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GRAPHICAL ABSTRACT

Electrochemical detection

SARS-CoV-2 virus Spike Antigen

Interaction of Ag-Ab on FTO

Electrochemical immunosensor modified with AuNPs/SARS-CoV-2Ab for detection of

SARS-CoV-2 Spike S1 antigen.

ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2, also known as 2019-nCov or COVID-19)
outbreak has become a huge public health issue due to its rapid transmission making it a global
pandemic. Here, we report fabricated fluorine doped tin oxide (FTO) electrodes/gold nanoparticles
(AuNPs) complex coupled with in-house developed SARS-CoV-2 spike S1 antibody (SARS-CoV-2 Ab) to
measure the response with Cyclic Voltammetry (CV) and Differential Pulse Voltammetry (DPV). The
biophysical characterisation of FTO/AuNPs/SARS-CoV-2Ab was done via UV—Visible spectroscopy, Dy-
namic Light Scattering (DLS), and Fourier Transform Infrared Spectroscopy (FT-IR). The fabricated FTO/
AuNPs/SARS-CoV-2Ab immunosensor was optimised for response time, antibody concentration, tem-
perature, and pH. Under optimum conditions, the FTO/AuNPs/Ab based immunosensor displayed high
sensitivity with limit of detection (LOD) up to 0.63 fM in standard buffer and 120 fM in spiked saliva
samples for detection of SARS-CoV-2 spike S1 antigen (Ag) with negligible cross reactivity Middle East
Respiratory Syndrome (MERS) spike protein. The proposed FTO/AuNPs/SARS-CoV-2Ab based biosensor
proved to be stable for up to 4 weeks and can be used as an alternative non-invasive diagnostic tool for
the rapid, specific and sensitive detection of SARS-CoV-2 Spike Ag traces in clinical samples.

© 2021 Elsevier B.V. All rights reserved.

* Corresponding author.

E-mail addresses: gandhi@niab.org.in, sonugandhi@gmail.com (S. Gandhi).

https://doi.org/10.1016/j.aca.2021.339207
0003-2670/© 2021 Elsevier B.V. All rights reserved.


mailto:gandhi@niab.org.in
mailto:sonugandhi@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2021.339207&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2021.339207
https://doi.org/10.1016/j.aca.2021.339207

A. Roberts, S. Mahari, D. Shahdeo et al.

1. Introduction

SARS-CoV-2 is a single positive strand RNA virus consisting of
four structural proteins including spike, envelope, matrix and
nucleocapsid proteins and is responsible for respiratory tract illness
[1]. In December 2019, an outbreak of pneumonia was observed in
Wuhan, China and the causative pathogen was identified as a new
type of coronavirus [2—6] and named as 2019 novel coronavirus
(2019-nCoV) by the World Health Organization (WHO). For early
diagnosis, chest computed tomography (CT) [7—10] was used
whereas in the analytical stage, real-time reverse-transcriptase
polymerase chain reaction (RT-PCR) [11—14] remains the standard
reference test for the etiologic diagnosis of SARS-CoV-2 [15,16].
However, since both these conventional techniques are time
consuming, laborious processes and may sometimes give false
negative results due to low titre value, rapid mass screening is not
possible which is the need of the hour to manage the spread of the
virus, especially from non-symptomatic patients. In order to over-
come the above disadvantages of conventional methods, various
serological assay and biosensor [17] based detection methods have
gained research interest which include Enzyme Linked Immuno-
sorbent Assays (ELISA) [18], Lateral Flow Assays (LFA) [19], Field
Effect Transistors (FET) [20], etc. Recently, integrated Internet of
Things (I0T) and Clustered regularly interspaced short palindromic
repeats (CRISPR) based techniques are being introduced as sup-
plemental tools for rapid diagnosis [21—24]. However, this area still
needs a lot of research as the sensors require higher sensitivity and
specificity for the detection of SARS-CoV-2.

Biosensors are sensitive, specific, stable, easy to use, require less
sample size, time, portable and most importantly can be custom-
ised to detect the target analyte of interest. Immunosensors can be
used to detect toxins [25], narcotic drugs [26—29], viruses [30—32]
by use of different bioreceptors such as deoxyribonucleic acid
(DNA) [33,34], enzymes [35,36], peptides [37], aptamers [38],
antibody [39,40]. Electrochemical biosensors are considered as a
reliable tool for infectious disease detection as they remain unaf-
fected by sample absorbance or turbidity [41]. In order to increase
the sensitivity of electrochemical biosensors, nanomaterials are
often made use of as signal amplifiers such as graphene and AuNPs
[42,43]. The electrical conductive properties of AuNPs have been
extensively studied which enables them to improve the electronic
transmission performance of sensors upon incorporation [44—46].
Moreover, since the synthesis of AuNPs is an easy one-step process
and biocompatible for simple antibody physisorption conjugation,
we have selected it as the signal amplification component in this
research work.

