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The current approaches of diagnostic platforms for detecting SARS-CoV-2 infections mostly relied on adapting
the existing technology. In this work, a simple and low-cost electrochemical sensing platform for detecting SAR-
CoV-2 antigen was established. The proposed sensor combined the innovative disposable paper-based immu-
nosensor and cost-effective plant-based anti-SARS-CoV-2 monoclonal antibody CR3022, expressed in Nicotiana
benthamiana. The cellulose nanocrystal was modified on screen-printed graphene electrode to provide the
abundant COOH functional groups on electrode surface, leading to the high ability for antibody immobilization.
The quantification of the presence receptor binding domain (RBD) spike protein of SARS-CoV-2 was performed
using differential pulse voltammetry by monitoring the changing current of [Fe(CN)s]>”* redox solution. The
current change of [Fe(CN)g]3”* before and after the presence of target RBD could be clearly distinguished,
providing a linear relationship with RBD concentration in the range from 0.1 pg/mL to 500 ng/mL with the
minimum limit of detection of 2.0 fg/mL. The proposed platform was successfully applied to detect RBD in
nasopharyngeal swab samples with satisfactory results. Furthermore, the paper-based immunosensor was
extended to quantify the RBD level in spiked saliva samples, demonstrating the broadly applicability of this
system. This electrochemical paper-based immunosensor has the potential to be employed as a point-of-care
testing for COVID-19 diagnosis.

1. Introduction

The pandemic of Coronavirus disease (COVID-19) caused by Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has become a
major public health problem worldwide. World Health Organization
(WHO) reported that 518 million populations have been infected with
over 6.3 million deaths as of June 2022 [1]. Even though the vaccines
have been currently developed for preventing infection, the number of
newly infected patient still hardly reduces due to mutations of the virus
[2,3]. The outbreak has therefore begun to enable diagnostic assays for
screening and preventing the spread of the disease. Current diagnostic
methods have solely relied on the nucleic acid amplification technolo-
gies, such as real time - polymerase chain reaction (RT-PCR) [4-6] and
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Loop mediated isothermal amplification (LAMP) [7-9]. Nevertheless,
these methods have merits, such as they require expensive instruments
and sophisticated operation steps which are the key bottlenecks in
testing that dramatically increases cost and assay time from
sample-to-answer. Therefore, more recent efforts have focused on
serological assays to determine prior infection [10-12]. Enzyme-linked
immunosorbent assay (ELISA) represents the gold standard method for
serological testing, which is expensive and must perform in laboratory
setting [13,14]. Lateral flow immunoassays (LFAs) have been developed
to serve as a point-of-care (POC) tool since they are easy to use and
provide qualitative (yes/no) or semi-quantitative results [15,16].
However, LFAs are relatively low sensitive, making them prone to false
positive and/or negative results [17]. Thus, significant improvements of
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COVID-19 testing are needed to replace laboratory testing as well as
provide a rapid and sensitive diagnostic information to patients and
health care provider.

Electrochemical immunosensors have been continuously developed
and applied in various biosensing applications [18-20] as they offer the
advantages of high sensitivity, simplicity and ability in quantitative
analysis. However, traditionally electrochemical detection relied on the
bulky instruments, limiting their potential for point-of-need applica-
tions. The electrochemical paper-based analytical devices (ePADs)
[21-25] were introduced to address the challenge for developing
miniaturized system. ePADS have garnered significant interest to utilize
as an alternative device design for immunoassay because they exhibit
remarkable advantages, including easy-to-use, inexpensive, portability
and disposability. However, to achieve a highly sensitive diagnostic
platform, the major obstruction is the limited area as part of the
micro-scale electrode, leading to even lower limit of detection (LOD).

Cellulose nanomaterials (CNs), especially cellulose nanofiber (CNF)
and cellulose nanocrystal (CNC) are the new generation materials that
have currently gained growing interest. CNs possess the attractive
properties including abundance of functional groups, high aspect ratio,
strong mechanical properties and biocompatibility. Importantly, CNs
contained the abundant COOH and/or OH functional groups on the
structure, allowing various functionalizations via chemical reactions.
These excellent characteristics enable them to be widely applied in
chemo/biosensors applications [26,27].

