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Abstract

The most affected disease in recent years is Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-COV-2) that is notable as
COVID-19. It has been started as a disease in one place and arisen as a pandemic throughout the world. A serious health problem
is developed in the lungs due to the effect of this coronavirus. Sometimes it may result in death as a consequence of extensive
alveolar damage and progressive respiratory failure. Hence, early detection and appropriate diagnosis of corona virus in patient’s
body is very essential to save the lives of affected patients This work evolves a Silicon (Si) based label-free electrical device i.e.
the reduced graphene oxide field-effect transistor (GO FET) for SARS-CoV-2 detection. Firstly rGO FET functionalized with
SARS-CoV-2 monoclonal antibodies (mAbs). Then the rGO FET characteristic response is observed to detect the antibody-
antigen reaction of SARS-CoV-2 with different molar ranges. The developed GFET shows better performance towards the drain
current and limit-of-detection (LoD) up to 2E-18 M. Therefore, we believe that an intense response was observed than the earlier
developed devices and signifies impressive capability for subsequent implementation in point-of-care (PoC) diagnostic tests.
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1 Introduction

Emerging contagious diseases, such as severe acute respirato-
ry syndrome (SARS), Flu, and Ebola infection illness, pose a
major risk to human health. In December 2019, a series of
patients were admitted to the hospital with symptoms of pneu-
monia and severe acute respiratory syndrome (SARS) in a
place named Wuhan, China. The causes for this disease were
unknown initially. From there on, 2019 novel Covid (2019-
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nCov) was perceived inside the patient’s nasal liquid.
Subsequently, it was named again as Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) [1, 2].
World Health Organization (WHO) alluded to this infection as
Corona Virus Disease (Covid-19). It declared that the virus
causes this disease as a 2019 novel coronavirus (2019-nCoV).
On March eleventh, 2020 WHO recognized this Covid-19 as
pandemic as it is transmitting among the people of different
countries with rapid speed [3]. The basic symptoms of this
disease may include fever, loss of taste or smell, dry cough,
and fatigue. The severe symptoms of this disease may contain
chest pain or pressure, shortness of breath or difficulty in
breathing, and loss of speech or movement. This novel coro-
navirus is transmitted by droplets and aerosols of human sali-
va. The severity of this pandemic can be observed by the
statistics provided by WHO.

The total number of cases globally is approximately 18.5
crores and the total deaths are 40 Lakhs up to July 1st week.
Due to this pandemic entire world faced different socio-
economic problems. To avoid these difficulties, the patients
need to be properly diagnosed and treated with utmost care.
Even though there are some measures to prevent or control
this coronavirus, like WHO-recommended medicines or
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vaccines but the human life is still having a threat from the
Covid-19 pandemic (https://covid19.who.int/table), [4, 5].

The early detection of this Coronavirus disease in the fluids
extracted from patients is utmost prioritized for proper treat-
ment of the patients as this disease may become severe within
5-10 days. In this scenario, laboratory diagnostics is the major
parameter to detect the disease even at lower concentrations.
To fulfil the above needs, RT-PCR (polymerase chain reac-
tion) is one of the nuclear-derived methods to detect the exis-
tence of a particular virus i.e., 2019-nCoV. This technique
directly analyses the presence or absence of the virus’s RNA.

Enzyme Linked Immunosorbent Assay (ELISA) analysis
is another strategy to distinguish a particular antibody and
antigen response. These diagnosis techniques take a longer
period of 3 to 24 h for the results. Hence, there is a great need
for bio-sensors that can detect the corona virus-like particles
and a sensitive and quick method is required to identify the
virus particles is required to treat this type of pandemic disease
(https://www.iaea.org/newscenter/news/how-is-the-covid-19-
virus-detected-using-real-time-rt-pcr), [6, 7]. In this study, we
design GFET biosensor functionalized mAbs for rapid
identification of COVID-19, as shown in Fig. 1.

The identification involves different steps like collection of
samples from the patient, preserving it and finally compelling
the sample to get responded with designed GFET. This work
mainly aims to identify the presence of novel coronavirus
particles through using a GFET and to report its characteristic
changes in the presence and absence of coronavirus particles.

2 Design and Simulation of GFET

A GFET is designed and simulated with the semiconductor
module of COMSOL Multiphysics. The dimensions of the

designed sensor are gold contact length of 50nm, the thickness
of graphene is 0.35nm is used for this design. The silicon
dioxide layer with a thickness of 6nm acting as a dielectric
layer with a dielectric constant of 4.2. The device parameters
are shown in Table 1.

The semiconductor module in the software is used for an-
alyzing the transfer characteristics and drain characteristics.
The drain current is one of the vital parameters to analyze
the enactment of the designed sensor. The drain current flows
through the graphene layer only because, it acts as a channel
for the conduction of drain current between drain and source
and no other channel exists between drain and source. With
this, the characteristics of the designed GFET were analyzed
without any difficulty.