In this study, we have fabricated FTO/AuNPs/SARS-CoV-2Ab
electrode for the detection of SARS-CoV-2 Spike S1 Ag. The poly-
clonal SARS-CoV-2 Spike S1 Ab were raised in house and evaluated
for its purity, and affinity for specific Ag by immunoassays. Here,
FTO electrodes have been preferred over indium tin oxide (ITO)
electrodes due to its high electrical conductivity, chemical stability,
high tolerance towards physical abrasions and cost effectiveness
[39]. Nanotechnology has played various roles in combating the
SARS-CoV-2 pandemic [47] and in this research work, AuNPs were
selected as the signal amplifiers due to their high conductivity,
biocompatibility, stability, and ease of synthesis [48]. AuNPs were
drop casted onto the FTO electrode and SARS-CoV-2 Spike S1 Ab
was immobilised to detect the presence of SARS-CoV-2 Spike S1 Ag.
All immobilization steps and optimisation of response time, anti-
body concentration, temperature, and pH were characterised using
physicochemical methods such as UV—Vis Spectroscopy, Dynamic
light Scattering Spectroscopy (DLS), Fourier Transform Infra-Red
Spectroscopy (FT-IR), Cyclic Voltammetry (CV), Differential Pulse
Voltammetry (DPV). The LOD of developed FTO based

Analytica Chimica Acta 1188 (2021) 339207

immunosensor was determined as 0.63 fM within the concentra-
tion range of 1 fM to 1 uM in standard buffer and 120 fM in case of
spiked saliva samples. The fabricated immunosensor not only
showed high sensitivity but also specificity towards SARS-CoV-2
Spike S1 Ag when compared with various other viral antigen
(MERS Spike Ag, Avian Influenza Virus (AIV) Ag, and Human Im-
munodeficiency Virus (HIV) Ag), with a rapid response time of 10 s
and stability up to 4 weeks. Hence, this immunosensor is a prom-
ising candidate for the development of rapid, non-invasive, specific,
and sensitive detection of SARS-CoV-2 Spike S1 Ag directly from a
patient's saliva sample.

2. Experimental section
2.1. Materials

Gold(Ill) chloride (AuyClg), Freund's complete adjuvant, and
Freund's incomplete adjuvant were purchased from Sigma-Aldrich
(India). Protein-A Sepharose resin was procured from Cytiva
(Marlborough, USA). SARS-CoV-2 Ag (Spike S1 protein) was ac-
quired from ProSci (California, USA). Human Immunodeficiency
Virus (HIV) and Avian Influenza Virus (AIV) Ag were obtained from
The Native Antigen Company (Oxford, UK). MERS Spike Ag was
procured from R & D Systems (Minnesota, USA). Immobilon west-
ern chemiluminescent HRP Substrate (ECL) and polyvinylidene
difluoride (PVDF) membrane were purchased from Merck Millipore
(Darmstadt, Germany). 96-well NUNC microtiter plates for ELISA
were acquired from Thermo Scientific (Bangalore, India). New
Zealand white rabbit (7 weeks of age) was obtained from (Vyas
Labs, Hyderabad) and housed at the small animal facility managed
by the National institute of Animal Biotechnology (NIAB). All
chemicals, solvents and reagents used were of high-quality
analytical grade unless stated otherwise and all solutions were
prepared in double distilled water.

2.2. Apparatus

ELISA readings were taken on ThermoFisher Scientific Multis-
kan™ FC Microplate Photometer (Bangalore, India) and SDS gel/
Western Blot membrane imaging was done on ThermoFisher Sci-
entific iBright™ CL1500 Imaging System (Bangalore, India). SDS-
PAGE was run on BIORAD Mini-PROTEAN Tetra Vertical Electro-
phoresis Cell (Gurgaon, India) and semi-dry transfer of Western
blot was carried out using BIORAD Trans-Blot Turbo Transfer Sys-
tem, (Gurgaon, India). UV—Vis and FT-IR spectra were acquired on
Systonic S-924 Single-Beam UV—Vis Spectrophotometer (Delhi,
India) and Thermo Scientific-Nicolet iS50 FT-IR (Bangalore, India)
respectively. Changes in hydrodynamic diameter and zeta potential
of each immobilization step were observed using Anton-Paar
Litesizer 500 Particle Analyzer DLS (Gurgaon, India). CV and DPV
measurements were performed with PalmSens4 (Netherlands). All
experiments were performed at room temperature (RT) (25 °C)
unless stated otherwise.

