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ARTICLE INFO ABSTRACT

Keywords: Rapid distribution of airborne contagious pathogenic viruses such as SRAS-CoV-2 and their severely adverse
SARS-CoV-2 impacts on different aspects of the human society, along with significant weaknesses of traditional diagnostic
COVID»1.9 platforms, raised the global requirement for the design/fabrication of precise, sensitive, and rapid nanosystems
Coronavirus capable of specific detection of viral illnesses with almost negligible false-negative results. To address this
Znaﬁzi?;or indispensable requirement, we have developed an ultra-precise fast diagnostic platform capable of detecting

the trace of monoclonal IgG antibody against S1 protein of SARS-CoV-2 within infected patients' blood speci-
mens with COVID-19 in about 1 min. The as-developed electrochemical-based nanosensor consists of a highly
activated graphene-based platform in conjunction with Au nanostars, which can detect SARS-CoV-2 antibodies
with a fantastic detection limit (DL) and sensitivity of 0.18 x 10~ '%%V/V and 2.14 pA.%V/V.cm 2, respec-
tively, in human blood plasma specimens even upon the presence of a high amount of interfering com-
pound/antibodies. The nanosensor also exhibited remarkable sensitivity/specificity compared with the gold
standard (i.e., ELISA assay), which furtherly confirmed its superb performance.

1. Introduction

Rapid distribution of airborne pathogenic viruses throughout the
world and their subsequent vast mortality in different countries raised
global demand for the design/development of efficient, reliable, and
rapid diagnostic kits to detect pathogenic viruses within biological flu-
ids to stop their fast person-to-person transferring chain. Among these
viruses, SARS-CoV-2, viz., severe acute respiratory syndrome coron-
avirus 2, is a nano-sized (about 100 nm) enveloped-based positively
sense single genomic stranded RNA crown-shaped virus that can
rapidly transfer among people through close interaction and spilled
respirational compounds, e.g., sneeze or cough, which is also known

as a highly infectious airborne virus from beta coronaviruses’ family
[1-4].

Coronaviruses are a vast family of pathogenic viruses that contain
different categories and cause mild/moderate upper respiratory tract
illness, e.g., common cold [5]. So far, seven types of coronaviruses
have been identified that can infect human being where four of them,
i.e.,, 229E, NL63, OC43 and HKUI1, are responsible for one-third of
common flu throughout the world and can only cause mild illnesses,
while the rest of them can cause severe sicknesses among which
SARS-CoV, MERS-CoV, and SARS-CoV-2 can be mentioned [6]. Corre-
spondingly, SARS-CoV-2 showed less mortality compared with SARS-
CoV (10%) and MERS-CoV (35%); however, it showed superiorly

* Corresponding authors at: Department of Pathology, School of Medicine, Shiraz University of Medical Sciences, Shiraz, Iran (N. Omidifar).
E-mail addresses: sa_hashemi@sums.ac.ir (S. Alireza Hashemi), omidifarn@sums.ac.ir (N. Omidifar), mohammad.arjmand@ubc.ca (M. Arjmand), seeram@nus.edu.sg

(S. Ramakrishna).

! These authors have equal contributions in the preparation of this manuscript and accomplishing experimental works.

https://doi.org/10.1016/j.jelechem.2021.115341

Received 4 February 2021; Received in revised form 11 April 2021; Accepted 5 May 2021

Available online 8 May 2021
1572-6657/© 2021 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2021.115341&domain=pdf
https://doi.org/10.1016/j.jelechem.2021.115341
mailto:sa_hashemi@sums.ac.ir
mailto:omidifarn@sums.ac.ir
mailto:mohammad.arjmand@ubc.ca
mailto:seeram@nus.edu.sg
https://doi.org/10.1016/j.jelechem.2021.115341
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem

S. Alireza Hashemi et al.

higher infectivity and transmissibility [6,7]. Moreover, SARS-CoV-2
exhibits different signs in people that range from mild symptoms to
life-threatening situations [8]. In this regard, most people only show
flu-like symptoms, while the rest of them experience more severe
symptoms such as thrombophilic vasculitis in the lung and interstitial
pneumonia [9].

Since the announcement of the SARS-CoV-2 pandemic [10], the
lack of specific, sensitive, and rapid diagnostic kits has become a sig-
nificant pitfall toward stopping the transfer chain of SARS-CoV-2.
The major point for controlling a viral pandemic is wise isolation of
suspected or ill people via strict quarantine strategies, which require
practical tools such as ultra-sensitive/specific, rapid, and reliable diag-
nostic kits. In this matter, there are two main methods for the detec-
tion of viral infections, among which detection of nucleic acid (i.e.,
RNA or DNA) and viral biomarkers (i.e., antibodies and antigens)
can be mentioned [11,12]. Among the methods discussed above, RT-
PCR and enzyme-linked immunosorbent assay (ELISA) is the most
well-known procedures for direct detection of either nucleic acids or
antigen/antibody within biological fluids. These traditional methods
suffer some demerits such as the requirement for extraction, viral iso-
lation, a sophisticated laboratory, high rate of false-negative, well-
trained personnel and time-consuming processes, which are not com-
patible with the fast transferring rate of SARS-CoV-2 and cannot ren-
der the possibility for rapid isolation of infected people [13].
Therefore, developing a quick, precise, and sensitive sensor for specific
detection of viruses within biological media is crucial.

