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ABSTRACT: In this work, we report a facile synthesis of graphene oxide—gold (GO—Au)
nanocomposites by electrodeposition. The fabricated electrochemical immunosensors are
utilized for the dual detection of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) antigen and SARS-CoV-2 antibody. The GO—Au nanocomposites has been
characterized by UV—vis spectroscopy, X-ray diffraction (XRD), transmission electron
microscopy (TEM), cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
electrochemical impedance spectroscopy (EIS) for its biosensing properties. The linear
detection range of the SARS-CoV-2 antigen immunosensor is 10.0 ag mL™' to 50.0 ng
mL™', whereas that for the antibody immunosensor ranges from 1.0 fg mL™"' to 1.0 ng
mL™". The calculated limit of detection (LOD) of the SARS-CoV-2 antigen immunosensor
is 3.99 ag mL™’, and that for SARS-CoV-2 antibody immunosensor is 1.0 fg mL™" with
high sensitivity. The validation of the immunosensor has also been carried out on patient
serum and patient swab samples from COVID-19 patients. The results suggest successful
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utilization of the immunosensors with a very low detection limit enabling its use in clinical samples. Further work is needed for the
standardization of the results and translation in screen-printed electrodes for use in portable commercial applications.
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1. INTRODUCTION

Humanity has always been ravaged by numerous viral diseases
from ancient history to modern times. Several infectious
viruses, such as influenza," middle east respiratory syndrome
coronavirus (MERS),” and severe acute respiratory syndrome
coronavirus (SARS-CoV), have led to global outbreaks. The
current pandemic has caused a huge loss of life, wealth, and
necessities, which encouraged the scientific community to
develop some prevention and treatment strategies.” One of the
most essential preventive measures is an accurate, rapid, and
sensitive diagnostic platform.* This can be an effective tool to
combat pandemics and outbreaks and even enable early
detection of the disease in places where high-throughput
methods are needed for a huge population.’ The current
ongoing outbreak of coronavirus 2019 (COVID-19) disease
was caused by SARS-CoV-2, which emerged at the end of
2019. To date, the virus has evolved with various strains and
variants of concern that have bypassed the conventional
diagnostic tools.®

Presently, the typical solution for the detection of SARS-
CoV-2 is reverse transcriptase-polymerase chain reaction (RT-
PCR), which provides highly sensitive and accurate results by
detecting genomic molecules like RNA. However, expensive
setup, the requirement for trained personnel, sample
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contamination, false-positive results, etc., limit its applicability
for diagnosis of COVID-19.” Similarly, serological methods
such as enzyme-linked immunosorbent assay (ELISA) detect
antibodies against viral SARS-CoV-2 antigens, but these
methods involve tedious and time-consuming procedures
that restrict their further applicability in mass testing of
SARS-CoV-2. For rapid on-site detection, such methods lack
the advantages of biosensors. The complex methodology,
expensive instrumentation, time-consuming procedures, and
insensitive analysis of conventional methods restricts fulfilling
high testing demand, which requires rapid, inexpensive,
sensitive, and early detection. Accordingly, biosensors can
provide effective solutions for such public demands.”

The main requirements are lower detection limit, no-cross
reactivity, high sensitivity, clinical sample analysis, and rapid
and accurate results with point of care (POC) testing.9 Several
POC biosensors, such as fluorescence-based, field-effect
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Scheme 1. Schematic of Steps Involved in the Fabrication of SARS-CoV-2 Antigen and SARS-CoV-2 Antibody Immunosensors
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transistor (FET)-based,'”'" and electrochemical-based bio-
sensors, have been reported for the detection of SARS-CoV-2
with various enabling nanomaterials. Among these, electro-
chemical biosensors have advantages over other conventional
methods due to their high sensitivity, ease of operation, rapid
detection, portability, environmental stability, selectivity, and
simple working principles, though the development of
electrochemical biosensors with superior transducing capa-
bilities, high active surface area, and functionalities needs to be
explored.

Recent studies on electrochemical biosensors have explored
the potential of numerous nanomaterials and their nano-
composites, especially gold nanoparticles (AuNPs) due to their
high conductivity, high surface area, and superior binding
capabilities with biomolecules.'” Similarly, several carbon
nanomaterials, such as graphene oxide (GO) or reduced
graphene oxide (RGO), have also been utilized in biosensing
applications owing to their remarkable surface functionality,
high biocompatibility, and electrical conductivity."> Pristine
GO has low conductivity, and its defect-free synthesis is still a
challenge. Alternatively, the combination of GO and AuNPs
provides feasible synthesis and favorable characteristics for
electrochemical biosensing applications. AuNPs have been one
of the most utilized metal nanoparticles in electrochemical
biosensors due to their significant features, such as high
conductivity, strong adsorption capability, and biocompati-
bility.'* Additionally, AuNPs prevent stacking of graphene
oxide sheets and enhance stability, active surface area, and
interface for biomolecule immobilization.

