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In this present study, an amperometric immunosensor was developed based on disposable screen-printed carbon
electrode (SPCE) for specific and sensitive detection of SARS-CoV-2 S1 protein. Anti-SARS-CoV-2 S1 monoclonal
antibody was firstly immobilized onto the electrode surface. Then, the sandwich complex was formed by addition
of S1 protein, secondary antibody and HRP-IgG, respectively. Chronoamperometry measurements were done in
the presence of TMB mediator and the detection of SARS-CoV-2 S1 protein was performed by using 10 pL sample.
The limit of detection (LOD) was found to be 0.19 ng/mL (equals to 24.7 amol in 10 pL sample) in the linear
range of 0.5-10 ng/mL obtained in buffer medium. The applicability of this assay was investigated in the linear
range of 0.5-3 ng/mL S1 protein in artificial saliva medium with the LOD as 0.13 ng/mL (equals to 16.9 amol in
10 pL sample). The selectivity study was examined in the presence of Hemagglutinin antigen (HA) in both
mediums; buffer and artificial saliva while resulting with the successful discrimination between S1 protein and
HA. The one of ultimate goals of our study is to present the possible implementation of this assay to point of care
(POC) analysis. Under this aim, this assay was performed in combination with a portable device that is the
commercial electrochemical analyzer. Amperometric detection of S1 protein in the range of 0.5-5 ng/mL was
also successfully performed in artificial saliva medium with a resulting LOD as 0.15 ng/mL (equals to 19.5 amol

in 10 pL sample). In addition, a selectivity study was similarly carried out by portable device.

1. Introduction

Biosensors are small devices that specifically detect the target ana-
lyte, enabling selective analysis. While performing the analysis with a
biosensor, biomolecular recognition takes place in the biosensing sur-
face, and the conversion of the sensing process into a measurable signal
occurs in the transducer. The transducer can be electrochemical, optical,
piezoelectric, magnetic or calorimetric. Many different biological mol-
ecules such as enzymes, peptides, nucleic acids, aptamers, antibodies
can be used as receptor molecules. In electrochemical biosensors, bio-
molecular recognition occurs on an electrode surface [1,2].

Electrochemical techniques are frequently preferred in biosensor
designs due to their fast and accurate response, low detection limit,
performing analyzes with a small amount of analyte, being practical, not
requiring the use of complex chemical substances [3].

SARS-CoV-2, a new and highly pathogenic coronavirus (severe acute
respiratory syndrome coronavirus-2) has turned into a pandemic in the
world. Coronavirus (COVID-19) disease started at the end of 2019 and
spread rapidly out to worldwide. Since then, there has been a great
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progress to develop point-of-care systems on the diagnosis of COVID-19
disease.

The surface glycoproteins of coronaviruses that binds to the host cell
receptor and allows the virus to enter the cell [4]. Spike protein, the one
of surface glycoproteins, has a portion called the receptor-binding
domain (RBD) and RBD interacts with the host cell receptor. After re-
ceptor binding, the relevant protease enzyme of host cleaves the spike
protein and spike fusion proteins are released while facilitating the virus
entry [5-7]. It has been reported that the surface glycoprotein S protein
(spike protein) is substantially responsible for receptor binding as well
as entry of the virus into the cell. Thus, the virus invades the host cell by
binding to the host cell receptor human angiotensin converting enzyme
2 (hACE2) with the S protein on the surface of virus. S protein has two
subunits known as S1 and S2 and the RBD site in the S1 subunit binds to
hACE2 along with the S2 subunit directs the entry of the virus into the
cell [8].

There are many studies in the literature using different techniques
[9-12] for the detection of COVID-19. Some of these techniques have
presented disadvantages such as being relatively expensive, requiring
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multifaceted devices by requiring trained personnel. Conversely, elec-
trochemical techniques have provided many advantages such as
enabling fast and cost-effective analysis by resulting with low detection
limit, being practical and enabling on-site analysis [1,2,13,14]. For these
reason, the number of electrochemical biosensors developed for diag-
nosis of inherited diseases including COVID-19 is increasing day by day
in the literature.

