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A severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a cause of worldwide Coronavirus 2019
(COVID-19) disease pandemic. It is thus important to develop ultra-sensitive, rapid and easy-to-use methods for
the identification of COVID-19 infected patients. Herein, an alternative electrochemical immunosensor based on
poly(pyrrolepropionic acid) (pPPA) modified graphene screen-printed electrode (GSPE) was proposed for rapid
COVID-19 detection. The method was based on a competitive enzyme immunoassay process utilizing horseradish
peroxidase (HRP)-conjugated SARS-CoV-2 as a reporter binding molecule to compete binding with antibody
against the SARS-CoV-2 receptor binding domain (SARS-CoV-2 RBD) protein. This strategy enhanced the current
signal via the enzymatic reaction of HRP-conjugated SARS-CoV-2 RBD antibody on the electrode surface. The
modification, immobilization, blocking, and detection processes were optimized and evaluated by amperometry.
The quantitative analysis of SARS-CoV-2 was conducted based on competitive enzyme immunoassay with
amperometric detection using a 3D-printed portable potentiostat for point-of-care COVID-19 diagnosis. The
current measurements at -0.2 V yielded a calibration curve with a linear range of 0.01-1500 ng mL ™} (r?> =
0.983), a low detection limit of 2 pg mL ™! and a low quantification limit of 10 pg mL 1. In addition, the analyzed
results of practical samples using the developed method were successfully verified with ELISA and RT-PCR.
Therefore, the proposed portable electrochemical immunosensor is highly sensitive, rapid, and reliable. Thus,
it is an alternative ready-to-use sensor for COVID-19 point-of-care diagnosis.

1. Introduction spread of COVID-19.

Currently, COVID-19 disease can be diagnosed by several methods

Coronavirus 2019 (COVID-19) is an infectious disease caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). World
Health Organization (WHO) announced a global pandemic of COVID-19
on March 11, 2020 [1]. Up to early 2022, the numbers of worldwide
confirmed COVID-19 cases and deaths are around 400 million and 5.7
million, respectively [2]. Even though COVID-19 vaccines have been
invented in order to prevent SARS-CoV-2 infection, the vaccine effec-
tiveness is still limited and the number of new COVID-19 cases continues
to rise [2,3]. Thus, the efficient and rapid method for COVID-19 detec-
tion is important to identify the infected patients in order to lessen the
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including nucleic acid test, serological test, and antigen test. Among
these, nucleic acid test based on a reverse transcriptase-polymerase
chain reaction (RT-PCR) is highly popular since it offers high sensi-
tivity and specificity for quantification of viral RNAs. It can be used for
early-stage detection and has been recommended as a gold standard
method for COVID-19 diagnosis by WHO and American Center for Dis-
ease Control (CDC) [4]. However, the RT-PCR method requires a
well-trained operator, multiple steps, long analysis time (~2-4 h),
expensive reagents and non-field-deployable instruments [5]. Besides,
serological test including enzyme-linked immunosorbent assay (ELISA),
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A. Preparation of poly(pyrrolepropionic acid) modified graphene screen-printed electrode (GSPE/pPPA )
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Fig. 1. Schematic illustration of the immunosensor coupled with the in-house portable potentiostat: Preparation of modified graphene screen-printed electrode (A),
electrochemical detection process (B) and design of in-house portable potentiostat (C).

chemiluminescence immunoassay (CLIA), and lateral flow immuno-
assay (LFIA) were used for determining immune response after infection
or vaccination for several days [6]. ELISA and CLIA based on enzymatic
and luminescent reactions for determination of isotype and titer of
antibody are also widely used in laboratories because of high specificity
and accuracy. Nevertheless, they are limited by complicated procedures
and long analysis times (~ 3-5 h) [5,7]. LFIA is considered as a

promising point-of-care test (POCT) method for the identification of
isotype antibody owing to ease of use, quick operation and low cost
compared with other methods [8]. However, it exhibits limited sensi-
tivity and accuracy [9]. Recently, an antigen test has been increasingly
developed from these approaches for early detection of COVID-19 but its
sensitivity is still need to be further improved [8-10]. Consequently,
alternative electrochemical immunosensors have been proposed to
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Fig. 3. Nyquist plots (A) and cyclic voltammograms (B) taken with 5 mM K3Fe(CN)g in PBS (10 mM, pH 7.4) buffer solution of SPCE (a), GSPE (b), GSPE/pPPA (c)

and GSPE/pPPA/RBD ab (d).

