2 to be a pandemic
after its rapid global spread. SARS-CoV-2 is a member of the broader
coronavirus family. Respiratory droplets in the air and surfaces with
intact virions are the main routes for the spread of the virus [1]. Di-
agnostics posed significant challenges during the pandemic, with the
quantity of assays, expense of the necessary reagents, and time taken for
results being major concerns. Although reliable tests for detecting the
virus have been established, most of them necessitate prolonged
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the most prevalent method for diagnosing COVID-19 [2]. The procedure
entails collecting nasopharyngeal specimens with specific probes,
transferring the viral content to a viral transport medium (VTM), and
subsequently extracting its RNA [3]. While RT-PCR is a highly accurate
technique, it has inherent limitations such as prolonged processing
times, the necessity for specialized equipment, and the need for pro-
fessional technicians. Turnaround times can range from several hours to
multiple days. The financial burden associated with PCR tests poses
challenges for widespread testing, particularly in resource-constrained
regions [4]. Given these challenges, there is an urgent need for inno-
vative diagnostic approaches that are not only accurate but also rapid,
inexpensive, and easy to implement [5]. This has raised the focus on the
research and development of electrochemical biosensors capable of
detecting SARS-CoV-2 [6,7]. Electrochemical biosensors offer a
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potential pathway for the swift and precise identification of numerous
pathogens and key clinical biomarkers [8]. A variety of electrochemical
biosensors have been designed, functioning on diverse principles such as
cyclic voltammetry (CV), linear sweep voltammetry (LSV), electro-
chemical impedance spectroscopy (EIS), and differential pulse voltam-
metry (DPV) [9-12].

For example, Olgac et al. used SARS-CoV-2 spike protein antibodies
(S-AB) to develop two electrochemical biosensing platforms for the
detection of SARS-CoV-2 spike protein antigen (S-AG) [13]. The first
sensor, BSA/S-AB/GluAl/Cys/Au/GCE, involves electrodeposition of
gold, chemisorption of cysteine, binding with glutaraldehyde, and
immobilization of antibodies, finished with bovine serum albumin to
cover open sites. The second sensor, BSA/S-AB/f-Cys/Au/GCE, diverges
by using carbodiimide chemistry to activate carboxylic acid groups of
cysteine, facilitating the covalent binding of the spike antibody to the
activated cysteine surface. The sensors achieved detection limits of 0.93
ag/mL and 46.3 ag/mL, respectively [13]. Liv et el. developed electro-
chemical biosensors using functionalized graphene oxide modified
glassy carbon electrode, which were further modified by immobilizing
antibodies that are selective for either the wildtype or omicron proteins.
The biosensors exhibited high sensitivity and selectivity in detecting the
target proteins, with the detection limits reaching the ag/mL level [14].
Another interesting approach is to use SARS-CoV-2 spike antigen protein
for the detection of SARS-CoV-2 spike antibodies. For example, an
electrochemical biosensor for detecting SARS-CoV-2 spike antibodies
was developed using gold clusters, cysteamine, and functionalized spike
antigen protein [15]. The spike antigen protein was functionalized to
create active sites that can form covalent linkages with the amine groups
of cysteamine. The biosensor was successfully applied to detect anti-
bodies spiked in real saliva and oropharyngeal swab samples, giving
good recoveries [15]. On a related note, glutaraldehyde was used as a
linker for the immobilization of SARS-CoV-2 spike antigen protein [16].
The sensor could detect the spike antibodies down to 0.01 ag/mL
(ag/mL) in both synthetic samples and spiked saliva/swab samples [16].
In a different biosensor design, mercaptoethanol (CysOH) was used to
immobilize the SARS-CoV-2 spike antigen protein [17]. In detail, CysOH
molecules were chemisorbed onto gold clusters through their sulfur
groups, exposing their hydroxyl groups on the surface. These hydroxyl
groups then facilitated the binding of the SARS-CoV-2 virus spike gene
through hydrogen bonding with its carbonyl/amino groups. This
biosensor demonstrated remarkable sensitivity in detecting SARS-CoV-2
spike antibodies, achieving a detection limit down to 0.03 fg/mL [17].
These biosensing platforms focus on interactions between antibodies
and antigens. While antigen-antibody interaction-based biosensors are
widely used, they face limitations such as potential non-specific binding
due to the constant region of antibodies, which can compromise speci-
ficity [18]. Additionally, these biosensors might not detect all virus
strains effectively due to variations in antigens. In contrast, biosensors
using the natural ACE2 receptor offer a significant advantage by directly
targeting the SARS-CoV-2 spike protein, ensuring detection across all
virus strains [1].