In this present study, amperometric immunosensing protocol specific
to SARS-CoV-2 S1 protein was developed and applied for specific and
sensitive detection of S1 protein in both mediums; buffer and artificial
saliva. The selectivity of SARS-CoV-2 S1 protein specific immunosensor
was tested against to a target marker of Influenza; Hemagglutinin an-
tigen (HA) in both mediums. Under the optimum experimental condi-
tions, the LOD value was calculated as well as the reproducibility and
selectivity of this assay was investigated. The implementation of
amperometric immunosensing protocol developed for detection of S1
protein in combination with a portable device was also demonstrated in
the medium of artificial saliva with its results on the reproducibility with
LOD value and also the selectivity.

2. Material and methods
2.1. Chemicals and apparatus

The chemicals; SARS-CoV-2 spike (subunit S1) protein (His tag),
anti-SARS-CoV-2 S1 antibody (rabbit monoclonal, rabbit polyclonal)
from ProSci; anti-SARS-CoV-2 S1 antibody (human monoclonal) from
MyBioSource; HRP-IgG (Goat anti-Rabbit IgG, (H + L) HRP conjugate)
from Merck; TMB (3,3',5,5'-Tetramethylbenzidine) from abcam; Bovine
serum albumin (BSA) and Hemagglutinin antigen (HA) from Sigma-
Aldrich and Artificial Saliva from Pickering Laboratories were pur-
chased and used in this present study. Phosphate saline buffer (PBS,
0.05 M, pH 7.00) was used as buffer solution in the experiments. Acetate
buffer solution (ABS, 0.5 M, pH 4.80) was used for the pretreatment of
each electrode. All chemicals were of analytical reagent grade. Millipore
ultrapure water was used for preparation of all solutions.

Electrochemical measurements were carried out by using
HAUTOLARB electrochemical analysis system with NOVA 1.11.1 software
package (Eco Chemie, The Netherland). The Ref. DSC connector (Met-
rohm DropSens, Spain) was used for the connection between the screen-
printed carbon electrodes (SPCEs) and the device during all electro-
chemical measurements.

Screen-printed carbon electrodes (SPCEs) (Metrohm DropSens,
Spain) consist of carbon working and auxiliary electrode, silver refer-
ence electrode. The further details about SPCEs can be accessed from the
supplier’s website at https://www.dropsens.com.

2.2. Procedure

The procedure based on amperometric immunosensor was devel-
oped by following steps:

i. Surface activation of SPCE: The electrochemical activation of
SPCE surface was achieved by appling the potential +0.9 V for 60
s in acetate buffer (ABS, pH 4.80) using DPV technique. Chemical
activation of the electrode surface was then performed using N-
(3-Dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride
(EDC) and N-Hydroxysuccinimide (NHS). A solution of 50 mM
EDC and 50 mM NHS (1:1) prepared in PBS (0.05 M, pH 7.00)
was used herein as reported in the study of Metzner et al., [15].
10 pL of the prepared solution was dropped onto the electrode
surface and kept for 1 h. All steps were performed at room tem-
perature unless otherwise stated.

ii. Immobilization of the capture (primary) antibody (CAb)
onto the electrode surface: 6 pg/mL anti-SARS-CoV-2 S1 anti-
body was prepared in PBS (0.05 M, pH 7.00). 10 pL of antibody
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solution was dropped onto the electrode surface and kept at the
electrode surface for 1 h.

iii. Blocking of electrode surface: Blocking step was done by using
BSA in order to cover the free sites at the electrode surface. 1%
BSA solution was prepared in PBS (0.05 M, pH 7.00) and then 10
pL of BSA solution was added onto the electrode surface and left
for 30 min.

iv. Incubation of the target analyte (S1 protein; antigen) onto
the electrode surface: Different concentrations of SARS-CoV-2
S1 protein were prepared in PBS (0.05 M, pH 7.00). 10 pL of S1
protein solution was dropped onto the electrode surface and
incubated at 37 °C in drying-oven for 1 h.

v. Incubation of the seconder antibody (dAb) onto the elec-
trode surface: 0.5 pg/mL anti-SARS-CoV-2 S1 antibody was
prepared in PBS (0.05 M, pH 7.00) and added onto the electrode
surface for incubation step during 1 h.

vi. Incubation of the HRP-labeled IgG antibody onto the elec-
trode surface: 0.5 pg/mL Goat anti-Rabbit HRP-IgG antibody
was prepared in PBS (0.05 M, pH 7.00) and added onto the
electrode surface for incubation step during 30 min.