overcome the drawbacks of traditional methods. The electrochemical
response will be instantly produced from specific interactions between
antibodies or other binding molecules such as molecular imprinting
polymers (MIP) and targeted antigens on an electrode surface [10-12].
In addition, the electrochemical method is highly sensitive, fast,
portable, easy to use and highly attractive for POCT of COVID-19 [13].
Generally, the sensitivity of electrochemical immunosensors for detec-
tion of COVID-19 and other biomolecules can be boosted by applying the
nanomaterials, particularly graphene and metal nanoparticles, to in-
crease the conductivity and surface area of working electrodes [14-18].
However, these previous methods still provide limited sensitivity and
require a professional user to diagnose. The use of appropriate enzymes
such as horseradish peroxidase (HRP) can be highly useful to enhance
the sensitivity of immunosensors [19,20]. Nevertheless, there are still
very few reports of enzymatic electrochemical immunosensors for
COVID-19 detection [21].

Herein, an innovative graphene-based enzymatic electrochemical
immunosensor coupled with a portable potentiostat was proposed for
cost-effective, highly sensitive and selective point-of-care diagnosis of
COVID-19. A graphene screen-printed electrode (GSPE) of the immu-
nosensor was fabricated from a mixture of carbon paste and graphene
nanoplatelets [22,23]. The GSPE was modified with poly(pyrrolepro-
pionic acid) (pPPA), a suitable conducting polymer for an electro-
chemical immunosensor [24-26] owing to its high content of carboxyl
groups for covalent binding with SARS-CoV-2 receptor-binding domain
(RBD) antibody. SARS-CoV-2 was detected via the competitive enzyme
immunoassay using the SARS-CoV-2 RBD protein as a competitive
compound that could bind to the capturing antibody, leading to a
reduced concentration of HRP-conjugated SARS-CoV-2 antigen. Conse-
quently, the electrochemical current signal due to HRP redox would
decrease according to the increased concentration of SARS-CoV-2 RBD
protein. Moreover, a portable 3D-printed potentiostat was developed to
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Table 1
Comparison of the developed immunosensor and ELISA for the quantification of
SARS-CoV-2 RBD protein in nasopharyngeal swab sample (n = 7).

Samples  SARS-CoV-2 RBD Commercial ELISA The developed
protein(ng mL’l) test kit(ng mL’l) immunosensor(ng

mL™ Y

1 0 0+0 0+0

2 0 0+0 0+0

3 0 0+0 0+0

4 0.1 0+0 0.21 + 0.10

5 5 5.52 £ 0.01 4.08 £1.13

6 10 10.70 + 0.02 13.66 + 1.38

7 20 16.23 + 0.01 17.04 + 0.85

display positive or negative outcome and convert the current response
into the concentration for on-site COVID-19 detection.

2. Material and methods
2.1. Chemical and materials

The commercial inks for screen-printed electrode fabrication
comprising carbon paste (CP, Item code: C2030519P4), silver/silver
chloride paste (Ag/AgCl, Item code: C61003P7), and insulating paste
(Item code: D2070423P5) were purchased from Sun Chemicals (New
Jersey, USA). Graphene nanoplatelet powder was acquired from UC
Bacon (Taoyuan City, Taiwan). 1H-Pyrrole-1-propionic acid (purity >
97%), MES hydrate (purity > 99%), 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide  hydrochloride @~ or EDC  (purity > 99%),
N—Hydroxysuccinimide or NHS (purity > 98%), and bovine serum al-
bumin powder or BSA, Hydroquinone (purity > 99%) were ordered from
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Fig. 6. Scatter correlation plot (A) and Bland-Altman bias plot (B) between the developed immunosensor and ELISA for the quantification of SARS-CoV-2 RBD

protein in nasopharyngeal swab samples (n = 7).