Regarding the immunoassay, antibody is the key factor to limit the
sensitivity and selectivity of the method. Most commercially available
antibodies are produced in mammalian cells which still have some
limitations, such as high production costs and complication processes.
Moreover, mammalian-produced antibody could lead potentially
humans to infections [28,29]. Recently, plants are being exploited as a
new alternative host for antibody production, especially during unex-
pected or emergency situations that cannot be solved by existing sys-
tems. Plant-based antibody provides many advantages, such as low-cost,
eco-friendly and rapid production [30]. In 2020, Rattanapisit and
co-workers proposed the use of a temporary expression method to pro-
duce the receptor binding domain (RBD) spike protein of SARS-CoV-2
and monoclonal antibody (mAb) CR3022 in Nicotiana benthamiana
[31]. This plant-produced RBD and mAb CR3022 illustrated a specific
binding toward SARS-CoV-2. Interestingly, this plant-based antibody
has capability to apply in immunological sensing applications.

Here, we reported a paper-based electrochemical immunosensor
using CNC-modified electrode in combination with novel plant-based
monoclonal antibody that was used as a capture antibody for detect-
ing RBD of SARS-CoV-2 spike protein for the first time. Differential pulse
voltammetry (DPV) was used to quantify the RBD level by measuring the
current response of [Fe(CN)6]3'/ 4 redox solution. This immunosensor
was successfully applied for detection of SARS-CoV-2 RBD in nasopha-
ryngeal swab samples and can be extended to saliva sample, which ex-
hibits good analytical performance, is easy to use and low-cost for SARS-
CoV-2 diagnosis.

2. Materials and methods
2.1. Chemicals and apparatus

All reagents used are analytical reagent grade. Cellulose nanocrystal
with carboxylic group (CNC-COOH) was purchased from cellulose lab
(Fredericton, Canada). mAb CR3022 (GenBank accession numbers:
DQ168569.1 and DQ168570.1) and RBD of SARS-CoV-2 spike protein
(GenBank accession number: YP_009724390.1; F318-C617) were ob-
tained from Baiya Phytopharm Co., Ltd. (Bangkok, Thailand). Potassium
hexacyanoferrate (III) (KsFe(CN)g), phosphate buffer saline (PBS) pH
7.4, 1l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-
hydroxysulfosuccinimide (sulfo-NHS), skim milk (SKI) and human
serum albumin (HSA) were purchased from Sigma-Aldrich (Missouri,
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USA). Potassium nitrate (KNOg3), L-(+) -ascorbic acid and D-(+)- glucose
anhydrous were purchased from Carlo Erba (Barcelona, Spain). Artificial
saliva was obtained from (Sigma-Aldrich). All aqueous solutions were
prepared using ultra-purified Milli-Q water (R > 18.2 MQ cm ™! at 25 °C)
from Merck Millipore (Millipore Bedford, USA).

Graphene and silver/silver chloride (Ag/AgCl) inks were purchased
from Serve Science Co., Ltd. (Bangkok, Thailand). Filter paper grade no.
1 was obtained from Whatman international Ltd, (St Louis, USA). The
screen-printed pattern was designed using Adobe Illustrator and the
screen-printing block was made by Chaiyaboon Co. Ltd, (Bangkok,
Thailand). The hydrophobic and hydrophilic area on ePADs were
created by a wax printer (Xerox Color Qube model 8570, Japan). Field
emission scanning electron microscopy (FE-SEM) (7610F at 5 kV) was
used to confirm the success of electrode modification. All electro-
chemical measurements were performed using PalmSens 4 potentiostat
(PalmSens Bv, Netherlands). The electrochemical impedance spectros-
copy (EIS) was carried out in the frequency range of 100 kHz to 0.01 Hz
and AC potential of 0.25 V. (vs Ag/AgCl). Cyclic votammetry was per-
formed from —0.3 to 0.6 V with scan rate of 0.1 V/s. DPV was used
throughout the experiment with the conditions are as follows: potential
range of —0.3 to 0.7 V. (vs Ag/AgCl), step potential of 0.01 V, pulse
potential of 0.05 V and scan rate of 0.05 V/s.