2.3. Immunization, purification, and characterization of SARS-CoV-
2 spike S1Ab

2.3.1. Immunization and antibody production

7-weeks old New Zealand white rabbit was immunized subcu-
taneously with 180 ug of SARS CoV-2 Spike S1 recombinant protein
emulsified with Freund's complete adjuvant. Subsequently, three
boosters were given at 14-day intervals emulsified with Freund's
incomplete adjuvant. The rabbit was bled and serum was separated
on the 5th day after every booster to determine the Ab titre by
Enzyme-Linked Immunosorbent Assay (ELISA). Anti-Spike S1
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antibody was purified using Protein-A Sepharose following the
product catalogue protocol (Protein A-Sepharose® CL-4B Cytiva).
The purified fractions were pooled together and dialysed in Phos-
phate Buffer Saline (PBS) (pH 7.4).

2.3.2. Antibody characterization

The purity of the Ab was evaluated by electrophoresis and
Western blot analysis. Purified SARS-CoV-2 Spike S1Ab was run on
12% sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) gel along with a protein ladder followed by staining
and de-staining. For Western blot analysis, the SARS-CoV-2 Spike
S1 Ag was run on 12% SDS-PAGE and the protein was transferred
onto polyvinylidene difluoride (PVDF) membrane which was pre-
activated for 5 min in methanol. The PVDF membrane was
blocked using blocking buffer consisting of Bovine Serum Albumin
(BSA) and skimmed milk in PBS (pH 7.4). PVDF membrane was
further incubated with 1:8000 dilution of purified SARS-CoV-2
Spike S1Ab overnight at 4 °C and subsequently with Horse Radish
Peroxidase (HRP) conjugated anti-rabbit secondary antibody at
1:10,000 dilution. The membrane was washed with PBS-Tween 20
(PBS-T) after each incubation step. Finally, enhanced chem-
iluminescence (ECL) was applied to the membrane and image was
developed using ChemiDoc.

2.4. Immunoassay development

To further screen the specificity and binding of SARS-CoV-2
Spike S1 antibody, binding ELISA was performed in 96-well mi-
crotiter plates. ELISA plates were coated with 0.5 pg/mL SARS-CoV-
2 Spike S1 antigen prepared in carbonate buffer (pH 9.6) and
incubated overnight at 4 °C. Plate was washed with PBST (0.01%)
and blocked for 1 h at 37 °C using 2% PBSM (2% skimmed milk in
PBS). Plate was again washed, followed by addition of serially
diluted SARS-CoV-2 Spike S1Ab and incubated for 2 h at 37 °C. Plate
was washed and 1:10,000 dilution of secondary antibody solution

a. Bare electrode

@,
AuNPs 4o

f. Electrochemical
detection
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was added (HRP labelled anti rabbit anti-IgG Ab) for 1 h at 37 °C.
Plate was thoroughly washed as described previously and 3,3',5,5’-
Tetramethylbenzidine (TMB) substrate was added into each well.
The colour was allowed to develop for 10 min and stopped using
1 N HCl (N = normality). Absorbance at 450 nm was measured
using an ELISA plate reader.

From the above binding assay, the parameters and concentra-
tions were standardised for competitive ELISA for SARS-CoV-2
Spike S1 Ag. The initial steps remained the same as the above in-
direct ELISA. After blocking and washing, different concentrations
of Ag (SARS-CoV-2) were added to the plates, where 1°Ab con-
centration remained constant (2.5 pg/mL) and the Ag concentra-
tions were serially diluted ranging from 1-1.9 x 10~ pg/mL. After
2 h incubation at 37 °C the remaining steps i.e. 2°Ab, washing, TMB
and stop solution remain the same as above. Readings were taken
at 450 nm in an ELISA plate reader.