SARS-CoV-2 can attach to the angiotensin-converting enzyme 2
(ACE2) receptor on human cells, a process that enables it to infiltrate
and start an infection [19]. This interaction is facilitated by the
receptor-binding domain (RBD) of the spike (S) protein on the surface of
SARS-CoV-2 virus, which interacts directly with ACE2 [20]. Multiple
human tissues express the ACE2 receptor, including the lungs, heart,
kidneys, and intestines [21]. The expression of ACE2 in these tissues
may affect the severity and progression of COVID-19. The high ACE2
expression in the lungs and heart, for instance, may explain the severe
respiratory and cardiovascular complications observed in some
COVID-19 patients [21]. The interaction between the spike protein of
the virus and the ACE2 receptor is crucial for the ability of the virus to
infect host cells. This interaction is also pivotal in the development of
therapeutic interventions. For instance, pharmaceuticals that inhibit the
interaction between the spike protein and the ACE2 receptor could

Analytical Biochemistry 689 (2024) 115504

prevent the virus from infecting and entering host cells. Vaccine
development also requires an understanding of the interaction between
SARS-CoV-2 and ACE2. Several vaccine candidates intend to stimulate
an immune response against the spike protein, thereby inhibiting its
ability to bind to ACE2 [22,23]. The spike protein of SARS-CoV-2 has a
robust binding affinity to ACE2, characterized by a low nanomolar
range, owing to the positive charge of the virus, in contrast to the
negative charge of ACE2 [24,25]. This strong affinity paves the way for
the application of ACE2 as a receptor in multiple biosensor designs. The
hydrophobic domain of the ACE2 enzyme plays a critical role in its
anchoring to cell membranes. This property permits the integration of
ACE2 into fabricated amphiphobic structures resembling those of cell
membranes. Furthermore, ACE2 has functional groups that can readily
form covalent peptide bonds with certain compounds [26]. Notably, aryl
diazonium salt, possessing carboxyl groups, can serve as a linker,
establishing covalent bonds between its own carboxyl groups and the
amine groups of ACE2.

For electrochemical biosensors to function optimally, surface func-
tionalization and the chemistry of attachment are of paramount
importance [27]. Gold surface-based sensors often rely on gold-thiol
linkage for immobilizing biological molecules, particularly by estab-
lishing self-assembled monolayers (SAMs) on the gold surface [28].
SAMs may not only prevent non-specific adhesion of proteins, cells, and
other elements from a sample medium to the electrode surface, but also
ensure the proper orientation of biological sensing elements [29].
Self-assembled layers, including either a monolayer or complex
multi-component structures, spontaneously form when gold surfaces
come into contact with thiolated biomolecule solutions [30]. For carbon
surface-based sensors, on the other hand, the immobilization of
bio-recognition elements typically relies on techniques leveraging co-
valent bond formation [31].

Screen-printed electrodes (SPEs) have emerged as a promising plat-
form in the field of electrochemical sensing, as they offer several ad-
vantages suitable for a broad range of applications [32]. The design
versatility of SPEs is one of their most prominent features. They can be
molded into a variety of shapes and sizes, making them suitable for
many different applications [33]. SPEs have a substantial economic
benefit since their manufacturing cost is far cheaper than that of many
other electrode types, making them an enticing alternative for both the
research and industrial sectors [34]. The flexibility of SPEs is further
demonstrated by their adaptability to various surface modifications.
These electrodes may be fine-tuned for a wide range of electrochemical
analyses by integrating different metals, enzymes, complexing agents, or
polymers [35-38]. Additionally, their disposability, user-friendliness,
and swift response times strengthen their position as a preferred
choice for efficient electrochemical sensing applications [39].