Among other synthesis routes, electrochemical deposition
has several advantages such as being swift, facile, ecofriendly,
simple, and convenient and having easy handling and high
stability. Also, it provides in situ reductions of both GO and
AuNPs on the surface of the working electrode.”

Previously, several electrochemical platforms have been
reported for the detection of SARS-CoV-2 antigen and
antibodies. For instance, Alafeef et al. fabricated a graphene—
Au based electrochemical biosensor with LOD of 6.9 copies
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UL™LC Zhao et al. developed a highly sensitive graphene—Au
sandwich-type electrochemical platform with LOD of 200
copies mL~.'° The Hashemi group reported LOD up to 1.68
X 107> ug mL™' for a GO—Au based electrochemical
system.'” Yakoh and co-workers reported a highly sensitive
paper-based electrochemical platform with a detection limit of
1 ng mL™."% Ali et al. developed an aerosol jet nanoprinted
RGO-coated 3D electrode-based electrochemical system
having a LOD of 2.8 X 1075 M."”

In this work, a facile synthesis route for GO—Au
nanocomposites is described along with the fabrication of
two immunosensors for the dual detection of SARS-CoV-2
antigen and SARS-CoV-2 antibody. The synthesized GO—Au
nanocomposites has remarkable properties for sensing
applications because of the large surface area, high con-
ductivity, and availability of functional groups for effective
biomolecule binding. Both immunosensors were successfully
utilized for SARS-CoV-2 detection through the highly sensitive
differential pulse voltammetry (DPV) technique. The dual
detection of both the immunosensors was carried out in redox
electrolyte with synthetic samples and later validated with
patient serum as well as nasopharyngeal swab samples. The
obtained LOD for the SARS-CoV-2 antigen immunosensor is
3.99 ag mL™', while that for the SARS-CoV-2 antibody
immunosensor is ~1.0 fg mL™". The results show that the
fabricated immunosensors have great potential for accurate,
rapid, reliable, and sensitive detection of SARS-CoV-2 antigen,
as well as SARS-CoV-2 antibody, in clinical point-of-care
(POC) applications.

2. EXPERIMENTAL SECTION

2.1. Instruments, Materials, and Reagents. Recombinant
human SARS-CoV-2 nucleocapsid protein expressed in Escherichia
coli (His tag) (ab273530) (SARS-CoV-2 antigen), and anti-
nucleocapsid SARS-CoV-2 immunoglobulin (Ig) G (ab273167)
(SARS-CoV-2 antibody) were procured from Abcam, UK. Graphite
(powder), hydrogen tetrachloroaurate(III) (HAuCl,-3H,0), potas-
sium ferricyanide(III) [K;Fe(CN)4], potassium hexacyanoferrate
trihydrate [K,Fe(CN)¢3H,0], N-(3-(dimethylamino)propyl)-N’-
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ethyl carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
sodium salt (NHS), and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich, USA. Sodium phosphate monobasic
dihydrate (NaH,PO,-2H,0), sodium phosphate dibasic (Na,HPO,),
potassium chloride (KCl), sodium hydroxide (NaOH), and potassium
permanganate (KMnO,) were purchased from Merck, India.
Hydrogen peroxide (H,0,; ~30.0%) was purchased from Central
Drug House (P) Ltd. (CDH), India. Sulfuric acid (H,SO,), ortho-
phosphoric acid (H;PO,), and hydrochloric acid (HCl) were
purchased from RANKEM. All remaining solvents were of laboratory
grade, and reagents and chemicals were of analytical grade and were
used without purification. All solutions were prepared in ultrapure
milli-Q water (18.3 MQ2) from a Millipore instrument.

The synthesized GO, GO—Au nanocomposites, and modified
electrodes were characterized for their optical, elemental, structural,
and electrochemical properties using UV—visible spectroscopy
(Evolution 220 UV-—vis spectrophotometer, Thermo Fisher Scien-
tific), X-ray diffraction (Rigaku Miniflex-1; Cu Ka radiation, 4 = 1.54
A), transmission electron microscopy (JEOL, JEM-F200; analysis
performed at 200 keV), and electrochemical analysis (Autolab
potentiostat/galvanostat electrochemical analyzer; Metrohm,
PGSTAT204), respectively.

2.2. Synthesis of Graphene Oxide. GO was prepared by the
previously reported modified Hummer’s method with slight
modifications.””*' The detailed methodology is given in Supporting
Information.