2.5. Synthesis of AuNPs and its labelling with SARS-CoV-2Ab

AuNPs were synthesised using Turkevich [49] and Frens [50]
heat-reflux citrate reduction method [51]. For synthesis of AuNPs,
gold chloride (0.01 mL, 10%) was added to Milli-Q water and heated
until mixture began to boil. 1 mL of 1% sodium citrate was imme-
diately added to the boiling solution, that resulted in gradual
change in the colour from yellow to dark blue and finally to wine
red. The colloidal solution cooled and stored at 4 °C until further
use. For labelling of SARS-CoV-2Ab with AuNPs, 90 pg SARS-CoV-
2Ab was added dropwise to 1 mL of AuNPs solution in phosphate
buffer saline (PB) (20 mM, pH 7.5) and incubated overnight (O/N) at
4 °C for further characterisation.

2.6. Characterisation of AuNPs and AuNPs/SARS-CoV-2Ab

Various physicochemical methods were used to confirm the
labelling of SARS-CoV-2Ab with AuNPs. UV—Vis spectra were

b. Deposition of AuNPs on the ‘Y Y
surface of electrode %05 A

%

A

SARS-Cov-2  Spike Antigen

c. Addition of Antibody virus (Ag)

Scheme 1. Design of electrochemical Sensing. (a) Bare electrode; (b) Deposition of AuNPs on the surface of electrode; (c) Immobilization of SARS-CoV-2 Spike S1Ab on the surface of
AuNPs via electrostatic or physisorption; (d) Addition of SARS-CoV-2 Spike S1 Ag, SARS-CoV-2 virus structure showing targeted surface protein i.e. Spike S1 Ag; (e) Interaction of Ag-
Ab on the fabricated electrode that served as the working electrode in a 3 electrode system which consisted of Ag/AgCl as a reference electrode and platinum as a counter electrode;

(f) Electrochemical detection to measure the binding interactions.
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observed in the range of 200—800 nm for AuNPs and AuNPs/SARS-
CoV-2Ab. The hydrodynamic diameter and zeta potential were
obtained from DLS at 200 kHz. The hydrodynamic diameter
calculated based on Stokes—Einstein equation as water was
considered as the continuous phase (water
viscosity = 0.911-0.852 mPa/s, diffusion coefficient of
AuNPs = 6.89 x 1079 to 5.30 x 1078 cm?/s) [48]. FT-IR spectra were
taken in the range of 1000—4000 cm ™! to determine the changes in
bonds/functional groups.

2.7. Fabrication, optimisation, and testing of FTO/AuNPs/SARS-CoV-
2Ab with SARS-CoV-2 spike S1 Ag

100 pl of AuNPs were drop casted on the surface of FTO elec-
trode and 100 pl of SARS-CoV-2Ab was immobilised. For, electro-
chemical characterisation Ag/AgCl was used as a reference
electrode, and platinum as a counter electrode. This was done by
sweeping the potential from —1.6 V to 1.8 V (CV) and —0.6 V-1.2 V
(DPV) in K3[Fe(CN)g]/K4[Fe(CN)s] solution. In order to confirm the
conjugation of SARS-CoV-2Ab on the FTO electrode and obtain
maximum sensing signal, various factors such as Ab concentration,
response time, scan rate, pH, and temperature were optimised by
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concentrations were prepared in the range 1 fM to 1 uM and LOD
was determined. The application of the fabricated FTO/AuNPs/
SARS-CoV-2Ab sensor was also evaluated for its degree of sensi-
tivity in saliva samples spiked with SARS-CoV-2 spike S1 Ag.
Furthermore, the stability and repeatability of the fabricated FTO/
AuNPs/Ab electrode was also evaluated over a period of 4 weeks.
The specificity was determined by analysing the cross-reactivity
against other viral Ag of Middle East Respiratory Syndrome
(MERS), Avian Influenza Virus (AIV), and Human Immunodefi-
ciency Virus (HIV).

3. Results and discussion

3.1. Design and principle of the fabricated FTO/AuNPs/SARS-CoV-
2Ab based immunosensor

Scheme 1 elucidates the mechanism of sensing and fabrication
of the developed FTO immunosensor integrated with AuNPs and
SARS-CoV-2Ab. AuNPs acted as a catalyst by providing large surface
area for immobilization of Ab and also amplified the electro-
chemical signal by enhancement of electrical conductivity. Pres-
ence of AuNPs served as a platform for the attachment of SARS-
CoV-2Ab by simple physisorption. Addition of SARS-CoV-2 Ag on
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Fig. 1. Purification and characterisation of in-house SARS-CoV-2 Spike S1Ab. (A) SDS-PAGE gel image depicting both the heavy (50 kDa) and light (25 kDa) chains; (B) Western blot
of SARS-CoV-2 Spike S1 Ag with molecular weight of 75 kDa; (C) Bar graph representing SARS-CoV-2 Spike S1Ab titre in pre-immune and booster serum; (D) Binding assay showing
0.25 pg/mL Ag and 2.5 pg/mL Ab as the optimum concentration for competitive ELISA; (E) Competitive ELISA titration curve to determine LOD of SARS-CoV-2 Spike S1 Ag with in-
house developed SARS-CoV-2 Spike S1Ab.