Biosensors are the key to this urgent demand. They could be con-
sidered a valid alternative instead of traditional flawful methods due
to their excellent sensitivity/specificity that offers a rapid manner
for detecting pathogenic viruses. Biosensors can be classified into sev-
eral subgroups, including antigen/antibody-based, nucleic acid-based,
enzymatic, and whole cell-based biosensors [14]. Owing to the
urgency of COVID-19, researchers worldwide conducted great efforts
to develop state-of-the-art biosensors for the fast identification of
SARS-CoV-2 in biological specimens. Among recently developed plat-
forms, field-effect transistor-based immunosensor coupled with
SARS-CoV-2 spike antibody with a detection limit (DL) of
2.42 x 10? copies.mL_1 [15], an electrochemical impedance-based
immune biosensor for identification of SARS-CoV-2 antibody [16],
ACE-2 receptor-based lateral flow immunoassay (LFIA) for detection
of Spike 1 protein of SARS-CoV-2 with DL of 1.86 X 10> copies.
mL~! [17], an electrochemical assay based on decorated calixarene
functionalized graphene oxide (GO) toward detecting SARS-CoV-2
RNA with DL of 200 copies.mL™! [18], detection of induced reactive
oxygen species (ROS) related to lung/respiratory epithelium of
infected people with COVID-19 [19] and immunosensor based on
the carbon black integrated magnetic beads toward detection of S
and N proteins of SARS-CoV-2 within saliva samples with DL of 19
and 8 ng.mL~?, respectively [20], can be mentioned. What is more,
in a work by Torrente-Rodri’guez et al. [21], they developed a gra-
phene-based multiplexed economic rapid diagnostic kit that can simul-
taneously detect nucleocapsid protein of viral antigen, IgG/IgM
antibodies and C-reactive protein as an inflammatory biomarker; the
developed platform can be used as an ultrasensitive and rapid detec-
tion approach for accurate identification of SARS-CoV-2 and its related
biomarkers within biological fluids, which showed remarkable perfor-
mance as a multiplex detection platform. These works highlight the
superiority of the new generation of biosensors over traditional detec-
tion platforms, viz., RT-PCR and ELISA, toward fast and precise track-
ing of pathogenic viruses or their biomarkers within biological
specimens.

Despite all of the progress, developed biosensors use biological
markers that provide them with limited sensitivity and DL, while a
majority of them cannot identify infected people at either incubation
or prodromal period of the disease. In our previous work, for the first
time, we have developed a rapid label-free graphene-based nanosensor
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that can detect the trace of SARS-CoV-2 in about 1 min based on the
applied step potential without any biological receptor within different
biological fluids (i.e., swab, saliva and blood) with significantly low DL
and great sensitivity of about 1.68 X 10722 ug.mL™~ ! and 0.0048 pA.
pg.mL~1.cm ™2, respectively. The as-developed nanosensor can also be
used as a viral characterization approach and detect different viruses'
fingerprints through their differentiable specific electrochemical pat-
terns at vividly different voltage positions within any biological and
non-biological fluids [22].

Herein, we have developed an improved label-free nanosensor
composed of activated graphene oxide (GO) in conjunction with Au
nanostars (Au NS) (G-Au NS) toward direct detection of the mono-
clonal IgM antibodies against S1 glycoprotein of SARS-CoV-2 within
blood specimens of infected or suspected people with the infectious
disease of COVID-19. The activated graphene oxide is composed of
8-hydroxyquinoline (8H), 1-ethyl-3-(3-dimethylaminopropyl), car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS). Correspondingly,
developed nanosensors were well-characterized and used for enhance-
ment of glassy carbon electrode (GCE) and working electrode of DRP
C110 carbon-based screen-printed electrode. Then, the obtained data
were compared with the ELISA assay as the gold standard to evaluate
the performance of developed nanosensors toward label-free detection
of monoclonal IgG antibodies against S1 glycoprotein of SARS-CoV-2
as confident COVID-19 detection metrics.

2. 2.Results and discussion
2.1. Characterization of fabricated nanomaterials

In this study, produced nanomaterials were evaluated via different
analyses to assess their quality and successful fabrication. Fig. 1 (a)
shows that low-angle XRD, i.e., X-ray diffractogram, of well-exfoliated
GO is demonstrated. As depicts, obtained GO nanoflakes showed a
well-resolved broad peak at 20 of 22.8, which correspond to the
(002) plane of GO, whereas the Raman spectrum (Fig. 1 (b)) of GO
with D, G and D + G bands peaks at about 1341, 1592 and
2693 cm ™! along with Ip/Ig ratio of 0.92 furtherly confirmed the suc-
cessful fabrication of GO along with its high quality [23].