2.3. Pretreatment of the Working Electrode. A glassy carbon
electrode (GCE) was used as the working electrode for further
modifications. The GCE was cleaned before use as per the
methodology described in the Supporting Information.

2.4. Fabrication of GO—Au Nanocomposites Modified
Electrode. For the fabrication of the GO—Au nanocomposites
modified electrode, GO was dispersed in milli-Q water through
ultrasonication for 30 min at a concentration of 0.05 mg mL™". The
electrodeposition solution was prepared by mixing 0.5 M H,SO,, 4
mM HAuCl,-3H,0, and 0.0 mg mL™" GO in 10 mL of milli-Q
water. The electrodeposition solution was ultrasonicated for 1 h. An
electrochemical analyzer was used to perform the electrodeposition
on the GCE via the cyclic voltammetry (CV) technique in the above
solution using a 3-electrode system, GCE as the working electrode, Pt
wire as the counter electrode, and Ag/AgCl (3 M KCl) as the
reference electrode. For electrodeposition, the applied potential
window was in the range —0.2 to +1.2 V at a scan rate of 20 mV/s for
15 cycles to obtain a uniform thickness of the deposited film.”> The
simultaneous reduction of GO and HAuCl, resulted in the formation
of the GO—Au nanocomposites film on the working electrode surface.
The surface-modified working electrode was rinsed with milli-Q water
and dried at room temperature (25 °C) for further characterization
and modifications.”® The fabrication of the GO—Au nanocomposites
on a GCE by electrodeposition is shown in Scheme 1.

2.5. Fabrication of SARS-CoV-2 Antibody and SARS-CoV-2
Antigen Immunosensors. After electrochemical investigation of
the GO—Au nanocomposites modified GCE electrode, it was treated
by drop-casting with 5 uL of EDC/NHS, 4:1, solution for 2 h at room
temperature activating carboxylic groups at the termini*” The
electrode was rinsed with phosphate-buffered saline (PBS, pH 7.0)
to remove the unbound reagents. For the fabrication of the SARS-
CoV-2 antibody immunosensor, with 5 uL of the SARS-CoV-2
antigen (5 ug mL™") (in PBS, pH 7.4) was drop cast onto the surface
activated electrode (GCE/ GO—Au/Ag) and incubated overnight at
4°C. Alternatively, for the fabrication of the SARS-CoV-2 antigen
immunosensor, 5 uL of the SARS-CoV-2 antibody (5 ug mL™" in
PBS, pH 7.4) was drop cast onto the surface activated electrode and
incubated under similar conditions. Then both the electrodes were
rinsed with PBS (pH 7.0) to remove excess or unbound proteins.”*
The electrodes were again electrochemically characterized to confirm
the binding of proteins on the modified GCE surface. After
characterization, the electrode was again rinsed with PBS (pH 7.0).
In the final step, both electrodes were treated by drop-casting with 5
uL of 0.1% BSA in PBS (pH 7.0) and incubated for 1 h to block
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unbound free sites on the surface of the electrode (GCE/GO—Au/
Ag/BSA and GCE/GO—Au/Ab/BSA). The electrodes were rinsed
and electrochemically characterized. Finally, the SARS-CoV-2 anti-
body and SARS-CoV-2 antigen immunosensors were ready for
detection studies.”® The fabrication steps of SARS-CoV-2 antibody
and SARS-CoV-2 antigen immunosensors are depicted in Scheme 1.

2.6. Morphological Analysis and Electrochemical Measure-
ments. The synthesized GO, GO—Au nanocomposites, and modified
electrodes were characterized for their optical, elemental, vibrational,
structural, and electrochemical properties using UV—visible spectros-
copy, XRD, FT-IR, TEM, and an Autolab potentiostat/galvanostat
electrochemical analyzer, respectively. After each surface modification
step, the electrochemical measurements were conducted using CV
and DPV using the applied potential window in the range of —0.3 to
+0.8 V, the scan rate of 20 mV/s, and electrochemical impedance
spectroscopy (EIS) in the frequency range of 0.1 to 1 MHz using a
three-electrode system with glassy carbon electrode as working
electrode, Pt wire as counter electrode, and Ag/AgCl (3 M KCl) as
reference electrode. The electrolyte used for all the measurements was
0.1 M PBS (pH 7.4) containing S mM ferri/ferrocyanide and 0.1 M
KCl (later referred to as “redox electrolyte”).