A. Roberts, S. Mahari, D. Shahdeo et al.

FTO/AuNPs/SARS-CoV-2Ab led to a change in electrical current. The
major phenomenon that lies behind is the orientation and polarity
of the protein molecules that played a crucial role in the electron
transfer from the electrode surface.

3.2. Characterization of SARS-CoV-2 spike S1 Ab and immunoassay
development

Fig. 1 depicts the characterization of purified SARS-CoV-2 Spi-
keAb by SDS-PAGE, Western blot, and ELISA. The purified Ab
revealed both the heavy (50 kDa) and light (25 kDa) chains after
denaturation in SDS-PAGE (Fig. 1 A). The Western blot confirmed
the binding of in-house produced Ab with the Ag (approximately
75 kDa) (Fig. 1 B). Antibody titer declined after 3rd booster as
shown in Fig. 1C, hence the experiment was terminated at this
point and final blood was collected. The generated Ab does not
show any binding with pre immune sera in ELISA. The binding
ELISA showed that 0.25 pg/mL Ag, and 2.5 ug/mL Ab were optimum
to carry out competitive ELISA (Fig. 1 D). The limit of detection
(LOD) for SARS-CoV-2 Spike S1 Ag competitive ELISA was deter-
mined as 7.5 ng/mL (Figure E).
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3.3. Characterisation of AuNPs/SARS-CoV-2Ab complex

Fig. 2 A showed the characteristic peak of AuNPs at 520 nm due
to its surface plasmon resonance (SPR) properties whereas a red
shift of 9 nm was observed at 529 nm when AuNPs were labelled
with SARS-CoV-2Ab due to an increase in the size of the complex
that confirmed the immobilization of SARS-CoV-2Ab on the surface
of AuNPs via electrostatic interactions or physisorption mechanism.
Three additional peaks were observed in FI-IR spectra after
conjugation of SARS-CoV-2Ab with AuNPs at 1290 cm~! (C-O
stretching) and 2564 cm~! (S—H bond) and a new peak at
2328 cm~! (C—N bond) which confirmed binding of AuNPs with
SARS-CoV-2Ab (Fig. 2 B). These additional peaks corresponding to
C—0, S—H and C—N bonds cannot be observed in native polyclonal
IgG antibody graphs [52] and hence proves the conjugation of
SARS-CoV-2Ab onto the AuNPs. The change in hydrodynamic
diameter was also observed from 21 nm (bare AuNPs) to 30 + 5 nm
(AuNPs/SARS-CoV-2Ab) which further confirmed the conjugation
of AuNPs with SARS-CoV-2Ab (Fig. 2C) as the size of the complex
increased and the single and sharp peak showed that the particles
are monodispersed in the colloidal solution. In Fig. 2 D, zeta po-
tential shifted from —42 mV (bare AuNPs) to —39 mV (AuNPs/SARS-
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Fig. 2. Conjugation of SARS-CoV-2Ab on the surface of AuNPs. (A) The characteristic peak of bare AuNPs was observed at 520 nm due to SPR whereas the peak broadened and
showed a red shift to 529 nm when AuNPs were labelled with SARS-CoV-2Ab. (B) In the FT-IR spectrum, three additional peaks were observed after conjugation of SARS-CoV-2Ab
with AuNPs which included two small peaks at 1290 cm~! (C—O stretching) and 2564 cm~!(S—H bond) and a medium peak at 2328 cm~" (C—N bond). (C) Hydrodynamic diameter
increased from 21 nm to 30 + 5 nm in case of the AuNPs/SARS-CoV-2Ab conjugate. (D) Zeta potential shifted from —42 mV (bare AuNPs) to —39 mV (AuNPs/SARS-CoV-2Ab). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