Moreover, in Fig. 1 (c¢) (I-III), the FTIR spectrum of GO, activated
GO, and Au NS can be seen, respectively. As depicts within part (I), fol-
lowing XRD and Raman spectroscopy results, GO is successfully syn-
thesized with main functional groups such as C—H sp® (802 cm™ %),
in-plane vibration of C—H (1011 cm™ 1), CO alkoxy (1084 cm ™),
unoxidized C=C double bond carbon atoms, which is known as the pri-
mary fingerprint of graphene (1565 cm ™ 1), viz., the fingerprint of the
heterocyclic structure of graphene flake, carbonyl (i.e., C=0) func-
tional groups (1695 cm™ ') and dominant hydrophilic hydroxyl (i.e.,
—OH) functional groups (3077 cm™') [22-24]. Correspondingly, in
part (II) of Fig. 1, the FTIR spectrum of activated GO is demonstrated.
As illustrated, each appeared peak is attributed to the benzene ring of
8H (445 cm™?), torsion of benzene ring related to 8H (608 cm™!),
asymmetric out-of-plane —OCN groups related to NHS (675 cm™ '),
bending of C—H functional group of 8H (742 cm™'), out-of-
plane = C—H and = CH, groups of 8H decorated on the surface of
GO (786 cm™Y), out-of-plane deformation of CHj related to 8H
(820 cm ™ 1), aromatic benzene ring of 8H (960 cm ™~ H,c—H stretching
vibration of 8H (1069 cm '), stretching vibration of -CNC- functional
group arose from NHS (1209 cm ™), stretching vibration of O—C
group of 8H (1312 cm™'), bending of CH; functional group of 8H
(1408 cm™ 1), in-plane deformation of CH, group of 8H
(1495 ecm ™ 1), fingerprint of GO (1564 cm ™ '), viz., C=C double bond
carbon atoms peak, CO amide group of NHS (1646 cm ™ 1), vibration of
-C=0 groups related to NHS (1717 cm™Y), superiorly active -
N=C = N- chemical group of EDC (2112 cm ~!), ~OH functional group
(3037 em™1) and -NH functional group of either NHS or 8H



S. Alireza Hashemi et al.

Journal of Electroanalytical Chemistry 894 (2021) 115341

400 500 600 700 800
Wavelength (nm)

(a) ~| (¢)
3
= <
5 s
s 2
[7}
£ §
s o
8 =
£
5 10 15 20 25 308
20 (degree) z
5
- (b) =
3 =
s
-y
[7]
s ey
:
g 2
£ 2
€ s
£
1000 1500 2000 2500 . s ;
Raman shift (cm™1) 1000 2000 3000
d Wavenumber (cm™)
) S T
( ) e SRS BY
3
s
@
-1
<

Fig. 1. (a) X-ray diffraction of well-exfoliated GO, (b) Raman spectroscopy result of GO, (c) FTIR spectrums of developed nanomaterials (I) GO, (II) activated GO
and (III) Au NS, (d) UV-vis spectroscopy of Au NS, (e) TEM images of Au NS, (f) FESEM image of well-exfoliated GO, (g) FESEM image of activated GO and (h & i)
TEM images of activated GO with 300 nm scale bar; in this image, all of the used chemical compounds were characterized separately, and the developed
nanosensor is prepared upon adding proper amount of activated GO and Au NSs to the suspension.

(3205 cm ™) [22]. The appearance of these peaks in the FTIR spec-
trum of the hybrid 2D platform of activated GO highlighted the suc-
cessful decoration of well-exfoliated GO flakes with main/active
functional groups of 8H, EDC and NHS, which considerably enhance
the sensitivity of GO for precise detection of monoclonal IgG antibody
against S1 glycoprotein of SARS-CoV-2 from its active domains.

In Fig. 1 (c) (III), the FTIR spectrum of Au NSs can be seen. As
depicts within this spectrum, Au NSs were successfully fabricated with
common functional groups such as N—H functional groups related to
primary and secondary amines (657-748 cm™'), the vibration of
C—0 (1061 cm™ '), stretching vibration of C—N functional groups
(1108 cm™Y), aliphatic amines groups (C—N) (1253 cm™ b, banding
of O—H groups (1390 cm™ ), the vibration of C—H
(1433-1494 cm ™), bending of primary amine (N—H) (1649 cm ™D,

stretching vibration of alkane (C—H) (2938 cm™ 1Y) and stretching
vibration of O—H as a result of Au®>* reduction into Au®. Similarly,
the UV-Vis spectroscopy result of Au NS was in accord with its FTIR
spectrum and corroborated the successful synthesis of Au NSs. In this
regard, the peak at around 575 nm corresponds to the localized surface
plasmon resonance (LSRP) mode of an out-of-plane dipole or out-of-
plane LSPR [22].