Table 2
Comparison of the developed immunosensor and RT-PCR for clinical diagnosis
of COVID-19 in real nasopharyngeal swab sample (n = 7).

Comparison Rt-PCR
+ - Total
The developed immunosensor + 3 0 3
- 0 4 4
Total 3 4 7

Sigma-Aldrich (St. Louis, MO, USA). 1H-Pyrrole-1-propionic acid was
distilled at 75 °C before use. Phosphate buffer saline (PBS, pH 7.2) was
bought from Thermo Scientific (Rockford, USA).

SARS-CoV-2 receptor binding domain antibody (cat no.:
MBS3014185, purity > 95%), SARS-CoV-2 receptor binding domain
protein (cat no.: MBS8574751, purity > 95%), and MERS- CoV Spike S1
recombinant protein (cat no.: MBS434229, purity > 95%) were pur-
chased from MyBioSourcce (San Diego, USA). SARS-CoV-2 Spike Trimer
P.1, Gamma variant (cat no.: 100,989-1, purity > 90%) and SARS-CoV-2
Spike Trimer B.1.351, Beta variant (cat no.: 101,091, purity > 90%)
were procured from BPS Bioscience (San Diego, USA). SARS-CoV-2
Spike B.1.1.7, Alpha variant (cat no.: 10,748-CV-100, purity > 90%)
was obtained from R&D Systems (Minneapolis, Canada). SARS-CoV-2
spike RBD ELISA Kit was ordered from Sino Biological (Beijing,
China). HRP Conjugation Kit was acquired from Abcam (Cambridge,
UK).

2.2. Instruments

A commercial ball mill machine was used for preparation of gra-
phene ink (Retsch model Emax, Germany). A screen printer was oper-
ated to print all screen-printed ink on polyethylene terephthalate (PET)
substrates (DEK model 03ix, USA). Cyclic voltammetry (CV) and Elec-
trochemical impedance spectroscopy (EIS) experiments were performed
with a commercial potentiostat (AUTOLAB PGSTAT302N, Switzerland).

2.3. Fabrication of the inmunosensor

Carbon paste was uniformly mixed with 5 wt% graphene nano-
platelets by ball milling at 1000 rpm for 1 h and then screen-printed onto
a PET substrate as graphene screen-printed electrodes (GSPEs)
comprising a working electrode (WE) and a counter electrode (CE). The
WE was designed to have high active electrode area of 12.57 mm? and
short electrode length of 25 mm in order to minimize the electrode
resistance [27,28]. Next, silver/silver chloride paste was screen printed

to form a references electrode (RE) and insulating paste was
screen-deposited over parts of electrodes to define active electrode area.
GSPE was then modified to attain a COVID-19 immunosensor according
to the protocol as displayed in Fig. 1A. GSPE was functionalized with
carboxylic group by electro-polymerization via CV between 0.0 to
+0.85 V at a scan rate of 100 mV s ! for 10 cycles with 100 L of
pyrrole-1-propionic acid (7.5 mM PPA) prepared in 0.5 M KCl solution
[29]. Thereafter, the modified electrodes were rinsed with deionized
water and dried at room temperature. The carboxylic acid functional-
ized electrode was then activated by applying 10 pL of EDC/NHS (0.1 M)
in MES buffer (25 mM, pH 5.0), incubating for 30 min at 25 °C and
washing  with  the buffer solution. Finally, the poly
(pyrrolepropionic-acid) modified graphene screen-printed electrode
(GSPE/pPPA) was obtained and ready for antibody immobilization.