A. Roberts, S. Mahari, D. Shahdeo et al.

Analytica Chimica Acta 1188 (2021) 339207

A. — Bare FTO B'lzsuu- = 0.25 pg
— FTO/AuNPs - 0.5
5 ne
S0001 _ ETO/AUNPs/AD -1pg
FTO/AuNPs/Ab/A 100004 ,
25004 . 1.5 ng
= =
ES 3
> ol 2 75001
= =
: £
= 225004 3
ol S 50001
50004
2500
75001
12 08 04 00 04 08 1.2 -0.2 0.0 0.2 0.4 0.6
Potential (V) Potential (V)
4000{ Z 340"V Slope= 28730 = 1207 -
— 0.08 V/s Intercept= 1805 = 74.91
0.07 V/s ?=0.9529
- g.gg ws 4000-
= U.US S
~ 20001 04 Vs _
< — 0.03 V/s z
2 — 0.02 V/s 3
= — 0.01 V/s ©
=N £ 30001
= =
O o}
-20001
zooo-}
-4000 T T T T T T v o T T T T T
12 08 -04 -00 04 08 12 0.02 0.04 0.06 0.08 0.10
Potential (V) Potential (V)
E. F. G.
15 —r 4
-_— ‘l.s 100004
125004 — 15
b B
~ 10000 — 25» = . 75004
3 — 30 3 3
| ™) s -~
¥ so0e = i
25004
25004
42 L L) 02 L) s 1.2 08 04 H0 04 0s 1.2 0.2 LX) 02 LX) s
Potential (V) Potential (V) Potential (V)

Fig. 3. Optimisation of the fabricated FTO electrode in the scanning potential range of —1.4 V to 1.4 V (CV) and —0.0.5 to 1.0 (DPV): (A) CV spectra of bare FTO, FTO/AuNPs, FTO/
AuNPs/SARS-CoV-2Ab, and FTO/AuNPs/SARS-CoV-2Ab/Ag; (B) DPV spectra of different concentrations of SARS-CoV-2Ab (0.25—1.5 pg) with highest current output at 1.0 ug SARS-
CoV-2Ab; (C) CV of different scan rates ranging from 0.1 V/s to 0.01 V/s showed decrease in current output with decrease in scan rate; (D) Calibration curve of scan rate CV spectra;
(E) DPV spectra of different response time (5 s—30 s) were superimposed with stable current output at 10 s and beyond; (F) CV at five different pH (6, 6.5, 7, 7.5, 8) where pH 7.5
inferred the highest current followed by pH 7; (G) DPV spectra at four different temperatures (4 °C, RT, 37 °C, 45 °C) showed maximum current output at RT followed by 37 °C.

CoV-2Ab) due to insulating effect of SARS-CoV-2Ab.

3.4. Optimisation of fabricated FTO/AuNPs/SARS-CoV-2Ab based
immunosensor

The electrochemical parameters were optimised for better
performance of the electrode as shown in Fig. 3. A huge spike in the
current was observed in Fig. 3 A after immobilization of AuNPs onto
bare FTO electrodes due to high conductivity of AuNPs that accel-
erates the electron transfer from the surface of electrode [29].

Addition of Ab onto the AuNPs led to a drop in the current which
further decreased on addition of Ag due to the masking effect posed
by proteins. The analytical performance of the modified FTO/AuNPs
electrode was optimised where different concentrations of Ab
(0.25—1.5 pg) were analysed with highest current observed at 1.0 pg
(Fig. 3 B) as further increase in concentration of Ab would lead to
masking of the conductive surface. CV spectra of different scan rates
were recorded from 0.1 V/s to 0.01 V/s (Fig. 3C), which showed an
increase in current output with increase in the scan rate. The cali-
bration curve of the scan rate graph (Fig. 3 D) was plotted to give an
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Fig. 4. DPV and CV of different concentrations of SARS-CoV-2 Ag on the fabricated FTO/AuNPs/SARS-CoV-2Ab electrode in the scanning potential range of —1.4 V to 14 V
and —0.5 V—1.0 V respectively: (A) DPV at different concentrations of SARS-CoV-2 Ag (1 uM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, 1 fM); (B) Standard calibration
curve between log of the various concentrations of SARS-CoV-2 Ag; (C) CV at different concentrations of SARS-CoV-2 Ag (1 uM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM,
10 fM, 1 fM); (D) Standard calibration curve between log of the various concentrations of SARS-CoV-2 Ag.