Additionally, in Fig. 1 (e), TEM images of Au NSs can be seen that
demonstrate well-resolved star-shaped morphology with size distribu-
tion variable from 92 to 105 nm. Besides, FESEM images of GO and
activated GO with 8H, EDC and NHS can be seen in Fig. 1 (f) and
(g), respectively. As shown in part (f), GO is perfectly exfoliated from
pristine graphite and presents a wide/active surface area ideal for
modification/activation with desirable functional groups toward
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detecting target compounds. Likewise, activated GO also exhibits a 2D
planar structure ideal for interaction with antibodies owing to the
well-distribution of functional groups of 8H, EDC and NHS all around
its basal plane. In Fig. 1 (h & i), TEM images of activated GO can be
seen. As depicted, activated GO shows an excellent flake of GO that
not only confirms the fantastic exfoliation of GO and formation of sin-
gle-layer GO but also clearly demonstrates the homogenous distribu-
tion of 8H, EDC and NHS related functional groups all around the
wide surface area of GO, providing abundant active sites for effective
attraction/detection of monoclonal antibodies against S1
glycoproteins.

2.2. Direct electrochemical detection of SARS-CoV-2 IgG antibodies

The electrochemical performance of enhanced electrodes with
developed nanomaterials was assessed in (Fe(CN)e)®™ 7%~ as redox
probes through cyclic voltammetry (CV) and EIS analyses, as per-
formed in our previous work [25]. Fig. 2 (a) demonstrates the obtained
data from CV analysis for the decorated/modified GCE with Au-NS,
activated GO and G-Au NS. The evaluation was conducted in a solution
containing 5 mM (Fe(CN)¢)®>~/*~ and 0.1 M KCl at a scan rate of
100 mV.s~'. Based on the obtained data, the height of current signals
was reduced on the modified electrode with activated GO, and the
peak separation was distinguished more precisely. This outcome could
be due to the formation of insulative hydroxyl functional groups result-
ing from the decoration of an activated GO layer on the electrode's sur-
face. However, the signal of the redox peak related to the (Fe(CN)g)®
~/4~ was remarked upon introduction of Au NS to the composition
owing to the inherent conductivity of Au NS, which facilitates the
overall charge transfer rate within the solution [26]. EIS analyses were
performed at a frequency ranging from 0.1 to 10° Hz toward assessing
the overall performance of developed sensors in case of interfaces and
conductivity [27]. The obtained results were in good agreement with
CV measurements, as presented in Fig. 2 (b). The modified GCE with
Au NSs showed a straight line with a low R, value of 21.53 Q, showing
a far better charge transfer rate due to Au NS's predominant electronic
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transferability. After that, by assessing the modified GCE with acti-
vated GO, the electrode indicated a higher resistance (R of
1130 Q), whereas, upon coating the GCE with G-Au NS platform, a rel-
atively low R, with a small semicircle domain (R, = 83.6 Q) was
acquired. This remarkable change is appeared because of the unique
features of Au NS as a superior electroactive nanomaterial. These data
indicated that the G-Au NS platform significantly improved the elec-
tron transfer rate of bare GCE and proved to be an ideal modifying
agent for working electrodes toward precise detection of SARS-CoV-
2 antibody in biological fluids.

Additionally, developed nanomaterials' performance toward evalu-
ating their antibody loading capability was also assessed through EIS
and DPV analyses in PBS with pH 7.4; in Fig. 2, a view of these data
can be seen clearly. As shown within Fig. 2 (c), the related EIS out-
come for each modified GCE is approximated, and electron transfer
kinetics parameters, including Rs, R, and Cq;, were extracted and tab-
ulated in Table 1. As tabulated, the initial value of Cg; for the bare GCE
was considerably declined upon the decoration of GCE with activated
GO and G-Au NS owing to coverage of active sites of GCE by compo-
sitions mentioned above, which could thence lead to an increase in
the thickness of the final film. In this matter, the C4 and C,4, parameters
can be measured via the following formula:

Q =

The “g” parameter, which indicates the surface inhomogeneity and
the porosity of the surface, is close to unity upon the accumulation of
antibodies on the active surface area of the electrode [28]. The surface
concentration (r) of adsorbed antibodies on the modified GCE by G-Au
NS can be estimated from the following equation [2]:

C:R,™" + Ry '

rppy = Qppv)/NFA

where n is the electron transfer rate (in here the value is 1), F is the
Faraday constant (96485.34 C.mol™ 1), r is the surface concentration,
and A is the surface area of the electrode. In this matter, the r value
of IgG antibody against S1 protein of SARS-CoV-2 was measured to
be 1.56 x 10”7 mol.cm ™2 indicating the successful absorption of
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Fig. 2. (a) CV plots of developed compounds, (b) Nyquist plots of fabricated nanomaterials in probe solution, (c) EIS analysis of modified electrodes in the PBS (pH
7.4 and 0.1 M KCl) after absorption of antibody (insert shows related fit circuit) and (d) increase in the intensity of DPV analysis upon addition of Au NS to

activated GO nanoflakes.
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Table 1
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Extracted electrochemical data from EIS analyses achieved from the GCE, activated GO and G-Au NS electrodes after absorption of antibody on their surfaces; all of the
assessments were conducted in 0.1 M PBS with pH 7.4, without any external redox probe Epc = +0.05 V (vs. Ag/AgCl).