In the immobilization process, 10 uL of SARS-CoV-2 RBD antibody
(10 pg mL™Y) in MES buffer (25 mM, pH 5.0) was applied to the surface
of GSPE/pPPA and incubated for 90 min at 25 °C. Afterward, the
immobilized antibody electrode (GSPE/pPPA/RBD ab) was washed with
MES buffer (25 mM, pH 5.0). Then, 10 uL of BSA (0.5%, w/v) in MES
buffer (25 mM, pH 5.0) was dropped on the working electrode and
incubated for 30 min at 25 °C in order to block the unreacted functional
groups. Finally, the blocked electrode (GSPE/pPPA/RBD ab/BSA) was
washed again with PBS solution (10 mM, pH 7.2) and dried. The elec-
trode was used immediately or stored in a fridge at 4 °C until use.

2.4. Electrochemical characterization

The current response, resistance, and enzymatic response were
determined using cyclic voltammetry (CV), amperometry (AMP) and
electrochemical impedance spectroscopy (EIS). For CV, the current
response to 5 mM K3Fe(CN)g in PBS buffer solution (10 mM, pH 7.4) was
measured by scanning applied potential between —0.8 V and +0.8 V at
scan rate 50 mVs~ .. EIS was taken using the same electroltye with an
alternating potential amplitude of 0.1 V (vs. Ag/AgCl) over the fre-
quency ranging from 0.01 Hz to 100 kHz. The Nyquist plots of un-
modified electrodes and modified electrodes were drawn from the EIS
data and corresponding charge transfer resistances (R.) were calcu-
lated. Amperometric measurement was carried out at a fixed applied
potential of —0.2 V (vs. Ag/AgCl) for 200 s to evaluate the enzymatic
response of HRP-conjugated protein.

2.5. Electrochemical detection
Fig. 1B depicts the proposed detection mechanism on the developed

immunosensor. In order to perform the SARS-CoV-2 detection, 10 uL of
sample was mixed with 10 uL of HRP-conjugated SARS-CoV-2 receptor
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binding domain protein (1 ug mL™!) as an enzymatic reagent in PBS
buffer (10 mM, pH 7.4). 10 uL of the mixed solution was then applied to
the working electrode, incubated for 90 min at 25 °C and gently washed
with PBS buffer (10 mM, pH 7.4) containing 1% BSA. Next, 45 uL of
hydroquinone (1 mM) in PBS (50 mM, pH 7.4) as the redox mediator was
dropped onto the electrode and a potential of —0.2 V was applied for
100 s to stabilize the electrochemical reaction. After that, 5 uL of
hydrogen peroxide (50 mM) in PBS (50 mM, pH 7.4) as the substrate was
added onto the electrode and the electrode current was measured at
—0.2 V for 200 s (Fig 1B). Finally, the current signal measured at 200 s
was used for the calculation of SARS-CoV-2 RBD protein concentration.

2.6. Fabrication of 3D- printed portable potentiostat

An in-house portable potentiostat was designed and manufactured
for quantitative analysis of SARS-CoV-2 based on the proposed mecha-
nism using amperometric technique. Its package was assigned as a small
medical device (107 mm x 143 mm x 90 mm). It was designed using a
solid work program to have a trapezoid shape with a sloped surface on
the top to support the display for ease of reading and a front electrode
socket for sensor insertion. It was then built by a 3D printing machine
(Ender-7 3D Printer) with a polylactic acid plus filament. 3D printing of
portable potentiostat was conducted with a nozzle temperature of 190
°C, a base temperature of 65 °C and a printing speed of 250 mm sl
Polylactic acid plus filament was selected for 3D printing due to low-cost
and durability.

The 3D printed device was assembled with a potentiostat printed
circuit board (PCB) for measuring the current signal obtained from the
detection reaction, a power supply module and a touchscreen display for
operating the device through command buttons including Start, Mea-
sure and Home buttons (Fig. 1C). The PCB also contained a programmed
microcontroller for interpretation of a current response into qualitative
and quantitative results within 5 min. In operation, the module would
apply a potential of —0.2 V (vs Ag/AgCl) for 100 s after pressing Start
button. After that, the message “Add hydrogen peroxide and press
Measure button” would be shown on the display. Following the in-
struction and pushing Measure button, a potential of —0.2 V vs Ag/AgCl
would be applied for 200 s while recording the electrochemical signal.
The current signal was then converted to the concentration of SARS-
CoV-2 RBD protein according to the calibration curve and the result
was presented on the display. Finally, home button might be activated
for saving energy after finishing the evaluation (see the detail in video as
the link in the supplementary information).