2.7. Detection and Clinical Sample Preparation. Serum
samples were obtained from the CSIR-Cohort serosurvey conducted
at CSIR-AMPRI (Bhopal). COVID-19 RT-PCR positive and negative
nasopharyngeal swab samples (N = 9) were received from the
Department of Microbiology, All India Institute of Medical Sciences
(AIIMS), Bhopal. The project was approved by the Institutional
Human Ethics Committee (IHEC) and the Institutional Biosafety
Committee (IBSC). Nasopharyngeal swab samples were handled in
the Biosafety Level III (BSL-III) biocontainment facility of AIIMS
Bhopal.

The samples used for detection of SARS-CoV-2 antibody and
SARS-CoV-2 antigen have been prepared as follows:

The synthetic SARS-CoV-2 antibody detection samples were
prepared from the 5 g mL™" stock solution of SARS-CoV-2 antibody
in PBS (pH 7.2). Various concentration dilutions were made ranging
from 1 fg mL™" to 1 ng mL™" in redox electrolyte. The samples were
kept at —20 °C before further use. The synthetic SARS-CoV-2 antigen
samples were prepared from the 50 yg mL™" stock solution of SARS-
CoV-2 antigen in PBS (pH 7.2). Various concentration dilutions were
made ranging from 10 ag mL™" to 50 ng mL ™" in the redox electrolyte.
The samples were kept at —20 °C before further use. Patient serum
samples for SARS-CoV-2 antibody detection were acquired from the
serosurvey and used after 1:9 dilution in redox electrolyte. The
solutions were kept at —20 °C before further use. Patient
nasopharyngeal swab samples were inactivated in the BSL-III lab
with Triton X-100 (0.5%) solution and stored in viral transport
medium (VTM, 0.5%) at —20 °C before further use. The inactivated
samples were diluted in redox electrolyte at a 1:9 ratio and stored at
—20 °C before further use.

3. RESULTS AND DISCUSSION

The final synthesized nanocomposites and fabricated immu-
nosensors were characterized by various techniques for
verification and validation of the work. The nanocomposites
was characterized using UV—vis spectroscopy, X-ray diffraction
(XRD), and (TEM) characterization techniques. Furthermore,
the fabricated immunosensors were characterized by CV,
differential pulse voltammetry (DPV), and electrochemical
impedance spectroscopy (EIS) techniques.

3.1. Structural Analysis of the GO—Au Nanocompo-
sites. For initial confirmation of nanocomposites formation,
primary characterization was done by XRD. The characteristic
peaks of GO were observed at 12.1° with interplanar spacing
(d) of 1.46 nm. The presence of a peak at 26.4°, which
corresponds to RGO, shows that the GO was partially reduced.
The peak of RGO corresponds to the (002) plane with d =
0.20 nm. The GO has a hexagonal carbon structure (JCPDS
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Figure 1. (a) XRD spectra and (b) UV—vis spectra of GO nanosheets (red) and GO—Au nanocomposites (green).
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Figure 2. TEM images of (a—c) GO nanosheets and (e—g) GO—Au nanocomposites (inset of panel e, particle distribution graph of AuNPs).
SAED patterns of (d) GO nanosheets and (h) GO—Au nanocomposites.

Card No. 75-1621) with restacked layers of graphene and the
presence of a peak at 12.1° indicating the presence of oxygen
functionalities.”® In the case of the GO—Au nanocomposites,
the peaks of GO and RGO at 12.1° and 26.4° merged, and a
broad peak was observed at 24.5°. The characteristic peaks of
Au were observed at 38.2°, 44.4°, 64.4°, and 77.5° for the
planes (111), (200), (220), and (311), respectively, confirming
its crystalline nature (JCPDS 04-0784).”” The corresponding d
values for planes (111), (200), (220), and (311) is 0.47, 0.40,
0.28, and 0.24 nm, respectively. The disappearance of the peak
at 12.1° shows the reduction of GO to RGO. The appearance
of a peak at 24.5° in the GO—Au nanocomposites suggests the
successful attachment of AuNPs on the surface of GO.** The
obtained results confirmed the formation of the GO—Au
nanocomposites as shown in Figure la.

3.2. Optical Study of the GO—Au Nanocomposites.
The basic characterization of the nanocomposites was carried
out by UV—vis spectroscopy, which gave primary confirmation
of the successful synthesis of the GO and GO—Au nano-
composites. The absorption peak of GO is observed at 265 nm
corresponding to the presence of aromatic C=C bonds which
have 7—7* transition in the sp® carbon framework.”” Further,
in the case of the GO—Au nanocomposites, characteristic
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peaks of both GO (265 nm) and Au (538 nm) are observed.”’
The peak at 538 nm is characteristic of AuNPs due to their
surface plasmonic resonance effect. The results confirm the
formation of the GO—Au nanocomposites (Figure 1b).