Electrode R, (Q) Ryt (Q) Cai (0F) n

GCE 425 + 3.2 - 1.6 + 0.05 0.72
GCE-Activated GO 448 * 2.2 120 = 1 0.11 = 0.01 0.81
GCE-G-Au NS 413 * 1.4 254 * 3 0.17 = 0.01 0.95

the antibody with the modified GCE by G-Au NS. Moreover, as depicted
in Fig. 2 (c) and Table 1, absorption of antibodies by both activated GO
and G-Au NS modified electrodes led to a considerable increase in their
overall R, which is a piece of clear evidence for successful absorption
of antibodies by the nanosensor and their attachment on the surface of
the electrode that could subsequently lead to the generation of a unique
electrochemical pattern for these antibodies in the DPV assay. Likewise,
an increase in the R of developed compounds after absorption of anti-
bodies and generation of a semicircle pattern in their EIS plots vividly
exhibit the successful attachment of antibodies to the surface of
nanosensor via their electroactive -NH, functional groups located on
the variable region of their light chains (Fig. 2 (c)).

In accord with EIS data, the DPV analysis confirmed the modified
platform's superior performance toward detecting SARS-CoV-2 anti-
bodies in PBS with pH 7.4. As shown in Fig. 2 (d), activated GO
noticed the antibody with an intensity of 0.6 pA with a wider twin
peak. Simultaneously, the addition of Au NSs to the composition con-
siderably intensified the peak by about 200% and improved the pat-
tern's quality. These data clearly showed the integrated nanosensor's
fantastic performance toward accurate/direct detection of SARS-
CoV-2 antibodies in biological fluids. They furtherly highlighted the
amplifying role of Au NSs for better detection of IgG antibodies against
S1 glycoprotein of SARS-CoV-2.

Additionally, the effect of potential scan rate (v) on the electro-
chemical properties of GCE-G-Au NS between the range of
30-300 mV.s~ ! was studied by CV measurement in the probe solution
(5 mM Fe(CN)2~/#7) (Fig. S1). According to the Randles-Sevcik equa-
tion (I, = 2.69 x 10° n*?A.4D'*/'/?C) and the slope of Ip-v'/? plot,
the effective area of GCE-G-Au NS was estimated to be 5.24 mm?,
which is considerably higher than other electrodes. In the Randles-Sev-
cik equation, I is the current signal (A), n is electrons transfer rate, Acg
is the effective surface area (cm?), D is the diffusion coefficient of
5.0 mM K3Fe(CN)g (cm?s™ 1), v is the scan rate (V.s™1), and C is
related to the bulk concentration of redox probe (mol.mL™3).

GCE-G-Au NS platform's electrocatalytic capability regarding the
rapid detection of monoclonal antibodies against S1 glycoprotein of
SARS-CoV-2 in biological and non-biological fluids was initially traced
by DPV technique in PBS with pH 7.4. In Fig. 3 (a), the fingerprint pat-
tern of SARS-CoV-2 antibody from the concentration of 1072 t0 10!
%V/V was evaluated. As clearly demonstrated within this Figure, mon-
oclonal IgG antibody against S1 glycoprotein of SARS-CoV-2, viz., pos-
itive control of EUROIMMUN ELISA kit, showed a clear pattern with
twin peaks between voltage range of —0.15 V to 0.15 V through the
usage of the fixed three-electrode system. Accordingly, the first and
second peaks appeared at —0.03 V and 0.06 V showing similar pat-
terns to the S1 glycoprotein of SARS-CoV-2, as mentioned in our pre-
vious study [22]. Correspondingly, the monoclonal antibody against
S1 glycoprotein of SARS-CoV-2 shows a very similar pattern compared
with its source antigen and exhibits an electrochemical pattern with
twin peaks at —0.02 V and 0.06 V between voltage range of
—0.15 V to 0.15 V. This evidence confirmed the specific attachment
of monoclonal antibody against S1 glycoprotein of SARS-CoV-2 anti-
gen to the nanosensor owing to considerable similarities between their
DPV patterns that could be due to the similarities in their active func-
tional groups for effective immunological interaction between the anti-
body and source antigen.