2.7. Application to point-of-care diagnosis

To evaluate the practical applicability of the method in COVID-19
point-of-care diagnosis, clinical samples including seven nasopharyn-
geal swab samples obtained from Ramathibodi Hospital, Bangkok,
Thailand were analyzed by our developed immunosensor. The obtained
swab samples composed of three positive and four negative samples
(clinically confirmed by RT-PCR). Nasopharyngeal swab samples were
collected in viral transport mediums without SARS-CoV-2 antigen (n =
7) and spiked with receptor binding domain protein of SARS-CoV-2 at a
concentration ranging from 0 to 20 ng mL ™. Each sample was evaluated
using our developed immunosensor with the in-house portable poten-
tiostat. The obtained results were compared with a gold standard
method for protein detection, namely SARS-CoV-2 Spike protein S1 RBD
ELISA Kit, and statistically analyzed using correlation analysis and
Bland-Altman plot.

3. Results and discussions
3.1. Optimization of modified GSPE

The functionalization of pPPA on the graphene-based electrode was

Talanta Open 6 (2022) 100155

studied in order to obtain high sensitivity and specificity for SARS-CoV-2
detection. The electropolymerization of pPPA via the CV method with a
potential window of 0.0 — 0.85 V at 100 mVs~' was optimized by
varying numbers of CV cycles (0 to 25 cycles) and PPA concentrations (0
to 10 mM) in 0.5 M KCL. The result showed that the current signals of
bare SPCE had reached a plateau and then decreased after applying
more than 5 CV cycles and increasing PPA concentration to more than 5
mM (Fig S1A and S1B). The results could be due to the excessive poly-
merization of PPA on the electrode surface, disrupting the electron
transfer and reducing the conductivity [30-32]. Thus, these conditions
were chosen for the functionalization of pPPA on the electrode.

The content of graphene nanoplatelets (GNPs) in GPSE was opti-
mized by varying the GNP amount from 0 to 15 wt% in carbon paste. The
electrode was then modified with carboxylic groups of pPPA and
immobilized with 50 pg mL~' of SARS-CoV-2 RBD antibody through
EDC/NHS coupling chemistry. Finally, the enzymatic current response
to 5 ug mL~! of HRP-conjugated SARS-CoV-2 RBD protein was measured
as described in Section 2.4. Fig. 2 showed that the HRP enzyme’s re-
action gradually increased with increasing GNP content from 0 to 5 wt%
and remained constant at higher GNP concentrations. This effect might
be attributed to the high surface area of graphene, which could improve
the immobilization of antibody for binding the enzyme. Thus, 5 wt%
GNPs was chosen for the fabrication of GSPEs.

3.2. Characterization of modified GSPE

EIS and CV were used for evaluating charge transfer resistance (Rct)
at different steps in the preparation of immunosensor. The R values
were calculated from Nyquist plots of EIS data as shown in Fig. 3A. The
value obtained from GSPE (R¢t = 1997 + 35.46Q) was lower than that of
SPCE (R¢t = 3269 + 42.43 Q) because graphene nanoplatelet enhanced
electron transfer and caused the electrode conductivity to increase,
which also led to the increase of current response from 48.18 + 2.60 pA
to 58.15 + 0.53 pA in the CV results [33]. Moreover, the R values of
GSPE increased after the modifications with pPPA and SARS-CoV-2 RBD
antibody from 1997 + 35.46 Q to 4563 + 69.73 Q and 10,297 + 30.96
Q, respectively. On the other hand, CV results showed that the current
responses correspondingly decreased after the modifications (Fig 3B).
According to these results, the electron transfer was partially interrupted
after modification with pPPA and SARS-CoV-2 RBD antibody due to
limited conductivities of the polymer and biomolecules [30,32]. The
change in electrode conductivity also confirmed the successful electrode
modifications.