3.3. Morphological Studies of GO—Au Nanocompo-
sites. The structural and morphological analysis of the
synthesized GO and GO—Au nanocomposites was done by
TEM. A wrinkled sheet-like pattern was observed at the 100
nm scale, and a thin sheet is visible at the 20 nm scale for the
synthesized GO nanosheets (Figure 2a—c). For the GO—Au
nanocomposites (Figure 2e—g), a clear indication of uniform
dispersion of AuNPs verified the formation of the nano-
composites.” The high-resolution TEM images (Figure 2c¢,g)
clearly show the interplanar and interatomic spacing of GO
nanosheets and AuNPs, respectively. The selected area
electron diffraction (SAED) pattern of GO nanosheets is
shown in Figure 2d, where the presence of diffused spots
shows the semicrystalline nature of GO nanosheets. The
presence of concentric rings along with clear spots suggests the
polycrystalline nature of the GO—Au nanocomposites in
Figure 2h. The inset of Figure 2e shows the particle
distribution graph of AuNPs, where the average particle size
is calculated to be 12.5 nm.
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Figure 3. Comparative electrochemical characterization via (a) CV, (b) DPV, (c) scan rate study, (d) Nyquist plot, and (e, f) Bode plots of bare
GCE, GCE/GO, GCE/GO—Au, GCE/GO—Au/Ag, and GCE/GO—Au/Ag/BSA modified SARS-CoV-2 antibody immunosensor.

3.4. Electrochemical Performance of the GO-Au
Nanocomposites and Fabricated Immunosensors. A
detailed analysis of the electrochemical activity has been
carried out on the synthesized nanocomposites, surface
modified electrodes, and fabricated immunosensors before
utilizing them for detection of the SARS-CoV-2 antibody and
SARS-CoV-2 antigen. The immunosensors were initially
characterized by CV, DPV, and EIS. All electrochemical
measurements were performed in redox electrolyte and
measured against the reference Ag/AgCl (3 M KCl) electrode.

CV was utilized to characterize the electrode at each stage of
functionalization and to evaluate the SARS-CoV-2 antibody—
antigen interaction on electrode surfaces. The CVs were
performed from —0.3 to +0.8 V and a scan rate of 20 mV/s.
Figure 3a shows comparative cyclic voltammograms of the
SARS-CoV-2 antibody immunosensor suggesting that the
electron transfer kinetics changes from one surface modifica-
tion step to another. Similarly, for the SARS-CoV-2 antigen
immunosensor, the electrochemical analysis is shown in Figure
S1. The CV of the bare GCE showed well-defined character-
istic redox peaks of ferri/ferrocyanide. The surface modifica-
tion with GO caused a decrease in peak current values as well
as a shift in peak potentials, suggesting that GO had fewer
conducting groups. However, the GO—Au modified surface
showed a significant increase in peak current and shift in
potential due to the highly conducting nature of AuNPs in the
GO—Au nanocomposites. Further, in the case of the SARS-
CoV-2 antibody immunosensor, the addition of EDC/NHS
activated cross-linking groups and supported immobilization of
SARS-CoV-2 antigen. This immobilization reduced the
electron transfer kinetics due to the presence of insulating
protein molecules on the electrode surface, which is seen from
the decreased peak current in the CV curve. Further, BSA
blocked the unbound electrode surface, hindering the diffusion
of the ferri/ferrocyanide redox couple, as evidenced by the low
peak current and a potential shift in the CV curve. This
suggests the successful fabrication of the SARS-CoV-2
antibody immunosensor. The peak anodic and cathodic
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currents, along with corresponding potentials, are reported in
Table SI.

Subsequently, the Randal—Sevcik equation® was used to
calculate the effective surface area of the modified electrodes.
The corresponding calculations are given below. The peak
current (I,) is expressed as

I, = (2.69 x 10°)n*?AD'*Co'/? (1)

where n is the number of electrons transferred in the redox
reaction (here, 1), A is the effective active surface area of the
electrode (cm?), D is the diffusion coefficient (D = 7.26 X 107°
cm?/s) for the ferri/ferrocyanide redox solution,33 C is the
concentration of the ferri/ferrocyanide redox solution (here, S
X 107° mol/cm?®), and v is the scan rate (here, 20 mV/s).
For the bare GCE electrode, the I, was observed to be