2.2. Production of monoclonal plant-based antibody (CR3022)

The anti-SARS-CoV-2 mAb CR3022 was prepared using plant tran-
sient expression systems as previously described [31]. Briefly, the cod-
ing mAb CR3022 gene fragments located in the regions of the variable
heavy chain (Vy) and variable light chain (Vi) were codon-optimized to
express in N. benthamiana. The Vi and Vi, were fused with human IgG1
constant heavy chain (Cy) and constant light chain (Cp) regions,
respectively. The expression cassettes pBY2e-CR3022 HC and
pBY2e-CR3022 LC was created by cloning the full coding sequences of
CR3022 HC and LC into a geminiviral vector (pBY2e) using a three
fragment ligation [29]. The obtained expression vectors were then
transformed into Agrobacterium tumefaciens strain GV3101 by electro-
poration. Next, recombinant Agrobacterium containing pBY2e-CR3022
HC and pBY2e-CR3022 LC were pelleted and resuspended in infiltra-
tion buffer to an ODggg of 0.4 and mixed at a 1:1 ratio prior to vacuum
infiltration and infiltrated into the N. benthamiana leaves which were
grown in a greenhouse with 8 h dark/16 h light cycle at 25 °C for 6-8
weeks. After 3 days, the agroinfiltrated leaves were harvested and
extracted proteins in extraction buffer (pH 7.4) [32]. The extracted part
was homogenized followed by centrifugation at 15,000 g for 30 min at
4 °C to obtain the crude extract. The recombinant protein in the clarified
plant extract was purified by using protein A resin. Finally, the obtained
mAb CR3022 was confirmed by SDS-PAGE and Western blot.

2.3. Design and fabrication of paper-based electrochemical immunosensor

The paper-based immunosensor was prepared using filter papers
(Whatman No.1). The screen-printed pattern was designed by Adobe
lustrator CS6. A commercial wax printer (ColorQube8580) was used to
create hydrophobic areas according to the pattern design. After wax
printing, the patterned paper was heated at 150 °C for 1 min to melt the
wax and obtain the hydrophobic barrier. Fig. 1 shows the design and
operation of paper-based immunosensor. As shown in Fig. 1A, this
paper-based immunosensor consists of two parts: the detection and
absorbent part. The detection part contains three electrode system,
which fabricated by using an in-house screen-printing method. Gra-
phene ink was employed to prepare the working (3 mm i. d.) (WE) and
counter (CE) electrodes. Silver/silver chloride (Ag/AgCl) ink was served
as the pseudo-reference electrode (RE) and conductive pads. The
absorbent part was designed by attaching the absorbent pad to the
backside using the double-sided adhesive tape (Fig. 1B). The device was
assembled by folding the absorbent part under the detection part to
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Fig. 1. The design in top view (A), side view (B), the operation (C) and the detection procedure (D) of paper-based electrochemical immunosensor.

utilize the wicking ability of the absorbent pad during the washing step
after sample addition (Fig. 1C). The device operational steps were
illustrated in Fig. 1D.

2.4. Immobilization of mAb CR3022

For the immobilization step, the mAb CR3022 was covalently
immobilized onto working electrode surface. The steps of antibody
immobilization were shown in Scheme 1. First, 5 pL of 0.25% CNC so-
lution in Milli-Q water was dropped onto WE to provide the carboxylic
group (COOH) on the electrode surface. Then, allowing CNC to dry in an
oven at 37 °C for 15 min. Next, 5 pL of EDC/NHS (10 mM/30 mM) so-
lution containing 0.96 mg of EDC and 3.25 mg of sulfo-NHS prepared in
PBS pH 7.4 (500 pL) was added onto the CNC-modified electrode surface
to act as a coupling agent and incubated at room temperature for 1 h to
activate the COOH group, followed by washing with PBS pH 7.4. Then,
1 pg/mL of mAb CR3022 capture antibody (5 pL) was dropped onto the
modified electrode surface and incubated in humid condition for 1 h to
generate the covalent attachment through the direct conjugation be-
tween a carboxylic group (COOH) of CNC and the primary amine groups
(-NHy) of the capture antibodies. After that, the Ab/CNC/SPGE

electrode was washed twice with PBS pH 7.4 to remove the excess un-
bound antibodies on WE surface. Next, the electrode surface was
blocked with 5 pL of 2% (w/v) skim milk (SKI) solution for 1 h to prevent
the nonspecific binding protein. Finally, the SKI/Ab/CNC/SPGE was
washed twice with PBS pH 7.4 and stored at 4 °C prior to use.