3.3. Optimization of process parameters for immunosensor

In order to obtain the highest performance, the processes relating to
the immunosensor including immobilization, blocking, and detection
were evaluated and optimized via amperometry. Firstly, the immobili-
zation process was the key to enhance the electrode specificity through
the specific binding reaction of SARS-CoV-2 RBD antibody. Thus, the
antibody concentration and incubation time were varied. Figure S2A
and S2B showed that the current response increased with increasing
antibody concentration from 0 to 25 pg mL ™! before declining as the
concentration increased further to 100 ug mL ™. However, there was no
significant difference between the current response at 10 and 25 pg
mL L. Therefore, the antibody concentration of 10 ug mL~! was selected
as the optimum value. Similarly, the moderate incubation time of 90 min
provided the highest current response. The low current responses at high
antibody concentrations and long incubation times could be due to the
low conductivity of antibody, an insulating biomolecule, which could
directly interrupt the electron transfer to and from the working electrode
[30,34].

The blocking steps were also optimized to reduce by varying BSA
concentrations and blocking times the nonspecific adsorptions of HRP-
conjugated SARS-CoV-2 RBD protein by measuring the current
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response of a non-immobilized electrode. Figure S3A showed that the
electrode without BSA exhibited a higher background current than those
with BSA at various BSA concentrations, especially 0.5 w/v%, because
the BSA concentration of 0.5 w/v% was sufficient to block the free
carboxylic group of pPPA on the electrodes. In addition, the background
current obviously decreased with increasing blocking time up to 30 min
as demonstrated in Figure S3B. Thus, the optimal condition for the
blocking process was 0.5 w/v% BSA and the blocking time of 30 min.

Finally, the electrochemical detection was optimized by varying the
concentrations of HRP-conjugated SARS-CoV-2 RBD protein to maxi-
mize the competition between SARS-CoV-2 RBD protein as a targeted
molecule and HRP-conjugated SARS-CoV-2 RBD protein. In Fig. S4A, the
ratio of current signals without and with 100 ng mL™! of SARS-CoV-2
RBD protein (Ip/I199) was maximum at 1.23 for 1 pg mL~! of HRP-
conjugated SARS-CoV-2 RBD protein. Moreover, the incubation time
was also optimized to obtain the complete binding reaction as presented
in Figure S4B. It showed that the current response increased progres-
sively up to the incubation time of 30 min and remained almost the same
at longer incubation times. Therefore, these optimal parameters were
selected for the immunosensor fabrication and quantitative detection of
SARS-CoV-2 RBD protein.

3.4. Analytical performance

The electrochemical current responses of optimally prepared
immunosensors were measured under the optimum detection parame-
ters at different concentrations of SARS-CoV-2 RBD protein to construct
the calibration curves using the in-house portable potentiostat in com-
parison with the commercial potentiostat as reported in Fig. 4. It showed
that the current signals were decreasing linearly according to the protein
concentration in the range of 0.01-1500 ng mL .. The limit of detection
(LOD, 3SD) and limit of quantification (LOQ, 10SD) were calculated
using the standard deviation (SD) of the blank signal (n = 5) divided by
the linear slope of the calibration curves: y;= —0.5862x1+2.6286 (=
0.984, commercial potentiostat) and yo = —0.8113x5+3.0092 @ =
0.983, in-house potentiostat). The LODs obtained from commercial and
in-house portable potentiostats were 0.9 and 2 pg mL™!, respectively.
The LOQ attained from commercial potentiostat was 6 pg mL ™~ whereas
that from in-house potentiostat LOQ was 10 pg mL L. From the results,
LODs and LOQs of both potentiostats were slightly different and lower
than those of ELISA assay method for quantification of SARS-CoV-2 RBD
protein (LOD = 90 pg mL !, LOQ = 390 pg mL D). In addition, the
immunosensor exhibited lower LOD than the previous reports based on
electrochemical sensors for SARS-CoV-2 RBD protein detection as listed
in table S2 [14-17,35-39].