In the current study, two sets of electrochemical biosensors using a
screen-printed gold electrode (SPGE) and a screen-printed carbon elec-
trode (SPCE) are developed for detecting SARS-CoV-2 with high sensi-
tivity and selectivity. The ACE2 enzyme, serving as a bioreceptor for the
spike protein of the virus, was bound to SAMs immobilized on the
electrode surfaces. First, a gold electrode was modified with a self-
assembled monolayer (SAM) of 1H, 1H, 2H, 2H-perfluorodecanethiol
(PFDT) which was subsequently bio-functionalized with the ACE2
enzyme. When PFDT is introduced to a gold surface, the thiol groups
(-SH) of PFDT strongly adhere to the gold, forming a densely packed
monolayer with the perfluorinated chains extending outward. Because
the structure of the ACE2 enzyme includes hydrophobic tail regions that
facilitate its entry into the cell membrane and given the amphiphobic
nature of the PFDT SAM, the hydrophobic tail regions of ACE2 can be
physiosorbed onto the fluorinated layer. Despite both the ACE2 enzyme
and the PFDT surface being negatively charged, the primary interaction
mechanism here is hydrophobic in nature. The hydrophobic interaction
between the nonpolar regions of the ACE2 enzyme and the PFDT layer
overcomes any electrostatic repulsion, allowing for efficient binding of
the enzyme to the modified electrode surface [19,40,41]. In a separate
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set of experiments, the immobilization of ACE2 on the carbon electrode
was achieved by modifying the SPCE using aryl diazonium salt, which
acted as a linker to form the subsequent layer consisting of ACE2. The
carboxylic end (-COOH) of the aryl diazonium salt binds with the amine
group (-NHy) of ACE2, resulting in a covalent peptide bond. Fig. 1 il-
lustrates the fabrication processes and reaction mechanisms of the
electrochemical biosensor.

2. Materials

Angiotensin-Converting Enzyme 2 (ACE2), 1H,1H,2H,2H-perfluoro-
decanethiol (PFDT), 2-(N-morpholino)-ethanesulfonic acid (MES), po-
tassium ferricyanide Ks[Fe(CN)gl, potassium ferrocyanide, K4[Fe
(CN)gl-3H20, 4-aminobenzoic acid (ABA), N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(NHS), hydrochloric acid (HCI), toluene, and sodium nitrite were ac-
quired from Sigma-Aldrich (USA). Inactivated SARS-CoV-2 was ob-
tained from ZeptoMetrix (USA). The virus was handled following the
relevant biosafety-level protocols. Inactivated HIN1 virus was pur-
chased from Microbiologics (USA). Pine Instruments in the USA supplied
us with screen-printed electrodes of both carbon and gold types. Both
types feature a working electrode with a 2 mm diameter, an auxiliary
electrode, and a silver/silver chloride reference electrode. Electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
measurements were performed using a Gamry Reference 600 potentio-
stat from Gamry Instruments, USA.

Aryl diazonium salt
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2.1. Sensor preparation

Two different procedures were used to modify the electrodes, cor-
responding to the two types of electrodes used: SPGE and SPCE.

2.1.1. Modification of SPGEs using PFDT and ACE2 enzyme

A 1 mM solution of PFDT was achieved by adding PFDT to toluene
while magnetically stirring, ensuring a uniform distribution of the PFDT.
In a glass Petri dish, the SPGEs were placed horizontally, and 10 pL of
PFEDT solution was dropped onto the working electrodes. The SPGEs
were incubated at room temperature overnight, then cleansed with DI
water and promptly dried with compressed air. The experiments with
toluene were conducted under a safe fume hood, and the appropriate
disposal methods for halogenated solvents were followed. Next, ACE2
was diluted from its stock concentration to 10 pg/ml using DI water.
Subsequently, a 10 pL portion of the diluted ACE2 solution was applied
to each working electrode on the SPGEs and incubated for 1 h at ambient
temperature. After incubation, the SPGEs were washed with DI water
and desiccated with compressed air [19,40].

2.1.2. Modification of SPCEs using aryl diazonium salt and ACE2 enzyme

A solution of aryl diazonium salt was achieved by adding 2 mM so-
dium nitrite to a mixture of 73 mM ABA and 1 mM aqueous HCl. The
entire mixing process took place in an ice bath, where it was stirred for
half an hour [42]. Aryl diazonium salt was electrochemically grafted
onto the working electrode of the SPCE. This was achieved by immersing
the working electrode in the solution of aryl diazonium salt and applying
15 consecutive cycles of CV in the potential range between 0 Vand —1 V
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Fig. 1. Schematics illustrating the fabrication process of the electrochemical biosensors. (A) modification of SPGE with PFDT and the ACE2 enzyme. (B) modification