42.95 pA, and the effective surface area was 8.38 X 1072 cm?.*'
Subsequently, the active surface areas of the modified
electrodes in case of SARS-CoV-2 antibody immunosensor
were calculated as Ago = 6.42 X 1072 cm?, Ago_a, = 924 X
107 cm?, Ago-ay/ag = 7-17 X 1072 cm?, and Ago_au/ag/msa =
527 X 107 cm” In the case of the SARS-CoV-2 antigen
immunosensor, the calculations for the respective modified
electrodes are shown in the Supporting Information.
Moreover, the scans at rates from 10 to 70 mV/s were
conducted in redox electrolyte for the synthesized GO—Au
nanocomposites and SARS-CoV-2 antibody immunosensor to
evaluate the sensor reversibility. The cyclic voltammograms
obtained were symmetric (data not shown) and were further
used to plot regression curves of the peak currents obtained in
each cycle vs square root of scan rate. The results for SARS-
CoV-2 antibody immunosensor, seen in Figure 3¢, were linear;
that is, the values of anodic peak currents increase with the
increase in scan rate, and those of cathodic peak currents
decrease with the increase in scan rate, suggesting diffusion-
controlled reaction and reversible electron transfer kinetics.**
The regression curves were used to compare the relation
between anodic (I,) and cathodic peak currents (I,.) vs

)

square root of scan rate (¢/'/?), which was found to be linear for
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Figure 4. (a) DPV current responses of the SARS-CoV-2 antibody immunosensor with various concentrations of SARS-CoV-2 antibody. (b)
Calibration plot of the linear relationship between change in peak current and the log concentrations of SARS-CoV-2 antibody. (c) DPV curve of
SARS-CoV-2 antibody detection in patient serum samples. (d) Quantitative screening of positive and negative patient serum samples with a

threshold of peak current 9 pA.

the GO—Au nanocomposites as well as fabricated SARS-CoV-
2 antibody immunosensor.

1, (GCE/GO—Au) (pA) = 3930'% (V/s) + 24.57,

R = 0.99099 (2)
I, (GCE/GO-Au) (pA) = —6.2801% (V/s) — 11.11,

R® = 0.98366 3)
1, (GCE/GO—Au/Ag/BSA) (pA) = 3.5601% (V/s)

+93.11, R*=0.99521 (4)
I, (GCE/GO—Au/Ag/BSA) (uA) = —3.59012 (V/s)

— 18.16, R*= 097659 (s)

The corresponding calculations show excellent linearity,
which is supported by the values of respective regression
coefficients (R?). Values for the SARS-CoV-2 antigen
immunosensor are reported in the Supporting Information.

The high sensitivity of the DPV technique is observed from
one step to another in the modified electrodes, where the
GO—Au nanocomposite has the highest peak current and the
SARS-CoV-2 antibody immunosensor has the lowest current
after BSA blocking. The peak current values and potential
shifts are observed at each surface modification step as shown
in Table S2. The obtained DPV curves as shown in Figure 3b
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are consistent with the CV results as discussed above in Figure
3a.

Further EIS data interpretation was done for each step of
electrode surface modification. The Nyquist plot, as shown in
Figure 3d, displays real and imaginary impedance components
as x- and y-axis, respectively. There is a direct relation of
obtained impedance data with frequency. The right portion of
the graph with higher impedance values corresponds to low-
frequency data, and the left portion of the graph corresponds
to higher-frequency data. The semicircle portion of the
Nyquist plot obtained at high-frequency values indicates the
electron transfer capacity from the surface of the electrode to
the ferri/ferrocyanide redox couple solution, commonly
referred to as charge transfer resistance, R, The straight-line
portion of the curve at low-frequency values shows the
diffusion-controlled behavior at the planar electrode, which
indicates the reaction time. The respective R values of each
surface-modified electrode are reported in Table S2.

From the Nyquist plot shown in Figure 3d, the bare GCE
has a low R, value (small semicircle) compared to the GO
modified working electrode, which can be attributed to the
distorted sp* network and presence of functional groups that
hinder electron transfer.'®”> The R, value of the GO—Au
nanocomposites is the lowest (smallest semicircle) suggesting
the extremely high conducting nature of the GO—Au
nanocomposites. After electrode surface modification by
SARS-CoV-2 antigen (Ag), the R value increased, suggesting
successful immobilization of the proteins on the surface.
Further, after BSA blocking for unbound sites on the electrode,
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Table 1. Electrochemical Biosensors for the Detection of SARS-CoV-2 Antibody and Antigen”

detection
matrix technique target analyte sample LOD linear range ref
graphene SWvV spike protein PBS 20 ng mL™" 260—1040 nM 34
Co-TNTs amperometry S-RBD protein buffer solution 0.7 nM 14—1400 nM 36
AuNP—mAb SWvV spike antigen PBS 1 pg mL™! 1 pgmL~' to 10 ng mL™" 39
AuNPs SWV spike antigen ferri/ferrocyanide 229 fg mL™! 10 fgmL™ to 1 ng mL™" 40
gold clusters SWV spike antibody saliva and oropharyngeal 0.03 fgmL™  0.1fgmL™" to 10 pgmL™" 41
swab