r? value of 0.9529. The maximum response time was seen at 10 s
and beyond at which point all binding sites in SARS-CoV-2Ab were
saturated with SARS-CoV-2 Ag (Fig. 3 E). The optimum pH required
for maximum current signal at different pH range (6.0, 6.5, 7.0, 7.5,
8.0) was tested, with maximum signal obtained at pH 7.5 as well as
7.0 (Fig. 3 F). Therefore, buffer with pH 7.4 (PB) was used as the
optimum pH for further detection experiments. The electrode
performance was also recorded at different temperatures (4 °C, RT,
37 °C, 45 °C) (Fig. 3 G) with maximum current output seen at RT
followed by at 37 °C as this is the ideal temperature for antigen-
antibody action. Hence all further experiments were carried out
at RT which is the ideal temperature for physiological samples.

3.5. Analytical performance of the fabricated FTO/AuNPs/Ab
electrode

Both DPV and CV were used for the determination of SARS-CoV-
2 spike S1 Ag concentration as shown in Fig. 4 A and C. With
increasing SARS-CoV-2 spike S1 Ag concentration, the current kept
decreasing due to the masking effect of addition of protein. The
linear regression equation for DPV is explained in (Fig. 4 B): the

intercept and slope are 0.3126 + 0.01419 and —0.06308 + 0.002659
respectively with > = 0.9526. Similarly, the linear regression
equation for CV is explained in (Fig. 4 D): the intercept and slope are
0.6019 + 0.01094 and —0.05458 + 0.002050 respectively with
r? = 0.9620. Different concentrations of SARS-CoV-2 Ag ranging
from 1 fM to 1 pM (standard buffer 1 X PB pH 7.4) were tested on
the FTO/AuNPs/SARS-CoV-2Ab modified electrodes and the stan-
dard calibration curve was plotted based on DPV (Fig. 4 B) which
gave the LOD as 0.63 fM for SARS-CoV-2 Ag using formula 3(Sy/S),
where Sy corresponds to the standard deviation of the response and
S corresponds to the slope of the calibration curve. Since the
developed immunosensor can detect the Ag at femtomolar levels, it
is highly sensitive as compared to other diagnostic techniques
available for SARS-CoV-2 (Table 1), which gives it an advantage in
case of low titre levels of the virus. Similarly, the standard cali-
bration curve was plotted based on CV as well (Fig. 4 D).

Cross reactivity studies were done to test non-specific binding of
other viral Ag as shown in Fig. 5 A that showed decrease in peak
current with SARS-CoV-2 Ag whereas no change in peak current
was observed with Middle East Respiratory Syndrome (MERS),
Avian Influenza Virus (AIV), and Human Immunodeficiency Virus
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Table 1
Currently available diagnostic techniques for detection of SARS-CoV-2.
Type of Test Institute Limit of Detection Reference
Virus blood culture and high-throughput sequencing of Wuhan Institute of Virology Not Available [53]
the whole genome
Real time RT-PCR Charité — Universitatsmedizin Berlin Institute of Virology 3.9 copies per reaction for the E*  [13]
gene assay
3.6 copies per reaction for the
RARp" assay
High Resolution CT (HRCT) Huazhong University of Science and Technology Not Available [54]
Mass Spectrometric Identification Martin Luther University 10°-10" genome equivalents/uL [55]
All-in-One Dual (DNA and RNA) CRISPR"-Cas12a (AIOD- University of Connecticut Health Center 1.2 copies DNA targets and 4.6 [23]
CRISPR) Assay copies RNA targets
CRISPR-Cas 12 (CRISPR associated 12) portable assay =~ CASPR Biotech 10° copies/mL [56]
CRISPR-Cas 12 based LFA¢ University of California, Mammoth Biosciences 10 copies/uL [57]
CRISPR Cas12a/gRNA complex fluorescent probe assay Tulane University School of Medicine 2 copies/mL [58]
Rapid IgM-IgG combined AD test kit Guangzhou Medical University Not Available [22]
Closed tube one stage LAMP® University of Pennsylvania Not Available [59]
Closed tube two stage isothermal amplification RAMP' University of Pennsylvania Not Available [59]
assay
RNA based paper LFA PoC diagnostic device using LAMP National Tsing Hua University Not Available [24]
assay
RT-LAMP colorimetric assay University of Oxford 80 copies viral RNA/mL [60]
RT-LAMP assay National University College of Medicine and Medical 10" RNA copies [61]
Research Institute, Cheongju
Colorimetric LAMP assay Washington University ~10" viral genome/reaction [62]
ELISA® and gold immunochromatographic assay (GICA) Wuhan University Not Available [18]

for combined IgG-IgM

Field Effect Transistor- based electrochemical biosensor Korea Basic Science Institute