of SPCE with aryl diazonium salt and the ACE2 enzyme.
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at a scan rate of 200 mV/s. To remove weakly attached compounds, the
treated electrodes were rinsed with DI water and methanol. Then, a 10
pL droplet of a 100 mM MES buffer solution with a pH of 4.5, containing
26 mM EDC and 35 mM NHS was deposited on the SPCE modified with
aryl diazonium salt for 1 h to activate carboxylic entities on the electrode
surface [43,44]. Finally, 10 pL. ACE2 solution (10 pg/ml) was applied on
the SPCE modified by aryl diazonium salt. An overnight incubation
enabled ACE2 to covalently bond with the aryl diazonium on the surface
of the electrode.

2.2. Capture of SARS-CoV-2 spike protein onto the electrochemical
biosensors

Following the immobilization of the ACE2 enzyme, the SARS-CoV-2
virus was introduced to the modified electrodes. While the procedure
was the same for both types of electrodes, the incubation time was
different. 10 pL of the SARS-CoV-2 virus solution was drop-cast onto the
surface of modified electrodes, with a 1-h incubation for SPGEs and a 12-
h incubation for SPCEs.

2.3. The electrochemical measurements

At each step of modification, the electrochemical characteristics of
the modified electrodes were assessed using EIS and CV in a 0.1 M
phosphate buffer solution (pH = 7.2), with 5 mM [Fe(CN)6]3’/ 4= acting
as the redox probe and 0.1 M KCI. The EIS measurements were per-
formed over a frequency range of 0.1 Hz-100,000 Hz, applying an
alternating current voltage of 5 mV. The direct current voltage was set at
0.23 V, which corresponds to the formal potential of the [Fe(CN)G]P’_/ 4=
redox couple. This specific voltage was chosen to ensure optimal con-
ditions for accurate impedance measurements, as it represents the
equilibrium point of the redox reactions involved [45]. The CV analyses
were conducted in the potential range of —0.8 V to 0.8 V with a scan rate
of 100 mV/s.

3. Results and discussion

3.1. Detection of SARS-CoV-2 using SPGEs modified with PFDT and
ACE2

In Nyquist plots derived from EIS measurements, the linear segment
observed at lower frequencies is indicative of a diffusion-limited
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process, whereas a semicircular portion seen at higher frequencies sig-
nifies a charge transfer-limited process. Additionally, the diameter of the
semicircle at these higher frequencies provides insight into the resis-
tance of interfacial charge transfer (Rey) [42]. Fig. 2A shows the Nyquist
plots of the SPGE at each step of functionalization. A notable trend of Rt
increasing was observed with each step of modification. The Nyquist
plot for the bare electrode, showing a very small, almost indistinct,
semicircle, indicates a more efficient electron transfer process compared
to electrodes modified with PFDT and ACE2, most likely due to the lack
of insulating layers on the electrode surface [46]. Notably, upon the
addition of the PFDT layer, there was a significant rise in R, indicating
that the PFDT layer impeded electron transfer. This impediment is
attributed to the SAM nature of PFDT, which forms an insulating film on
the surface of the electrode, thereby increasing the charge transfer
resistance [47]. The subsequent addition of the ACE2 enzyme onto the
PEDT layer resulted in a higher R, confirming the successful immobi-
lization of the ACE2 enzyme. This suggests that the enzyme introduced
another insulating layer on the electrode surface, further inhibiting
electron transfer [48]. Moreover, introducing the virus further increased
the R, highlighting the successful binding of SARS-CoV-2 to the ACE2
enzyme [40]. The EIS findings align with those of CV, where the bare
electrode exhibits the highest current signal. The signal diminishes
sequentially with the addition of PFDT, further with ACE2, and reaches
its lowest when the virus is anchored to the ACE2 enzyme (Fig. 2B).