2.5. Electrochemical measurement

For electrochemical detection, 5 pL of a designated RBD concentra-
tion prepared in PBS pH 7.4 was dropped onto electrode surface and
incubated in humid condition for 2 h. After incubation, the absorbent
part was folded under the detection part (as shown in Fig. 1C), followed
by washing all unbonded antigen with PBS pH 7.4. The washed solution
could be absorbed due to the wicking property of the absorbent pad. The
absorbent part was then unfolded prior to electrochemical detection. All
electrochemical measurements were carried out using 5 mM [Fe
(CN)61>/# in 0.1 M KNO3.

2.6. Real sample analysis

The clinical nasopharyngeal and throat swab samples were obtained

Current (A}

O o G — G

[F61CN)6P“

EDC/NHS o,
—

" —NH,

- - i
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Scheme 1. The process of mAb CR3022 covalent immobilization onto the electrode surface for electrochemical detection of SARS-CoV-2 RBD.
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following the protocol approved by the Institutional Review Board,
Faculty of Medicine, Ramathibodi Hospital (Certification of approval:
COA. MURA2021/879). Written informed consent and ethical approval
was obtained for all patients. All samples were collected and stored in
viral transport media (VTM) at —80 °C prior to electrochemical mea-
surement using the aforementioned procedure. Finally, the obtained
results were validated with those obtained from the standard RT-PCR.

3. Results and discussion
3.1. Surface characterization of CNC modified electrode

To investigate whether the electrode surface was successfully
modified with CNC, the surface morphologies of unmodified and
modified electrodes were carried out by FE-SEM and laser scanning
confocal microscope (LSCM). As shown in Fig. S1A, the unmodified
electrode exhibited a rough surface with graphene sheets (panel i).
Moreover, the LSCM showed yellow-green areas, indicating the stacked
surfaces of graphene sheets with an average roughness of 3.071 pm.
After drop casting of CNC, a smooth-like film covering the electrode
surface (panel ii) was observed. The LSCM provided the green-blue
areas, indicating the low-roughness areas with an average roughness
of 2.371 pm. In addition, Fourier-transform infrared spectroscopy (FT-
IR) was used to confirm the existence of the carboxylic group on CNC
modified electrode surface. The obtained FT-IR spectra of unmodified
and modified electrodes were shown in Fig. S1B, all typical bands of
CNC including C=0 stretching at 1730 cm™!, C-O stretching at 1025
cm™!, C-H stretching at 2945 cm™! and OH stretching at 3350 cm™!
were observed. Although, the obtained characteristic bands of the CNC/
SPGE were similar to bare SPGE, the characteristic peak of C=0
stretching at 1730 cm ™}, OH stretching at 3350 cm ™! and C-H stretching
at 2945 cm ™! increased, owing to the presence of CNC. These results

—8-SPGE
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confirmed the success of CNC modification on electrode surface.

3.2. Electrochemical characterization

In order to follow electrode modification steps, the electrochemical
impedance spectroscopy (EIS) measurement was performed in a step-
wise surface modification using 5 mM [Fe(CN)g] 3/4 0.1 M KNOs. The
semicircle diameter of the Nyquist curve represents the electron transfer
resistance (R.y), indicating the capability of electron transfer between
the electrode surface and redox solution. The R increase when insulator
molecules were added onto surface of the electrode. The Nyquist plots at
different stages of modification process were shown in Fig. 2A. The bare
SPGE provided the smallest semicircle with the R value of 1.13 kQ.
After modification of CNC (CNC/SPGE), the R value increased to 1.71
kQ due to its semi-insulator property. When Ab was added onto the
electrode surface (Ab/CNC/SPGE), the R.; increased to 2.0 kQ, indi-
cating the success in covalent immobilization of antibodies onto elec-
trode surface. The increment of R¢ (3.5 kQ) was further observed on
SKI/Ab/CNC/SPGE due to the steric hindrance of SKI, resulting in a
lower accessibility of [Fe(CN)6]3'/ 4 to reach the electrode surface [33].