Au-based electrode EIS antibodies serum sample 1.99 nM 0—150 nM 42
GO-Au DPV SARS-CoV-2 PBS 1 fg mL™ 1fgmL™ to 1 ngmL™  this work

nanocomposites antibody
GO—-Au DPV SARS-CoV-2 antigen  PBS 3.99 agmL™ 10 agmL™ to 75 pgmL™"  this work

nanocomposites

“Abbreviations: Co-TNTs, cobalt-functionalized TiO, nanotubes; SWV: Square wave voltammetry.
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Figure S. (a) DPV current responses of the SARS-CoV-2 antigen immunosensor with various concentrations of SARS-CoV-2 antigen. (b)
Calibration plot of the linear relationship between change in peak current and log concentrations of SARS-CoV-2 antigen. (c) DPV curve of SARS-
CoV-2 antigen detection in patient serum samples. (d) Quantitative screening of positive and negative patient swab samples with a threshold of

peak current 12 pA.

the R, was highest (largest semicircle) evidencing the effective
blocking of the unbound sites on the electrode surface. The
bode plots in Figure 3e,f show the correlation of the phase shift
and amplitude with frequency. The GO—Au nanocomposites
modified electrode has the smallest phase shift, whereas the
fabricated SARS-CoV-2 antibody immunosensor has the
largest phase shift. The relevant electrochemical results
suggested the successful fabrication of the SARS-CoV-2
antibody immunosensor. These results are consistent with
the CV and DPV results.

3.5. Voltammetric Detection of SARS-CoV-2 Anti-
body. The performance of the fabricated SARS-CoV-2
antibody immunosensor was verified through DPV. The
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developed SARS-CoV-2 antibody immunosensor was incu-
bated with various concentrations of SARS-CoV-2 antibody
from 1 fg mL™" to 1 ng mL™". The DPV measurements were
performed in the —0.3 to +0.8 V potential window. The
characteristic peak of the SARS-CoV-2 antibody immunosen-
sor in the absence of SARS-CoV-2 antibody was observed at
0.22 V potential with a peak current of 15.59 uA. As observed
from the DPV detection curve (Figure 4a), the current
response was directly dependent on the concentration of the
SARS-CoV-2 antibody. As the concentration of SARS-CoV-2
antibody increased from 1 fg mL™' to 1 ng mL7, a
corresponding increase in the current intensity was observed.
The increase in the current intensity could be attributed to
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electrochemical activation of the protein molecules that form a
complex between the GO—Au nanocomposites and the
protein. As the concentration of the SARS-CoV-2 antibody
in the solution increased, the formation of the complex led to
an increase in electron transfer.*®

As the SARS-CoV-2 antibody immunosensor was observed
to show excellent linearity as seen from Figure 4b for the linear
range of 1 fg mL ™" to 1 ng mL ™", the limit of detection (LOD)
and limit of quantification (LOQ) were calculated from the
following equations LOD = (3.3 x SD)/S, LOQ = (10 x SD)/
S. The response of the callibration plot is presented in equation

6:

Al(antibody immunosensor) (4A) = (220203 log C (fg mL™")

+2.00959), R = 0.94882 (6)
where SD is the standard deviation of the response of the
callibration plot = standard error (SE) of intercept x N'/2 N =
number of samples, S = slope of the callibration plot. The LOD
and LOQ were estimated to be 1 fg mL™" and 3.03 fg mL™",
respectively. The obtained LOD of the fabricated SARS-CoV-2
antibody immunosensor was superior compared to the
previously reported sensors. The various electrochemical
biosensors for the detection of SARS-CoV-2 antibodies are
compared in Table 1.

3.6. Detection of Anti-SARS-CoV-2 Antibody in
Patient Serum Samples. The fabricated SARS-CoV-2
antibody immunosensor was further utilized to detect SARS-
CoV-2 antibody in patient serum samples. The samples were
taken from 9 different patients tested for COVID-19 (4
positives and S negatives). The DPV technique was employed
to quantify the detection as shown in Figure 4c, where the
threshold limit was set to be 9 pA such that the positive
samples have higher peak current values than the threshold and
negative samples have lower peak current values than the set
threshold current. The corresponding screening plot, as seen in
Figure 4d, helps to differentiate between positive and negative
samples from the given samples effectively. The results reveal
the validation of the fabricated SARS-CoV-2 antibody
immunosensor for clinical samples. This can further be made
portable and commercial for rapid and accurate screening of
the patients to handle the ongoing pandemic effectively.