3.2. Detection of SARS-CoV-2 using SPCEs modified with aryl diazonium
salt and ACE2

Fig. 3A illustrates the Nyquist plots of the bare electrode, the elec-
trode modified with aryl diazonium salt, the electrode further modified
with the ACE2 enzyme, and finally, the electrode with SARS-CoV-2.
After the electrodeposition of aryl diazonium salt on the electrode,
there was a significant rise in R, compared to the unmodified electrode.
The increased diameter observed for the aryl diazonium-modified
electrode is attributed to the organic salt layer on the electrode, which
acts as a barrier to electron transfer, hence increasing the R¢t [49].
However, as the surface modifications continued, a reverse trend was
observed. The semicircle diameter began to decrease with the subse-
quent modifications. First, the immobilization of the ACE2 enzyme onto
the aryl diazonium layer resulted in a decreased diameter. The diameter
was reduced even further when SARS-CoV-2 was bound to the ACE2
enzyme, which indicates a decrease in the charge transfer resistance.
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Fig. 2. Electrochemical characterizations of SPGE at each functionalization stage. (A) Nyquist plots showing increased R with additions of PFDT, ACE2, and SARS-
CoV-2 layers. The inset illustrates the equivalent electrical circuit. In this configuration, R, signifies the resistance between the working and reference electrodes, R
represents charge transfer resistance, CPE stands for constant phase element, acting as a non-ideal capacitor, and Wy is a finite-length Warburg element indicative of
ion diffusion. (B) Cyclic voltammograms with diminishing current signals through successive modifications.



H. Ghaedamini et al.

Current (pHA)
w

40
i T A)
35 | ° L]
30 - ° y
- °
o
| "R o
£t ° °
] L ® o PY
x L o
20 } -
& Y °
.g 15 | o® '. '.
d @ Aryl diazonium ° °
@ SARS-CoV-2 °
® ACE2 \
® Bare
20 40 60 80

Zreal (Kohm)

Analytical Biochemistry 689 (2024) 115504

35

— Aryl diazonium B)
—ACE2

25 u

Current (pA)

15

1 08060402 0 0204 08 08 1
Potential (Vs AL/AEC)

e Aryl diazonium
e SARS-CoOV-2
—— ACE2

~— Bare

_25 i L i L " L i L i ' " 1 i L i 1 i 1

-1 -08 -06 -04 -02 0 0.2 04 06 08 1
Potential (V vs Ag/AgCl)

Fig. 3. Electrochemical characterizations of SPCE at each functionalization stage. (A) Nyquist plots showing the initial R increase with aryl diazonium salt
deposition on the bare electrode, followed by decreasing semicircle diameters with ACE2 enzyme immobilization and subsequent SARS-CoV-2 binding. (B) Cyclic
voltammograms illustrating current variations at each step, with an inset providing a detailed view of the contrast between pre- and post-ACE2 immobilization.

Detailed analyses of the EIS fitting curves and deviations from these
curves are presented in the Supplementary material, illustrating the
application of the Constant Phase Element (CPE) with diffusion model
across all steps of sensor modification.

CV analysis was additionally utilized to validate the effective elec-
trodeposition of aryl diazonium salt, immobilization of ACE2 enzyme,
and attachment of SARS-CoV-2, respectively. As seen in Fig. 3B, the
curve corresponding to the bare electrode shows its current response to
the redox probe, which declines significantly following the addition of
aryl diazonium salt due to the high charge transfer resistance of aryl
diazonium salt. However, after the immobilization of the ACE2 enzyme,
there was a small increase in peak current in the cathodic region, i.e., a
lowered charge resistance. This enhancement can be attributed to the
intrinsic nature of the ACE2 enzyme, which is characterized by the
presence of reactive functional groups [26]. These groups have the ca-
pacity to engage in redox reactions or charge transfer processes on the
surface of the electrode, thereby enhancing electron transfer [50,51].
Following the binding of SARS-CoV-2 to the ACE2 enzyme, a distinct
pair of redox peaks emerged in the cyclic voltammogram, likely due to
the oxygenated functional groups of the virus taking part in the redox
reaction [52].

The different trends observed in the Nyquist plots and cyclic vol-
tammograms for the two electrode types could be attributed to the
manner in which the ACE2 enzyme interacts with the PFDT layer and
aryl diazonium salt, which affects the electron transfer process. If the
enzyme molecule is oriented in a way that its reactive functional groups
are used up for binding with the linkers, such as PFDT, the capacity of
these groups to facilitate the transfer of electrons produced from the
redox reaction between ACE2 and virus might be limited [44]. On the
other hand, when diazonium salt was used as a linker, the reactive
functional groups are thought to be unoccupied by the linker and
remained active facilitating the charge transfer from the reaction be-
tween ACE2 and virus.