After each incubation step (iv,v and vi), the electrode surface was
washed by using 30 pL of PBS (0.05 M, pH 7.00).

vii. Chronoamperometry measurements: 40 pL. of TMB solution
was dropped onto the electrode surface prepared by following the
steps listed above, and then it was kept for 3 min in order to let
the enzymatic reaction be occurred properly. Accordingly, the
chronoamperometry measurement was performed at —0.1 V for
150 s according to data presented in earlier literatures [16-18].

2.3. Selectivity studies

In order to present the selectivity of enzymatic based immunosensor
specific to the SARS-CoV-2 S1 protein, a batch of experiment was per-
formed in the presence of hemagglutinin antigen (HA). Due to the
similarity of the COVID-19 and Influenza symptoms, the selectivity
studies were performed herein by using the hemagglutinin antigen (HA).
After the preparation of required concentration of HA, the experiment
on selectivity was performed by following same procedure above.

2.4. Application of immunosensor on detection of SARS-CoV-2 S1 protein
in artificial saliva samples

In order to present the applicability of the immunosensor to real
samples, a batch of experiment was performed using artificial saliva
samples. Artificial saliva was diluted in different ratios by using PBS
(0.05 M, pH 7.00). The solutions of S1 protein in different concentra-
tions were then prepared in diluted artificial saliva. Accordingly, the
electrochemical measurements were carried out as above.

2.5. SARS-CoV-2 S1 protein detection by using a portable device

The application of amperometric immunosensing assay is furtherly
examined for SARS-CoV-2 S1 protein detection in combination with a
portable electrochemical analyzer. Hereafter, electrochemical mea-
surements were carried out using Galvanoplot analyzer system with
Galvanoplot Suite software package (Solar Biotechnology, Turkey) by
following the optimum conditions of this procedure. The effect of
changes at the concentration of S1 protein upon to response as well as
the selectivity of this assay was examined in the artificial saliva medium.

3. Result & discussion

In this study, an amperometric immunosensor was developed for the
rapid and sensitive detection of SARS-CoV-2 S1 protein. The schematic
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representation of this assay based on amperometric immunosensor is
illustrated in Fig. 1. At the end of whole procedure based on ampero-
metric immunosensor, the chronoamperometric measurement was per-
formed at —0.1 V for 150 s. Since the response is proportional to the
concentration of SARS-CoV-2 S1 protein, the quantitative analysis of the
S1 protein is achieved successfully in our study.

3.1. Optimization of experimental parameters

Firstly, the selection of antibody source used for development of
sandwich immunosensor is very important [19-22]. In order to perform
more sensitive analysis and also to prevent cross-reactions, immuno-
sensors based on four different configurations (procedure A, B, C and D)
were designed and prepared in our study. Under this aim, human
monoclonal, rabbit monoclonal and rabbit polyclonal anti-SARS-CoV-2
antibodies were used and hence, the effect of the changes at anti-
bodies upon to the response was examined. The schematic representa-
tion with the results was shown in Fig. 2.

According to the results presented in Fig. 2, the highest differentia-
tion between full procedure and negative control (in the absence of S1
protein) was obtained by following the Procedure A based on rabbit
monoclonal antibody as CAb and rabbit polyclonal antibody as dAb of
all. In the presence of human monoclonal antibody (in Procedure D) or
rabbit polyclonal antibody (in Procedure C) used as CAb herein, it was
found that a negligible differentiation between full procedure and
negative control was recorded. However there was a differentiation
between full procedure and negative control in Procedure B, it was not
preferred since the higher control signal was measured in the absence of
CAb in contrast to the one of full procedure as well as negative control.