Furthermore, CV was used to verifiy the success of electrode modi-
fication by monitoring the current change using 5 mM [Fe(CN)G]B'/ 4 in
0.1 M KNOs. As shown in Fig. 2B, the highest anodic peak current was
observed on SPGE (0.108 mA). A decrease in anodic peak current (0.084
mA) was observed after modification of CNC (CNC/SPGE) due to an
oxidation of electron transfer affected by the semi-insulator CNC. When
the Ab was immobilized onto CNC/SPGE, the anodic current decreased
to 0.067 mA indicated that the Ab was successfully immobilized onto
electrode surface via covalent reaction. After blocking with SKI (SKI/
Ab/CNC/SPGE), the anodic current further decreased to 0.028 mA.
These results clearly demonstrated the successful modification of the
electrode surface.

I:’ =—=SPGE
90

2500 4 ~®-CNC/SPGE e CNC/SPGE
—8-Ab/CNC/SPGE ——Ab/CNC/SPGE
2000 A SKI/Ab/CNC/SPGE 40 - SKI/Ab/CNC/SPGE A
& 1500 - -
N 210 4
=
1000 A o
5
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Fig. 2. Characterization of the modified electrodes in a step-by-step by EIS (A), CV (B), and the current response of 5 mM [Fe(CN)e]>~74~ in the absence and presence

of 500 ng/mL of RBD that were performed by DPV (C).
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The electrochemical detection of SKI/Ab/CNC/SPGE before and
after addition of SARS-CoV-2 spike protein RBD was then investigated
using DPV. As displayed in Fig. 2C. In the presence of RBD, a lower
electron transfer could be observed due to the shielding of the electrode
surface by the immunocomplex, resulting in a remarkable decrease of
the current response [34]. This result confirmed the formation of
antigen-antibody complex on the electrode surface. All obtained results
suggested that the proposed immunosensor can be applied for detecting
SARS-CoV-2.

3.3. Optimization of variable parameters

3.3.1. Effect of CNC concentration

The effect of CNC concentration was firstly investigated. The CNC
was studied in the concentration range from 0.1 to 0.3% (v/v) using the
condition as follows: 1 pg/mL of Ab, 5% (w/v) of SKI, 0.5 pg/mL of RBD
and incubation time of 60 min. As shown in Fig. S2A, the change in
current response (AI) obtained before and after incubation with RBD
increased with the increase of CNC concentration. This is due to the
enlargement in carboxyl group at the higher concentration of CNC,
leading to more sites for Ab immobilization. However, the AI value
decreased at the CNC concentration above 0.25% which could be
explained by the formation of self-assembled CNC as a film layer on the
electrode surface that reduced the binding site of Ab immobilization
[35]. Therefore, 0.25% (v/v) of CNC concentration was selected for the
next studies.

3.3.2. Effect of Ab concentration

The effect of Ab concentration was then optimized in the range of
0.25-1.25 pg/mL using the condition as follows: 0.25% (v/v) of CNC,
5% (w/v) of SKI, 0.5 pg/mL of RBD and incubation time of 60 min. As
shown in Fig. S2B, the AI increased with the increasing of Ab concen-
tration until it plateaued at the concentration of 1 pg/mL due to an
oversaturation of the electrode surface at conditions above this limita-
tion. Additionally, the higher amount of Ab also increased the surface
density that hindered the accessibility of more Ab to immobilize onto the
electrode surface [36]. Thus, the 1 pg/mL of Ab concentration was
selected for further experiments.

3.3.3. Effect of SKI concentration

In this work, SKI was utilized as a surface blocking agent due to its
capability to prevent a nonspecific binding and provide the higher ratio
of signal/background (S/B) when compared to bovine serum albumin
(BSA) [19]. SKI concentration was optimized in the range from 1% to 5%
(w/v) using the condition as follows: 0.25% (v/v) of CNC, 1 pg/mL of
Ab, 0.5 pg/mL of RBD and incubation time of 60 min. The AI obtained
before and after incubation with RBD as a function of SKI concentration
is displayed in Fig. S2C. It was observed that the Al increased with
increasing SKI concentration and reached the maximum at 2% (w/v).
When the higher SKI concentration was applied, the background signal
in the absence of target RBD was also risen, resulting in the decrease of
Al value. Therefore, 2% (w/v) of SKI concentration was used for further
experiments.