Through our investigation into identifying the most suitable linker
for immobilizing the ACE2 enzyme, the application of PFDT as a linker
presented significant challenges. Using PFDT to functionalize electrodes
often resulted in inconsistent Nyquist plots and cyclic voltammograms.
This could be attributed to the tendency of fluorocarbons, the primary
components of PFDT, to form discrete phases by self-interaction, thus
having limited miscibility in organic solvents [53-55]. This inconsis-
tency in the PFDT modification process subsequently impacted the
immobilization of the ACE2 enzyme and the capture of SARS-CoV-2,
leading to further inconsistencies. In contrast, the carbon electrodes
modified with aryl diazonium salt demonstrated remarkable

consistency. Given these observations, we opted to use aryl diazonium
salt for the immobilization of the ACE2 enzyme in subsequent
experiments.

3.3. Optimal SARS-CoV-2 incubation time

The optimal incubation time for the SARS-CoV-2 was investigated
using CV analysis. As shown in Fig. 4, the cyclic voltammogram reveals
no redox peaks with a 3-h incubation time. However, extending the
incubation to 12 h enhances the redox response, due to the extended
interaction of SARS-CoV-2 with the anchored ACE2 enzyme. However,
extending the incubation time to 20 h did not significantly alter the
redox peaks, possibly due to saturation of the ACE2 enzyme with SARS-
CoV-2 molecules. Hence, the optimum incubation time for SARS-CoV-2
was determined to be 12 h.

3.4. Calibration curve

The response of the biosensor to different concentrations of SARS-
CoV-2 ranging from 1.02 x 10° TCID50/mL to 1.02 x 10% TCID50/mL
was assessed using CV analysis. TCID50/mL stands for 50% tissue cul-
ture infectious dose per milliliter indicating the viral titer at which 50%
of the wells are infected and form viral plaques [56]. As shown in
Fig. 5A, the redox response intensifies with increasing the concentration
of SARS-CoV-2. Moreover, there is no clear redox peaks associated with
the concentration of 1000-fold diluted SARS-CoV-2 (1.02 x 10°
TCID50/mL), likely due to the insufficient number of functional groups
necessary for a discernible response. The redox response as specified in
terms of electric current difference, AA, of the sensor was measured
using the oxidation and reduction responses displayed in the cyclic
voltammogram [57]. The biosensor illustrates a linear correlation be-
tween the redox response (AA) and the logarithm of the SARS-CoV-2
concentration within the range of 1.02 x 10® TCID50/mL to 1.02 x
10% TCID50/mL, given by the equation AA = 5.59LogC - 30.07, R? =
0.98 (Fig. 5B). The limit of detection (LOD) for SARS-CoV-2 was
determined to be 1.02 x 10® TCID50/mL (concentrations below this
threshold fail to produce a discernible change in the redox response of
the biosensor [58]), demonstrating remarkable sensitivity of the
biosensor.

3.5. Electrochemical reaction kinetics

The kinetics of the electrochemical reaction was examined by
incrementally changing the scan rate (v) from 100 mV/s to 200 mV/s
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Fig. 6. Electrochemical kinetics analysis using CV measurements. (A) Variation in anodic and cathodic peak currents as the scan rate is increased from 100 mV/s to
200 mV/s. (B) Linear relationship between scan rate and peak current response, is indicative of a surface-controlled electrochemical process.
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with steps of 20 mV/s during the CV analysis. As shown in Fig. 6A, an
increase in the scan rate resulted in a corresponding gradual increase in
both anodic and cathodic peak currents. This phenomenon can be
attributed to the electrode having less time to achieve an equilibrium at
each potential when the scan rate is increased. Consequently, the rate of
electron transfer, which is directly proportional to the current, must
increase to keep up with the increased rate of potential change, leading
to higher peak currents [59]. The linear correlation between the scan
rate and the peak current response of the sensor, as highlighted in
Fig. 6B, implies that the electrochemical reaction taking place on the
electrode surface is a traditional surface-controlled electrochemical
process [60,61]. As depicted in Fig. 6A, a rise in the scan rate resulted in
the cathodic peak potential moving to more negative values and the
anodic peak potential to more positive values, leading to an expanded
peak-to-peak separation. Furthermore, the change in anodic peak cur-
rent (Al,,) was not the same as the change in cathodic peak current
(AlL), suggesting that the redox reaction is quasi-reversible [62,63].