In our study, a high affinity and specificity on detection of S1 protein
was achieved in the presence of CAb immobilization onto the electrode
surface by using rabbit monoclonal antibody similarly to the results of
earlier studies confirming the higher affinity and specificity of rabbit
monoclonal antibodies [23,24]. By the immobilization of rabbit

TMBox

TMB(ﬂed) + H,0,

Chronoamperometry
o I measurement
Eapp=-0.1V
S1 Protein DAb HRP IgG

Fig. 1. Schematic representation of the amperometric immunosensor devel-
oped for detection of SARS-CoV-2 S1 Protein.
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Fig. 2. Histograms and schematic representations obtained from immuno-
sensors prepared using different antibody pairs. Empty columns represent the
control group without CAb, striped columns represent the control group
without antigen and gray columns represent the full procedure. The S/B
(signal/blank) ratio was obtained by dividing the full procedure signal with the
control group without antigen signal. Assayed configurations: Procedure A:
Rabbit mAb (CAb), Rabbit pAb. Procedure B: Human mAb (CAb), Rabbit pAb.
Procedure C: Rabbit pAb (CAb), Rabbit mAb. Procedure D: Human mAb (CAb),
Rabbit mAb.

monoclonal antibody onto the electrode surface, the stability of
immuno-complex between CAb and its target antigen occurred on the
electrode surface is ensured. While monoclonal CAb is binding to the
antigen from a single epitope, dAb can recognize the antigen from
multiple epitopes [24].

Hence, the rabbit polyclonal detector antibody (dAb) could recog-
nize S1 protein by binding from its different epitopes in our study, it
could also facilitate the binding of HRP-labeled IgG to dAb. Resembling
our study, Cadkov4 et al. [25] developed a sandwich immunosensor by
using rabbit-derived CAb and dAb antibody pair. Cross-linking was
prevented by blocking the electrode surface using BSA after CAb incu-
bation. In addition, the use of rabbit polyclonal detector antibody
enabled specific binding to HRP-labeled Goat Anti-Rabbit as reported in
earlier studies [26-28]. Therefore, our assay was optimized by following
the Procedure A, and applied for detection of SARS-CoV-2 in this present
study.

The experimental parameters, such as CAb concentration, BSA con-
centration, incubation time of antigen, seconder antibody concentration
with its incubation time, HRP-IgG concentration with its incubation
time were optimized for development of amperometric immunosensor
specific to S1 protein. The optimum experimental conditions were
summarized in Table 1 and the results were also shown in Fig. S1.

3.2. Analytical features of amperometric immunosensor for S1 protein
detection

The analytical performance of the amperometric immunosensor was
examined under the optimized conditions while increasing concentra-
tions of S1 protein in buffer medium (0.05 M PBS, pH 7.00) and the
chronoamperometric measurements were performed (shown in Fig. S2).
The resulted amperograms based on the response of immunosensor in



A. Erdem et al.

Table 1

The experimental parameters investigated in the optimization of the ampero-
metric immunosensor for the detection of S1 protein and optimum experimental
conditions.

Parameters Tested Range Selected Value
CAb concentration (ug/mL) 0.25-2-4-6-8-10 6

BSA concentration (%) 0.2-0.6-1-2 1

Antigen incubation time (min) 30-60-90 60

dAb concentration (pg/mL) 0.25-0.5-1-1.5-2 0.5

dAb incubation time (min) 30-45-60 60

HRP-IgG concentration (pg/mL) 0.2-0.5-1-2-4 0.5

HRP-IgG incubation time (min) 15-30 30

Antigen incubation temperature Room temperature-37 °C 37°C

different concentrations of S1 protein from 0 to 10 ng/mL were given in
Fig. 3A. In the concentration range of S1 protein from 0.5 ng/mL to 10
ng/mlL, there was an increase observed at current value proportionally
to S1 protein concentration. Based on the average current values (n = 6),
the resulting calibration curve was established in the range of S1 protein
from 0.5 ng/mL to 10 ng/mL with regression equation: y = 18.61x+
606.01 (R%2 = 0.99) (Fig. 3B). According to the Miller and Miller method
[29], the limit of detection (LOD) was calculated and found to be 0.19
ng/mlL.

In the literature presenting the immunosensors developed for elec-
trochemical detection of SARS-CoV-2, the microfluidic magneto immu-
nosensor was developed in the same concentration range (0-10 ng/mL)
of SARS-CoV-2 N Protein by Li and Lillehoj [30]. In the study of Moj-
soska et al. [31], the analysis was performed in the higher concentration
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10 ng/mL

L8 1 1 1 L 1 L L "
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Fig. 3. (A) Amperograms showing the response of immunosensor at increasing
concentration of S1 Protein in the range of 0-10 ng/mL in buffer medium. (B)
Calibration curve presenting the data for amperometric determination of SARS-
CoV-2 S1 Protein (S1P) in buffer medium.
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values of SARS-CoV-2 S1 Protein ranging of 20-80 pg/mL.