Moreover, the accuracy and precision of the developed immuno-
sensor were evaluated at three different SARS-CoV-2 RBD concentra-
tions (0.15, 15, and 1500 ng mL™) using five different immunosensors
prepared in the same batch. The results were reported in terms of%re-
covery and relative standard deviation (%RSD) as presented in Table S1.
It showed that the%recovery (104%—114%) and%RSD (7.6-12.8) of our
developed immunosensors were acceptable in comparison with the
standard immunoassay method [40]. Hence, the developed immuno-
sensor was accurate, reliable and suitable for on-site quantitative
SARS-CoV-2 RBD protein detection.

3.5. Specificity test

The specificity of the developed immunosensor for SARS-CoV-2 RBD
protein was evaluated against Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) as well as Alpha, Beta, and Gamma variations
of SARS-CoV-2 at 10 pg mL L. The obtained results were compared with
the current signals of the nasopharyngeal swab from normal people as a
negative sample in term of%relative response calculated from the per-
centage ratio of currents from a negative sample to a sample containing
each viral antigen as presented in Fig. 5. It demonstrated that the%
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relative responses of the negative sample and 10 pg mL ™! of MERS-CoV
were not different, indicating no response and interference from this
virus despite its high similarity to SARS-CoV-2. Distinctively, SARS-CoV-
2 RBD protein (positive control) and its Alpha, Beta, and Gamma vari-
ations provided%relative responses of 77.56 + 2.26, 72.9 + 3.4, 72.1 +
4.9, and 70.03 + 4.9, respectively. The results indicated that the sensor
could effectively differentiate the samples with SARS-CoV-2 RBD pro-
tein and its three variations from negative samples because their mean
responses were much lower than mean + 3SD of negative ones (100 +
6.01). The developed immunosensor could detect SARS-CoV-2 RBD
protein and these three variants because they had only three mutations
within the receptor-binding domain, which did not affect the binding
capacity of immunosensor [41].

3.6. Comparative practical test

The developed immunosensor was practically tested and compared
with a commercial ELISA test kit by measuring spiked samples (n = 7) as
summarized in Table 1. The results of the developed immunosensor and
the ELISA test kit agreed well with a high correlation coefficient (r) of
0.973 (Fig 6a). In addition, the Bland-Altman plot displayed that the
differences between the measured values from the ELISA test kit and the
developed immunosensor lied within +£1.96 SD from the mean value,
indicating insignificant statistical difference between the two methods
(Fig 6b). In clinical diagnosis, the presence of SARS-CoV-2 in real sam-
ples were identified by the developed method and confirmed by RT-PCR
as reported in Table 2. The results demonstrated perfect agreement
between the two methods, demonstrating that the developed method
would be potentially useful for the detection of COVID-19 in real
sample.

4. Conclusion

GSPE was successfully developed into an immunosensor for COVID-
19 detection based on competitive enzyme immunoassay. The immu-
nosensor was systematically optimized by varying graphene content in
GSPE, pPPA modification parameters, antibody immobilization factors
and detection conditions. The optimum graphene content of 5 wt%
could enhance electron transfer for electrochemical detection. Optimal
modification of GSPE with a carboxylic group of pPPA could provide
effective covalent immobilization of SARS-CoV-2 RBD antibody. The
optimal immunosensor offered high specificity and low SARS-CoV-2
detection limit of 2 pg mL™'. In addition, it could cover three SARS-
CoV-2 variants including Alpha, Beta and Gamma. Thus, the devel-
oped device was very useful for POCT diagnosis of COVID-19 and might
be applicable to other emerging infectious diseases. However, the new
variants of concern (VOC) such as Delta (B.1.617.2) and Omicron
(B.1.1529 South Africa) currently spreading around the world were not
included in this study and should be further investigated in the future.
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