In the next step, the quantitative analysis of antibody in PBS (pH
7.4) was conducted through the generation of differential pulse
voltammograms of antibody through varying concentrations of anti-
body in the optimum assessment conditions; a view of these data
can be seen in Fig. 3 (b), while their related calibration curve can
be seen in Fig. S2(a). As can be seen, the current signals appeared
at voltage positions of —0.03 V and 0.06 V and soared by a respec-
tive increase in the concentration of antibody on the surface of the
electrode, which could be due to the excellent affinity of activated
electrocatalyst toward protein structures and subsequent trapping
of amino and acidic functional groups of protein compounds, which
was more evident in the presence of G-Au NS as a catalytic media-
tor. Likewise, as can be seen in the insert of Fig. S2(a), the linear
relationship between concentrations of antibody and peak currents
can be expressed as I, = 0.16 %V/V + 1.44 with R? of 0.9942,
which shows a fantastic detection limit (DL, S/N = 3) and sensitiv-
ity (m/A) [29] of 0.097 x 107! %V/V and 5.11 pA.(%V/V)~ .
cm ™2, respectively, at liner ranges of 0.25 x 10740 x 107 %
V/V. Furthermore, it is worth mentioning that no peak was
observed at the modified glassy carbon electrode with G-Au NS in
the absence of antibody. The electrochemical characters of catalyst
that lead to the detection of this typical structure could be related
to the large surface area provided by GO nanoflakes and the great
active functional groups provided by 8H, EDC and NHS, along with
superior electrocatalytic activity/electrical conductivity of Au NSs.
More importantly, the predominant tip in this issue could be attrib-
uted to the activation of amino/hydroxyl functional groups of
nanocomposites upon introducing highly active EDC/NHS crosslink-
ers that can enhance the sensitivity of nanosensor.

To check the capability of the developed nanosensor toward detec-
tion of SARS-CoV-2 antibody in biological fluids, the DPV pattern of
monoclonal antibody against S1 glycoprotein of SARS-CoV-2 (Fig. 3
(c)) and its related calibration curve were obtained in human blood
plasma as aqueous biological sample (Fig. S2(b)). The calibration
curve of monoclonal antibodies was obtained in the range of
1.25 x 107! — 90 x 107 '° %V/V, whereas the respective DL and
sensitivity were estimated to be 0.18 X 107'° % V/V and 2.14 pA.
©%V/V)" L ecm™2, respectively, for received current signals in human
blood plasma samples. Obtained data vividly showed that the devel-
oped nanosensor based on the G-Au NS exhibits a very low DL and
superiorly high sensitivity toward detecting monoclonal antibodies
against S1 glycoprotein within aquatic media. What is more, the anti-
body also appeared at the same position in both PBS and plasma sam-
ples, viz., —0.03 and 0.06 V, which furtherly confirm the repeatability
of the nanosensor’s response.

The fantastic electrocatalytic performance of GCE-G-Au NS could
be owing to the perfect adsorptive potential of activated GO in con-
junction with Au NSs, in which the Au NS facilitates the overall elec-
tron transfer rate and the activated GO improves the specific active
surface area and sensitivity of the integrated platform toward direct
detection of S1 antibody through its electroactive functional groups.
In this regard, the proposed electrocatalyst could provide more adsorp-
tive ability for antibodies through diverse interactions, including
hydrogen bonding between either amino or acidic functional groups
of antibodies with active functional groups of nano electrocatalyst
on the modified working electrode’s surface.
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Fig. 3. (a) Fingerprint of monoclonal antibody against S1 glycoprotein of SARS-CoV-2 in PBS (pH 7.4) from the concentration of 10~2° to 10~ %V/V, (b)

detection of antibody against S1 in PBS (pH 7.4) from the concentration of 0.25 x

10712 %V/V to 40 x 10~ ° %V/V, (c) detection of antibody against S1 in the

human blood plasma from the concentration of 1.25 x 107 %V/V to 90 x 10~ '° %V/V, (d) CV scans of antibody against S1 with the scan rate ranging from
0.01 t0 0.2 V.s ™, (e) cathodic/anodic DPV pattern of antibody against S1 glycoprotein of SARS-CoV-2 and (f) effect of interfering compounds on the current signal

of monoclonal antibodies.

In addition, CV analysis as one of the most practical and common
assessment approaches for the characterization of selected chemical
compounds could be employed as an efficient tool for examining elec-
trochemical mechanisms of diverse chemical reactions. In this regard,
the possible mechanism for adsorption of monoclonal antibody against
S1 glycoprotein on the modified electrode's surface was initially
assessed through CV analyses. To evaluate the proposed technique's
electrocatalytic mechanism, the effect of variable potential scan rate
on the electrochemical detection mechanism of antibodies was first
performed via the CV method. As demonstrated within Fig. 3 (d), upon

changing the scan rate from 0.01 to 0.2 V s~ !, a set of weak current
signals were observed; the related calibration curve can also be seen
in Fig. S2(c). Correspondingly, obtained data via variation of anodic
currents over scan rates revealed that the reaction is controlled/gov-
erned via the surface-confined reactions and adsorption electron trans-
fer mechanism on the active surface area of the working electrode,
which exhibits that the process is based on the direct electron transfer
mechanism.

Furthermore, due to the inherent low resolution and sensitivity of
the CV method, it is more desired to utilize DPV as a far more sensitive
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Table 2

The outcome of blind samples evaluation by the developed nanosensor
compared with the ELISA kit as the gold standard with a cutoff point of 0.2
uA; (P: positive, N: negative).