The immunosensor sensitivity in buffer was estimated from the slope
of the calibration curve (shown in Fig. 3B) divided by the surface area of
SPCE and found to be 45.39 pA mL ng ! em 2.

Concerning to the repeatability of immunosensor, two measurements
were performed for each group in three days to detect S1 protein in its
concentration range from 0.5 to 10 ng/mL. Therefore, the RSD values
were calculated and shown in Table S1. A lower RSD value than 8% was
recorded in our study by indicating the electrochemical detection of S1
protein with a good repeatability.

In this study, the developed immunosensor has a lot of advantages
such as using disposable electrodes with a low sample volume (10 pL)
and resulting analysis in a very short time. In addition there is no need to
use of time-consuming surface modification by nanomaterials, poly-
mers, etc.

Besides, a low detection limit (0.19 ng/mL, equals to 24.7 amol in 10
pL sample) was achieved herein by following the sandwich-
immunoassay similarly to earlier reports [26,28,32]. The detection
limit in the linear concentration range of S1 protein obtained by
amperometric immunosensor was found lower than the LODs reported
in earlier literatures [31,33].

3.3. Selectivity studies performed in buffer medium by amperometric
immunosensor

Since COVID-19 and Influenza have similar symptoms, including
cough, runny nose, sore throat, fever, headache and fatigue [34,35], the
selectivity study was investigated in our study by using Influenza
hemagglutinin antigen (HA) that is target marker of Influenza. Due to
the similarity in symptoms of COVID-19 and Influenza in patients, it is
aimed to test the selectivity of immunosensors specific to SARS-CoV-2 S1
protein contrast to HA.

When the studies reported for the detection of SARS-CoV-2 in the
literature are examined, it was also noticed that the selectivity of
immunosensors was examined by using different proteins that can cross-
react with different target analyte. In the study reported by Fabiani et al.
[33], Influenza virus A (HIN1) and 2009 Influenza virus pHIN1 were
used as off-target species in the selectivity studies for detection of
SARS-CoV-2 S and N Protein. Similarly, Influenza A and B antigens were
used as off-target species in the selectivity studies in another work
presented by Rahmati et al. [36].

In order to explore the selectivity of SARS-CoV-2 S1 specific immu-
nosensor, a batch of experiment was performed in our study by using 1
ng/mL and 10 ng/mL of S1 protein or HA prepared in buffer medium
(Fig. 4). Even if there was 10 times increase at HA concentration, the
average current values remained almost constant without significant
change. This result indicates that the developed immunosensor is very
selective to its target S1 protein.

3.4. Application of immunosensor on detection of SARS-CoV-2 S1 protein
in artificial saliva samples

The application of amperometric immunosensor was carried out in
the medium of artificial saliva. Since COVID-19 is transmitted through
saliva and it is easier and non-invasive way to analyze COVID-19 in
saliva, the applicability of our assay is investigated in the medium of
artificial saliva.

In the literature, there are earlier studies [37-39] presenting the
application of immunosensors to real sample by following the spiking
method of target analyte. For instance, in the study of Aydin et al. [37],
the detection of SARS-CoV-2 RBD was demonstrated in artificial nasal
secretion samples. In the study of Liv [39], the detection of COVID-19
was performed using saliva and oropharyngeal swab samples while
monitoring of SARS-CoV-2 spike antibody that was spiked into the
samples. Similar to our work, in these studies, COVID-19 determination
was explored via antigen or antibody spiked into the samples.
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Fig. 4. Histograms presenting the data obtained in the selectivity study per-
formed by using 1 ng/mL and 10 ng/mL S1 protein or HA prepared in buffer
medium. Blue striped columns represent control group without antigen as
negative control, gray columns and green striped columns respectively repre-
sent full procedure in the presence of S1 protein and HA. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

In our study, S1 protein determination was performed in artificial
saliva samples. In the literature, there are studies using undiluted or
diluted artificial saliva with dilution ratio varying from 1:5 to 1:100 [33,
40]. Accordingly, undiluted artificial saliva (raw sample) and the diluted
ones -with the ratio of 1:5 and 1:20 were tested. As the most repro-
ducible results were obtained in the samples with 1:5 and 1:20 dilution
ratios, 1 ng/mL S1 protein was prepared in 1:5 and 1:20 diluted artificial
saliva in order to examine its effect on the immunosensor response
(shown in Table S2).