3.7. Voltammetric Detection of SARS-CoV-2 Antigen.
A detailed analysis of the electrochemical activity was carried
out on a fabricated SARS-CoV-2 antigen immunosensor before
utilizing it for detection of the SARS-CoV-2 antigen following
the same protocol as that for the SARS-CoV-2 antibody
immunosensor. The initial characterization of each fabrication
step of the SARS-CoV-2 antigen immunosensor is shown in
Figure S1.

To verify the performance of the fabricated SARS-CoV-2
antigen immunosensor, recombinant SARS-CoV-2 antigen was
used against the SARS-CoV-2 antibody for electrochemical
detection via DPV. The fabricated SARS-CoV-2 antigen
immunosensor was incubated with various concentrations of
SARS-CoV-2 antigen from 10 ag mL™' to 50 ng mL™". The
potential window for DPV measurements was —0.3 to +0.8 V.
The characteristic peak of the SARS-CoV-2 antigen
immunosensor without any target analyte was observed at
0.21 V potential with a peak current of 12.98 uA. As observed
from the DPV detection curve (Figure Sa), the current
response is directly dependent on the concentration of the
SARS-CoV-2 antigen. As the concentration of SARS-CoV-2

2428

antigen increased from 10 ag mL™! to 50 ng mL™}, a
corresponding increase in the current intensity was seen. This
trend in current response can be attributed to an increase in
electron transfer between negatively charged ferri/ferrocyanide
redox couple and positivelz charged SARS-CoV-2 antigen
attracted toward each other.””**

As seen from Figure Sb, there are two linear relations
between the log of concentration and change in current
response between 10 ag mL™" to 75 pg mL™" and 100 pg mL™"
to 50 ng mL™". The subsequent regression curve equations are
as follows:

AI(SARS-CoV-2 antigen immunosensor (1A)/(2.3332 log C (agmL ")

+10.2072), R*=0.93149 {10 agmL " to 75 pg mL "'} (7)

AI(SARS-CoV-2 antigen immunosensor) (#A)/(0.62936 log C(ag mL)
(8)

As the SARS-CoV-2 antigen immunosensor was observed to
show excellent linearity for the linear range of 10 ag mL™" to
75 pg mL™!, the LOD and LOQ were estimated to be 3.99 ag
mL™" and 12.09 ag mL™" respectively. The obtained LOD of
the fabricated SARS-CoV-2 antigen immunosensor is superior
to those from the previously reported studies. The various
electrochemical biosensors for the detection of SARS-CoV-2
antigen are compared in Table 1.

3.8. The Detection of SARS-CoV-2 Antigen in Patient
Swab Samples. The fabricated SARS-CoV-2 antigen
immunosensor was further utilized to detect the SARS-CoV-
2 antigen in patient swab samples. The samples were taken
from 7 different patients tested for COVID-19 (3 positives and
4 negatives). The DPV technique was employed to quantify
the detection Figure Sc, where the threshold limit was set to be
12 pA. The positive samples have higher peak current values
than the threshold value, and the negative samples have lower
peak current values than the set threshold current. The
corresponding screening results have been plotted between the
current and number of real samples as seen in Figure 5d, which
helped to differentiate between positive and negative samples
from the given samples effectively. The results reveal the
quantitative performance of the fabricated SARS-CoV-2
antigen immunosensor with patient swab samples and show
that the results are consistent with the RT-PCR test. This can
further be made portable and commercial for rapid and
accurate screening of the patients to handle the ongoing
pandemic effectively.

+27.2776), R* = 0.95097 {100 pg mL " to 50 ng mL"'}

4. CONCLUSION

In summary, we have developed GO—Au nanocomposites-
based electrochemical immunosensor platforms for dual
detection of SARS-CoV-2 antigen and SARS-CoV-2 antibody.
The synthesized GO—Au nanocomposites shows excellent
features like high conductivity, good biocompatibility, and high
surface functionality. Furthermore, characterization techniques
determined the average particle size of the AuNPs to be 12.1
nm, which corresponds to high surface area. The electro-
chemical studies revealed that the proposed immunosensor
platforms have high sensitivity for the detection of SARS-CoV-
2 antigen and antibody. The SARS-CoV-2 antigen immuno-
sensor showed excellent sensitivity in the linear range of 10 ag
mL™" to S0 ng mL™" with LOD of 3.99 ag mL™', and the
SARS-CoV-2 antibody immunosensor exhibit LOD of 1 fg
mL™" in the linear range of 1 fg mL™ to 1 ng mL™".
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Furthermore, the detection results for both fabricated
immunosensors showed a good correlation with patient
serum and swab samples as well. Additionally, the fabricated
immunosensors have great potential in the development of
POC devices for detection of the SARS-CoV-2 virus in near
future.
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