Parameter Formula Obtained Percentage (%)
Sensitivity TP/TP + FN 100
Specificity TN/TN + FP 85
Negative prediction value TN/TN + FN 100
Positive prediction value TP/TP + FP 86.95
False-negative rate FN/EN + TP 0
False-positive rate FP/FP + TN 15
False discovery rate FP/FP + TP 13.04
Accuracy (TP + TN)/P + N 92.5
False-negative rate FN/P 0
False-positive rate FP/N 15

assay to improve the obtained results' resolution. Thereby, more accu-
rate outcomes can be achieved by DPV analysis to recognize various
mechanisms occurring on the electrode's surface. Accordingly, to
probe the antibodies' detection mechanism against S1 glycoprotein,
the forward and backward sweeping of potential related to the anti-
bodies' voltammetric pattern was performed, and their respective cur-
rent signals were carefully analyzed. Fig. 3 (e) exhibits the obtained
processes related to the antibody against S1 glycoprotein within a
PBS solution with pH 7.4. The labelled signal of the redox peak traced
at the voltage position of —0.03 V is attributed to the nanosensor's
electrochemical response on the modified working electrode's surface.
The outcome of the DPV essay illustrated a slightly weak peak separa-
tion, somewhat about ~ 20 mV between the cathodic and anodic peaks,
which showed ipa/ipc ~ 1, exhibiting a reversible process, and corre-
spond to the adsorption and interaction of electroactive hydroxyl or
amine functional groups of the monoclonal IgG antibody against S1
glycoprotein with NHS/EDC activated hydrogen-based groups on the
surface of modified electrode. These outcomes clearly showed that
the process is governed via the electrochemical (E) mechanism. What
is more, the introduction of 8H to the composition could increase the
total number of activated OH ™~ species. Meanwhile, the addition of the
NHS/EDC complex to the activated GO could improve the absorption
and subsequent interaction of IgG antibodies with the activated hydro-
gen-based functional groups by the NHS/EDC complex, which could
thereby increase the possible hydrogen bonding at physiological pH
value, i.e., 7.4. These modifiers could also improve the electrostatic
interaction between active functional groups of antibodies and the
nanosensor. Additionally, boosted redox reaction via Au NSs and inter-
action with its amine-based active functional groups could signifi-
cantly improve the nanosensor's performance for precise/sensitive
detection of monoclonal antibody against S1 glycoprotein in either
biological or non-biological fluids.

Furthermore, the influence of diverse kinds of electroactive inter-
ference compounds such as Zn%™ ion, glucose, fructose, urea, ascorbic
acid, the possible interfering antibodies related to various severe ill-
ness, viz., Hepatitis A (HAVAb IgM), Hepatitis B (anti-HBS), Hepatitis
C (anti-HCV), HIV antigen (AG)/antibody (AB), Toxoplasmosis (Toxo
IgM) and Rubella IgG, and anti-human IgM immunoglobulin on the
electrochemical responses of 1.0 x 10~ '° %V/V monoclonal antibod-
ies against S1 glycoprotein of SARS-CoV-2 have been precisely
assessed through pouring 0.1 mM of each interfering biomolecule,
viz., fructose, ascorbic acid (AA), glucose, Zn%", urea, and 5 x 10~*
%V/V of each antibody in the electrolyte. Achieved results vividly
showed that the selected interference compounds do not have any con-
siderable effect on the I, of monoclonal antibodies of SARS-CoV-2,
which highlight the apparent ability of the nanosensor for accurate/
specific detection of monoclonal antibodies against S1 glycoprotein
of SARS-CoV-2 even upon the presence of a large amount of interfer-
ences compounds and antibodies related to other pathogens within
the aquatic biological or non-biological media (Fig. 3 (f)).
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To check the developed nanosensor's capability to accurately detect
IgG antibodies against S1 proteins of SARS-CoV-2 within human blood
plasma samples, 40 blind samples were selected containing 20 positive
and 20 negative samples. These samples were first assessed via the
EUROIMMUN anti-SARS-CoV-2 ELISA (IgG) kit, and achieved data
were considered a reference for judging the developed nanosensor.
A view of completed data and OD values of ELISA assays and the
DPV fingerprint of antibodies is illustrated in Table S1. As tabulated,
the developed nanosensor revealed a perfect agreement with obtained
data from the ELISA assay. Accordingly, the nanosensor detected the
fingerprint of antibody against S1 glycoprotein in 26 samples, while
14 samples did not show any pattern. By considering the cutoff point
of 0.2 pA, the nanosensor exhibited 20 true positives (TP), 3 false pos-
itives (FP), 17 true negatives (TN) and O false negatives (FN) values; a
complete evaluation of obtained outcomes by the nanosensor com-
pared with the ELISA kit can be seen in Table 2. The nanosensor exhib-
ited sensitivity and specificity of 100 and 85% at the cutoff point of 0.2
pA, which shows the developed platform's fantastic performance
toward accurate/confident detection of antibodies in actual samples.
More importantly, a follow-up of six patients out of 40, all of who
the nanosensor detected the fingerprint pattern of IgG antibodies
against S1 glycoprotein of SARS-COV-2 in their blood samples while
the ELISA kit considered them as negative samples, showed that five
of six patients had either clinical signs of COVID-19 or positive RT-
PCR outcomes. This outcome vividly indicates the sensor's great poten-
tial in viral infections identification and covering the missing rate of
common diagnostic platforms, i.e., ELISA or RT-PCR.