Ever since a higher differentiation with more reproducible results
was observed with 1 ng/mL S1 protein prepared in 1:20 artificial saliva
medium in contrast to the result obtained by the negative group
(Table S2), the detection of S1 protein in its varying concentrations was
performed in 1:20 artificial saliva medium. The samples containing S1
protein were prepared in 1:20 artificial saliva medium in its various
concentrations from 0.5 to 5 ng/mlL, and then the electrochemical
detection protocol was followed. According to the results shown in
Fig. S3, an increase at current proportional to concentration was ob-
tained in the concentration range of S1 protein between 0.5 and 3 ng/mL
(Table S3). Therefore, a calibration curve was obtained based on the
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Fig. 5. Calibration curve presenting the data obtained by amperometric
determination of SARS-CoV-2 S1 Protein (S1P) in 1:20 artificial saliva medium.
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average current values (n = 3) and shown in Fig. 5 with the regression
equation: y = 47.51x + 525.13 (R% = 0.99). According to the Miller and
Miller method [29], the limit of detection was calculated and found to be
0.13 ng/mL (equals to 16.9 amol in 10 pL sample).

The immunosensor sensitivity in artificial saliva medium was esti-
mated from the slope of the calibration curve (shown in Fig. 5) divided
by the surface area of SPCE and found to be 115.88 pA mL ng~! cm ™2

Likewise to earlier works, the application of the amperometric
immunosensor was demonstrated herein in artificial saliva medium
containing SARS-CoV-2 S1 protein in the concentration range of 0.5-3
ng/mL. Basso et al. [41], performed the detection of SARS-CoV-2 anti-
gen in saliva samples obtained from COVID-19 patients by using gold
standard rRT-PCR technique. In the presence of COVID-19 positive pa-
tients, the concentration range of antigen obtained by PCR is consistent
with the concentration range of SARS-CoV-2 S1 protein in our study.
Based on the results reported in the study of Basso et al. [41], a higher
virus density is observed in the early stages of COVID-19. As a result, the
antigen detection is extremely important in early diagnosis and prog-
nosis of COVID-19 pandemic.

The selectivity study was also carried out using 0.5 and 1 ng/mL of
S1 protein, or HA prepared in artificial saliva medium and the results
were shown in Fig. S4. While increasing the concentration of protein, an
increase at current was recorded in the presence of S1 protein whereas
no significant increase at current was observed in the presence of HA.
According to these results, it was concluded that the amperometric
immunosensor is specific to the S1 protein even it is in a complex sample
matrix as saliva.

3.5. SARS-CoV-2 S1 protein detection by portable device

The one of ultimate goals in our study is to present the possible
implementation of our assay to point of care (POC) analysis. The
development of portable device towards to the point-of-care analysis has
an essential prominence for the ability of patients to perform their own
test for diagnosis of inherited diseases. In the case of COVID-19
pandemic, an effort to perform widespread testing has been facilitated
and positive cases have been isolated to prevent the spread of the
COVID-19. Under this intention, our assay based on amperometric
immunosensor was tested by using a portable device, i.e, the commercial
electrochemical analyzer.

First, the samples containing S1 protein varying from 0.5 ng/mL to 7
ng/mL were prepared in 1:20 artificial saliva medium and then, the
electrochemical detection of S1 protein was investigated (shown in
Fig. S5). An increase at current proportional to the concentration of S1
protein was observed in the range between 0.5 and 5 ng/mL. Therefore,
a calibration curve was obtained based on the average current values (n
= 3) and shown in Fig. 6 with the regression equation: y = 38.61x +
752.08 (R? = 0.99). According to the Miller and Miller method [29], the
limit of detection was achieved 0.15 ng/mL (equals to 19.5 amol in 10
pL sample).

The sensitivity of immunosensor in combination with portable de-
vice was estimated from the slope of the calibration curve (shown in
Fig. 6) divided by the surface area of SPCE and found to be 94.17 pA mL
ng’1 em 2.