3.3.4. Effect of incubation time

The influence of incubation time between the RBD target and Ab
immobilized on electrode surface was optimized. The 0.5 pg/mL of RBD
was incubated on Ab-modified electrode at different times followed by
washing with PBS. As illustrated in Fig. S2D, the AI slightly increased
with the increasing of incubation time and reached a plateau after 2 h.
This result indicated that the increase in incubation time provided the
improvement of binding efficiency between Ab and target RBD [37].
However, the electrode surface likely saturated at longer incubation
time, resulting in a limited mass transport of redox molecules to access
the electrode surface [38]. Therefore, the incubation time of 2 h was
selected as an optimal condition.
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3.4. Analytical performances of the paper-based immunosensor

The analytical performance of the paper-based electrochemical
immunosensor for detecting SARS-CoV-2 was evaluated. As shown in
Fig. 3A, the current signal of [Fe(CN)6]3’/ 4 decreased as a function of
RBD concentrations. Fig. 4B shows that the change in current response
(AI) calculated from Ipjank-Irgp (Where Ipjank and Irgp are obtained before
and after incubation with RBD) increased with the increasing of RBD
concentration. The calibration curve obtained by plotting between Al
versus logarithmic concentrations (Fig. 3B inset) provided a linear
relationship in the range from 0.1 pg/mL to 500 ng/mL with correlation
coefficient of 0.9931. The limit of detection (LOD, S/N = 3) and limit of
quantification (LOQ, S/N = 10) were calculated to be 2 fg/mL and 8 fg/
mL, respectively. The analytical performance of this proposed immu-
nosensor and other previously reported systems for screening of SARS-
CoV-2 are compared and summarized as shown in Table S1. The
compared results suggested that a significant lower detection limit ob-
tained from our proposed immunosensor. Notably, our paper-based
immunosensor combined with the plant-based antibody can be easily
and inexpensively prepared compared to the other SAR-CoV-2
biosensors.

3.5. Cross-reactivity

To investigate the cross-reactivity of various virus antigens, the
proposed paper-based immunosensor was used to test with different
types of human-pathogenic coronaviruses and respiratory viruses,
including Recombinant SARS Nucleocapsid (N) Protein (SARS-CoV-1),
Recombinant Human Coronavirus MERS Spike Glycoprotein (S1), Re-
combinant Human Respiratory Syncytial Virus (RSV) Glycoprotein,
Recombinant Human Coxsackie Adenovirus Receptor and Influenza as
illustrated in Fig. 4. All antigens were prepared at the same concentra-
tion of 0.1 ng/mL before incubating onto electrode surface followed by
the electrochemical measurement. The percent normalized currents
were evaluated from (Alyterference/ Alrgp) X 100, where Alyterference Ob-
tained from the change in current of interference at 0.1 ng/mL. The
results indicated that the normalized current of MERS-CoV, RSV, Cox-
sackie, and Influenza were less than 5% compared with SARS-CoV-2,
which means that the presence of these antigens does not affect to this
immunosensor. However, the normalized current of SARS-CoV-1 was
more than 5%. This means that N Protein SARS-CoV-1 does affect this
proposed system. This reactivity can be explained by the similarity of
structure and amino acid sequence of SARS-CoV-1 N protein compare to
SARS-CoV-2 [39]. Therefore, N protein of SARS-CoV-1 is able to trigger
immune responses against SARS-CoV-2 as well [40].

3.6. Reproducibility and stability of paper-based immunosensor

To demonstrate the reproducibility of the paper-based immuno-
sensor, three electrodes were tasted with three different concentrations
of SARS-CoV-2 spike protein RBD (0.01, 25, 100 ng/mL). The %RSD was
obtained in the range of 0.3-2.9% (n = 3) which were less than 5%,
indicating that this proposed immunosensor offers good reproducibility
for the detection of SARS-CoV-2.

In order to evaluate the stability, the prepared immunosensor was
stored in refrigerator at 4 °C before testing with 0.5 pg/mL RBD every 3
days. It was observed that 98.17% of its initial current response was
retained within a storage lifetime of 5 days as shown in Fig. S3. The short
lifetime of the proposed paper-based immunosensor might be affected
by the humid condition during the storage.