3.6. Selectivity of the biosensor

One of the paramount analytical characteristics of sensors is the
selectivity toward a target analyte. To evaluate the selectivity of the
proposed biosensor towards SARS-CoV-2, both CV and EIS analyses were
carried out using HIN1, a subtype of influenza A virus, that may cause
similar symptoms as SARS-CoV-2. It should be noted, however, that
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while they may exhibit similarities in symptom presentation, the nu-
ances in their structural components, like the spike proteins, can be
distinct. Fig. 7 illustrates the redox responses of the biosensor to 1.02 x
10% TCID50/mL of SARS-CoV-2 in contrast to HIN1 at a threefold
greater concentration of 3 x 10% TCID50/mL. Remarkably, despite the
higher concentration of HIN1, the biosensor exhibited a more pro-
nounced redox response to SARS-CoV-2, demonstrating its high selec-
tivity for SARS-CoV-2. Additionally, the EIS results, depicted in Fig. 7B,
further validate the pronounced selectivity of the biosensor for SARS-
CoV-2 over HIN1, with SARS-CoV-2 showing a lower R.;. Importantly,
the phase angle shifts from the Bode plot analysis provide further evi-
dence of selectivity for SARS-CoV-2. Fig. 7C reveals the distinct patterns
of phase angle shifts for SARS-CoV-2 compared to HIN1. Particularly,
the phase angle shifts observed at specific frequencies provide clear
evidence of the ability of the biosensor to differentiate between the two
viruses. The phase angle shifts of interest for SARS-CoV-2 were found to
be —20.2° at 12.4 Hz and —44.6° at 315.5 Hz. In contrast, the shifts for
HIN1 were —25.7° at 7.9 Hz and —59° at 198.6 Hz. The distinction
between the shifts for SARS-CoV-2 and HIN1 at these specific points is
notable, highlights the efficiency of the biosensor in differentiating
SARS-CoV-2 from other viruses.

4. Conclusion

Two different linkers, PFDT and aryl diazonium salt, were utilized
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Fig. 7. Comparative analyses highlighting the selectivity of the proposed biosensor for SARS-CoV-2 over HIN1. (A) CV responses of the biosensor to SARS-CoV-2 at
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for the immobilization of the ACE2 enzyme on SPGEs and SPCEs,
respectively. The propensity of fluorocarbons in PFDT to self-interact
restricted its miscibility in organic solvents. As a result, electrodes
modified with PFDT displayed recurrent inconsistencies. This inherent
inconsistency adversely influenced both the immobilization of the ACE2
enzyme and the subsequent capture of SARS-CoV-2. It was also found
that PFDT inhibited the redox functional groups of ACE2 from reacting
with virus. In contrast, carbon electrodes modified with aryl diazonium
exhibited consistent results, making it a more suitable linker for ACE2
enzyme immobilization. Both the binding of ACE2 on the aryl diazonium
salt layer and the interaction between the bound ACE2 and virus were
observed to increase the charge transfer rates. Using CV analysis, the
optimal incubation time for SARS-CoV-2 was determined to be 12 h, as
longer incubations resulted in no significant change due to saturation of
the ACE2 enzyme with SARS-CoV-2. The biosensor exhibited a
remarkable sensitivity, as shown by its notably low limit of detection
(LOD: 1.02 x 10° TCID50/mL), and demonstrated a linear relationship
between the redox response and the logarithm of SARS-CoV-2 concen-
tration, ranging from 1.02 x 10° TCID50,/mL to 1.02 x 108 TCID50,/mL.
The scan rate analysis demonstrated that the electrochemical reaction
taking place on the electrode was governed by a surface-controlled
electrochemical mechanism. Furthermore, the biosensor exhibited
notable selectivity towards SARS-CoV-2, as shown by a more pro-
nounced redox response compared to HIN1, even in the presence of
HINI1 at a concentration three times higher. Acknowledging the po-
tential areas for enhancement, our study recognizes certain limitations
that pave the way for future research. While the sensor ensures accurate
detection with a 12 h incubation period, further refinement to reduce
this duration could enhance the practicality of the proposed sensor for
more immediate diagnostic needs. In addition, while our findings
confirm selectivity for SARS-CoV-2 over H1N1, yet the exploration of
selectivity across a broader range of coronaviruses and potential inter-
fering substances in clinical matrices remains a frontier for further
investigation.
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