Next, the selectivity study was also carried out in 1:20 artificial saliva
medium by using immunosensor integrated portable device. In the
presence of 0.5 ng/mL S1 protein or HA, the immunosensor response
was examined and accordingly the results were shown in Fig. S6.
Reminiscent of the results in buffer medium, a high current value was
obtained with S1 protein whereas almost same current value to control
group was recorded in the presence of HA. Hereafter, it can be concluded
that S1 protein was detected specifically over to HA by immunosensor
integrated portable device.

The analytical parameters for detection of SARS-CoV-2 S1 protein in
artificial saliva medium wusing a potentiostat and a hand-held
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Fig. 6. Calibration presenting the data for the amperometric determination of
SARS-CoV-2 S1 protein (S1P) in 1:20 artificial saliva medium by using a
portable device.

potentiostat was summarized in Table S4.

4. Conclusions

The rapid and reliable diagnosis of COVID-19, and accordingly the
isolation of positive cases are extremely important to prevent the
transmission of COVID-19 disease.

Since S1 protein plays a major role in the entry of SARS-CoV-2 virus
into the cell, the present study aims to determine the COVID-19 through
by the detection of the virus surface S1 protein. Due to the need for
development of rapid, sensitive and selective antigen test kits, an
amperometric immunosensor was developed herein for the detection of
SARS-CoV-2 S1 protein with its application in artificial saliva was
demonstrated. In buffer medium, the limit of detection was found to be
0.19 ng/mL (equals to 24.7 amol in 10 pL sample) and the immuno-
sensor was found to be specific for S1 protein over to HA. Then, appli-
cation of the immunosensor was carried out in 1:20 diluted artificial
saliva medium while exploring the LOD as 0.13 ng/mL (equals to 16.9
amol in 10 pL sample) by presenting a very selective detection of S1
protein in the presence of HA. The implementation of amperometric
immunosensor in combination with a portable device was also demon-
strated with the LOD of S1 protein as 0.15 ng/mL (equals to 19.5 amol in
10 pL sample) in the medium of 1:20 diluted artificial saliva by resulting
a good selectivity to target S1 protein over to HA.

Our assay based on amperometric immunosensor presented many
advantages over to earlier studies; such as using single-use electrodes
without any time-consuming modification steps, as well as using low
sample volume (10 pL) while resulting the analysis in a short time. The
comparison of earlier studies on electrochemical detection of COVID-19
over to present work was given in Table S5. As it can be seen, the target
analyte, i.e, SARS-CoV-2 S1 protein could be analyzed herein in a shorter
time in aspects of the preparation time of electrode and immunosensor
contrast to many studies [30,31,33,36,37,39,40,42-49] mentioned in
Table S5. The detection of SARS-CoV-2 virus based on different bio-
receptors such as spike protein (S) and nucleocapsid protein (N) [30,42,
44] has been reported by following different procedures. In addition to
the studies targeting spike protein [33,36,37,39,47,48], other studies
targeting S1 subunits are also reported [31,45]. S1 protein was deter-
mined using different techniques such as voltammetric [31] and
amperometric [45] techniques. Even though, the LOD of S1 protein as
0.15 ng/mL reported in the study of Li et al. [45], was found a little
competitive with the one found in the present work, their immunoassay
was performed by using different antibody labeled with HRP as well as
following very time-consuming procedure due to overnight
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immobilization procedure [45].

In our study, no time-consuming modification process was applied
for the surface of SPCE while resulting fast, sensitive and selective SARS-
CoV-2 S1 protein determination based on single-use immunosensor.
Moreover, a lower detection limit was obtained in the present work in
comparison to the study of Fabiani et al. [33] presenting the double
surface technique based on magnetic nanoparticles and carbon black
modified SPCE, and also the study of Mojsoska et al. [31] using graphene
electrodes.

Since the implementation of our immunosensor developed for
detection of SARS-CoV-2 S1 protein has been presented successfully by
using portable device in a good selectivity and sensitivity, it can be
concluded that this assay can be implemented furtherly into point-of-
care analysis. Furthermore, our assay based on amperometric immu-
nosensor in combination with portable device could be applied not only
detection of SARS-CoV-2, but also the detection of many types of
inherited diseases in future.
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