Furthermore, validation of achieved clinical data and correlation
between the nanosensor and ELISA assay were assessed via plotting
the related ROC curves (Fig. S3); accordingly, related evidence can
be seen within Tables S2-S7. As demonstrated within Fig. S3 (a) and
Tables S2 and S3, the developed nanosensor showed perfect outcomes
with an area under the curve (AUC) of 0.995, standard error of 0.007
and lower bound/upper bound of 0.982/1.000, which revealed the
superior accuracy of the sensor and compatibility of its outcomes with
the obtained data from ELISA assay. Correspondingly, in Table S3, the
relation between a cutoff point and sensitivity/specificity of the test
can be seen. As tabulated, at a cutoff point of 0.2185 A, the sensor
showed a sensitivity/specificity of 100%,/85%. In comparison, at a cut-
off point of 0.3265 pA, the sensitivity/specificity becomes 95%,100%.
Obtained outcomes vividly showed that the sensor could be used as a
diagnostic kit for the confident evaluation of ill people with the infec-
tious disease of COVID-19. These outcomes exhibit the platform's flex-
ibility for becoming a fast diagnostic setup for either screening (at high
sensitivities) or confident detection of viral disease (at high
specificities).

What is more, in Fig. S3 (b) and Tables S4-S7, the correlation
between the intensity of nanosensor based on pA and optical density
obtained via ELISA assay was assessed. As demonstrated, the nanosen-
sor showed a strong correlation with ELISA assay data with an AUC of
0.995, revealing the nanosensor's fantastic accuracy compared with
the gold standard.

The detection mechanism of IgG antibodies by the nanosensor is
also assessed to further highlight its label-free approach toward precise
detection of antibodies. The developed nanosensor is perfectly beauti-
fied with exciting features that enable the rapid electrochemical detec-
tion of antibodies via their active functional groups. Accordingly, the
GO provides wide active surface area along with active hydrophilic
functional groups such as -OH and C=O that ease the interaction with
considered modifiers and thereby lead to their homogeneous distribu-
tion and attachment throughout and on the surface of GO, respectively
[29-32]. Moreover, the addition of 8H to the GO improves the overall
rate of -OH functional groups and boosts the platform's sensitivity
through its quinoline structure. More importantly, the addition of
the NHS/EDC complex to the GO and 8H leads to activation of car-
bonyl and hydrogen-based functional groups that improve the interac-
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Fig. 4. Interaction of G-Au NS complex with IgG antibodies against S1 glycoprotein of SARS-CoV-2.

tion of the developed nanosensor with -NH,, ~OH and C=O0 functional
groups and provides the possibility for efficient absorption of antibod-
ies through their electroactive amine functional groups located on
their F,;, region at neutral pH values. This process leads to the absorp-
tion of antibodies via the nanosensor and subsequent generation of a
unique electrochemical pattern for IgG antibodies' glycoprotein struc-
ture via DPV assay. Additionally, the addition of Au NSs to the com-
plex of activated GO improves the intensity of the nanosensor’s
voltammetric response, detection limit and sensitivity toward detec-
tion of antibodies, which arises from the superior electrical conductiv-
ity, electrocatalytic activity and compatibility of the Au NS with the
graphene-based substrate [22]. In Fig. 4, a general view of this process
can be seen.

3. Conclusion

Fast person-to-person transfer of pathogenic viruses such as SARS-
CoV-2 throughout the world raised healthcare authorities' require-
ments for developing precise, rapid and sensitive diagnostic platforms
capable of detecting SARS-CoV-2’s biomarkers within biological sam-
ples. In this study, we have addressed this urgent requirement via
developing a quick, ultra-high sensitive and precise nanosystem based
on integrated Au NS with an activated graphene-based platform that
can rapidly detect the trace/fingerprint of monoclonal IgG antibody
of SARS-CoV-2's S1 protein within biological media with fantastic
DL and sensitivity of 0.18 x 107! % V/V and 2.14 pA.(%V/V) "L
cm 2, respectively. The sensor also exhibited a strong correlation with
obtained data from gold-standard (ELISA assay). In this matter, it
showed perfect sensitivity/specificity of about 100%/85% and
95%/100% at cutoff points of 0.2185 pA and 0.3265 pA, respectively,
along with AUC of 0.995 from ROC curves. These outcomes justified
the fantastic performance of the developed diagnostic kit for precise,
rapid, and confident detection of infected people with the infectious
disease of COVID-19, which is a vital requirement for viral outbreaks.
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