3.7. Detection of SARS-CoV-2 in nasopharyngeal swab and throat swab
samples

To illustrate the capability of the proposed system, the paper-based
immunosensor was applied for detecting SAR-CoV-2 antigen in 14
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Fig. 3. (A) DPV response in 5 mM [Fe(CN)e]>/# of the proposed immunosensor in different concentration of RBD in the range of 0.1 pg/mL to 500 ng/mL. (B)
Relationship between A current and the concentration of RBD (inset is the calibration curve for proposed immunosensor).
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Fig. 4. Cross-reactivity of the proposed immunosensor.

nasopharyngeal swab and throat samples obtained from Ramathibodi
hospital. All collected specimens were stored in viral transport media
(VTM) solution at —80 °C prior to use without any dilution. The results
obtained from our system were compared to those determined by RT-
PCR standard method as summarized in Table 1. The good agreement
between two approaches were observed, the sensitivity and specificity of
our sensing system were found to be 100%. These results clearly showed
that the paper-based immunosensor could be used for the screening of
SARS-CoV-2 in real clinical samples. However, the plant-based mono-
clonal antibody CR3022 used in this work was designed to recognize the
RBD of SARS-CoV-2 spike protein reference sequence Wuhan-Hu-1. The
other SARS-CoV-2 variants could not be recognized by CR3022 since the
amino acid residues in the SARS-CoV-2 spike protein have undergone
mutations [41,42]. This alteration of spike structure would change in
immune response in crucial epitopes recognized by mAb.

3.8. Determination of SARS-CoV-2 in saliva

To demonstrate that our approach can be extended to apply in
various types of samples, the paper-based immunosensor was applied to

Table 1
The comparison of obtained results between the proposed immunosensor and
RT-PCR method.

RT-PCR

+ —

This immunosensor + 4
- 0

+: positive result, —: negative result.

detect SARS-CoV-2 in artificial saliva. The selectivity for saliva appli-
cation was firstly examined. The proposed immunosensor was tested
with various interferences that can be possibly found in saliva, including
glucose, ascorbic acid (AA) and human serum albumin (HSA) [43,44].
All examined interferences were prepared by mixing with the
SARS-CoV-2 RBD (0.5 pg/mL) in the concentration that was 100 times
higher than target RBD. As shown in Fig. 54, the change in current
response was identically observed on RBD relative to RBD mixed with
other interferences (%RSD was less than 2%). This result indicated that
the proposed immunosensor provided a good selectivity for screening of
SARS-CoV-2 in saliva sample. The standard addition of artificial saliva
containing varied SARS-CoV-2 concentrations was then studied. The
concentration of RBD at 0.05, 1.0, 20 and 400 ng/mL were spiked into
artificial saliva. According to Table S2, the percent recoveries of spiked
RBD were obtained in an acceptable range from 40 to 120 with %RSD of
0.6-13.2 [45]. This result indicated that the paper-based immunosensor
can be extended to detect SARS-CoV-2 in saliva sample.

4. Conclusions

A novel electrochemical paper-based antigen sensing platform was
successfully developed for detection of SARS-CoV-2. The electro-
chemical detection using DPV was performed based on a simple label-
free immunoassay by measuring the current change via [Fe(CN)ﬁ]B'/ 4
before and after addition of target RBD. The existing feature of our
proposed system is the use of the innovative plant-based mAb CR3022
that provides a remarkable simplicity and cost-effectiveness in terms of
Ab production. Moreover, the excellent sensitivity was achieved by
taking the advantage of CNC as it offers the abundant sites of COOH
functional group for Ab immobilization. The LOD and LOQ were found
to be 2.0 fg/mL and 8.0 fg/mL with high specificity. The proposed
sensing device was then applied with nasopharyngeal swab samples and
the system showed 100% of sensitivity and specificity compared to
standard RT-PCR method. Additionally, we also demonstrated that our
existing system can be extended to detect SARS-CoV-2 RBD in saliva
sample. Given the low-cost and high specificity of the antibody used,
adaptability of the system towards different kind of samples, and the
simplicity of use benefiting from the label-free assay, development of
this approach provided a valuable alternative tool for rapid screening of
COVID-19. While we are targeting SARS-CoV-2 with this platform, our
device can be easily adapted towards other targets by switching the
capture antibody, allowing this system to be utilized in various diag-
nostic applications.
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