Dual Functional Plasmonic Photothermal Biosensor
Portable Surface Plasmon Resonance Sensing

Gold nanoparticle based colorimetric assay
Potentiostat based FTO immunosensor

Université de Montréal
University of Maryland

Institute of Environmental Engineering, ETH Ziirich

National Institute of Animal Biotechnology

1.6 x 10! pfu/mL (culture medium) [20]
2.42 x 10? copies/mL (clinical

samples)

0.22 pM [63]
~1 pg/mL [64]
0.18 ng/uL [65]

Current
research work

0.63 fM (buffer)
120 fM (saliva)

Envelope.

RNA-dependant RNA polymerase.

Clusters of Regularly Interspaced Short Palindromic Repeats.
Lateral flow assay.

Loop-mediated isothermal amplification.

Rapid analyte measurement platform.

Enzyme-linked immunosorbent assay.

(HIV) similar to the blank FTO/AuNPs/SARS-CoV-2Ab electrode
peak current when all Ag concentrations were kept constant at
1 uM. This showed the high specificity of the SARS-CoV-2Ab to-
wards SARS-CoV-2 Ag and in turn the sensor. Furthermore,
repeatability and stability parameters were also evaluated for FTO/
AuNPs/SARS-CoV-2Ab fabricated electrode. In this case, multiple
readings of saliva samples spiked with SARS-CoV-2 Ag were taken
on a single modified electrode (Fig. 5 B). The results indicated that
each individual electrode could be used up to 3—4 times without
major changes in the peak current and could detect up to 120 fM
(LOD in spiked saliva sample). After the 5th time, most of the
immobilised Ab on the surface of the FTO may have been removed
due to multiple washing rounds and hence the drop is current was
observed. The stability of the FTO/AuNPs/SARS-CoV-2Ab fabricated
electrode was observed at 7th, 14th, 21st and 28th day of its
fabrication and stored at 4 °C. In Fig. 5C, the modified electrode
provided stable readings over a period of three weeks i.e. 21 days
and only a slight dip in signal was seen after the 4th week i.e. 28
days which proved the electrode could be stored at 4 °C up to 28
days and used for testing samples in a laboratory set up for up to 4
weeks without any compromise in results as the activity of the
immobilised Ab on the FTO surface remained the same when stored
at4 °C.

4. Conclusion

In this proposed work, we have successfully developed FTO/
AuNPs/SARS-CoV-2Ab modified electrode for the rapid detection
of SARS-CoV-2 spike S1 protein with LOD of 0.63 fM in standard
buffer and 120 fM in spiked saliva samples. The fabricated electrode
showed no cross reactivity with other viral Ag, provide a rapid
response in 10 s, with a storage shelf life for up to 4 weeks. The
fabricated electrode can further be potentially used directly on
clinical patient saliva samples for non-invasive SARS-CoV-2 di-
agnostics. The only drawback of this sensor is the requirement of a
potentiostat for reading the electrode which may require a lab set
up and a technician. However, it is easy to fabricate and does not
require as much time as the gold standard RT-PCR technique and
with the current rise in cases, time taken to get a result is crucial.
The developed biosensor can detect even trace amounts of spike S1
protein in spiked saliva at femtomolar levels. Moreover, since the
bioreceptor component of the electrode, SARS-CoV-2 spike S1 Ab,
was produced in-house, the overall cost of the electrode fabrication
was reduced substantially making it a cheaper alternative. The
electrode also shows great future research potential for miniatur-
isation as well as detection of various other diseases since the
sensor can easily be customised by immobilising any bioreceptor
onto the AuNPs, specific to a particular target analyte.
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Fig. 5. Specificity, repeatability and stability testing of fabricated FTO/AuNPs/SARS-CoV-2Ab electrode in the scanning potential range of —1.4 V to 1.4 V and -0.5 V-1.0 V
respectively: (A) Cross reactivity studies with MERS, AIV, and HIV Ag; (B) Repeatability of individual fabricated FTO/AuNPs/SARS-CoV-2Ab electrodes tested multiple times on saliva
samples spiked with 120 fM concentration of SARS-CoV-2 Ag; (C) Stability of fabricated electrode tested over a period of 4 weeks at 7 day time intervals.
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