The electrical characteristics of the designed structure were
calculated in the absence and presence of the coronavirus par-
ticles. These electrical characteristics are crucial parameters to
determine the overall sensing performance of the device.
Many important factors affect the electrical characteristics be-
cause the drain current varies with different parameters of the
graphene channel [8]. The GFET designed with the software
is shown in Fig. 2.

The software proficiently permits the assignment of differ-
ent physical properties of the materials to the designed model
as per the requirement. The fixed dimensions of GFET allow
us to determine the presence and absence of coronavirus anti-
gen protein (spike protein of SARS-CoV-2) along with
immobilized monoclonal antibody. With the special charac-
teristics of GFET sensors such as high sensitivity and biolog-
ical molecule detection, they are making significant progress
in the production of ultrasensitive bio-sensors for biochemical
analysis. The identification of immobilized antibodies (mAbs)
and antigens arise at the graphene channel of the GFET bio-
sensor. The receptor molecule (antibody) is immobilized on

Sample Collection From Human Body

Sample Tube with Corona Specimen

Corona Virus

Reduced Graphene Oxide

Fig. 1 Schematic diagram of SARS-CoV-2 detection using the rGO FET biosensor
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Table 1 Device parameters of GFET
) Klap <= [K]ag (2)
Device Parameter Value
Where |k],, denotes the concentration of Antigen- SARS-
Thickness of gold contact (t_Au) 50nm [ ]Ag &

Thickness of SiO; (t_SiO,) 6nm

Thickness of Silicon (t_Si) 300nm
Gold contact length (L_contact) 500nm
Drain voltage (V) 10mV
Gate voltage (Vi) ov
Source voltage (V) oV
Width (W) 4 um
Relative permittivity (epsilonr) 42

Donor Concentration 1E18cm

the graphene surface which can have the capability to capture
the target molecule(antigen).

The working principle of the GFET biosensor can be de-
scribed as follows. When a negatively charged antigen, mol-
ecule is attached to the surface, the charge carrier’s depletion
occurs in the complete cross-section of GFET that results in a
decrease of electrical conductance and the drain current.
Similarly, when a positively charged protein binds to a
GFET biosensor, the conductance increases [9—12]. These
properties can be demonstrated in COMSOL Multiphysics
using the chemical reaction and transport of diluted spices
modules, as well as the semiconductor module [13, 14]. It
can be expressed quantitatively as the concentration of
Antigen participating in the reaction with Antibody, as shown
in Eq. (1).

[Klag + [klay = [K] (1)
These antigen particles are ejected from the solution and

transported to the immobilized antibodies (mAbs). This can be
stated as

1
1 1rrrrrrrrrrrrrrT

T T T =1 T T
0 0.5 1 15 2 2.5

Fig. 2 Design structure of (a) GFET (b) Mesh structure of GFET

CoV-2,

[k],, represents the concentration of SARS-Cov-2 mAb,

[k] signifies the complex concentration,

[k] s symbolizes the concentration of SARS-CoV-2 in the
bulk fluid.

The modelling was done for low fluid quantities and small-
scale designs. As a result, the flow is considered laminar be-
cause there is no turbulence and it is a steady flow [15].

dp

5, T p(V.U) =0 (3)
p[%ltﬂ U(V.U)] = —VP+F + pu(V.U) (4)

Where P denotes pressure in Pascal, F denotes body force,
U denotes velocity, p -dynamic viscosity, and - p density.

By considering Fick’s second law, diffusion of Antigens is
expressed as

oc_ vc
ot _X(?x2

(5)

In which the term 0C/ot is the accumulation which is

expressed incm > s !,

2
x s the diffusivity in cm—
s

The preceding equations are solved using small volume
elements to discretize the sensor area. As illustrated in
Fig. 2(b), the user-defined mesh is used which consisting of
triangular or mapped elements with a GFET mesh refinement
structure. It was stated that there would be 100 iterations. The
mesh variations produced for various element numbers are
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reassuringly similar. Finalized geometry consists of three do-
mains, sixteen boundaries, sixteen vertices, and twenty-eight
edges. The entire mesh comprises 6856 domain elements,
1465 boundary elements, and 386 edge elements.

3 Materials & Methods

The general characteristics of a sensing material (which are used in
different field effect transistors) are very much sensitive at lower
densities. Hence, micrometre-sized sensors fabricated from
graphene were capable of detecting individual molecules attaching
to or detaching from the surface. As the addition or removal of a
molecule causes a change of one electron within the graphene
structure, small step-like changes in resistance can therefore be
measured. A graphene material thickness of 0.35nm is used for
the detection of virus particles which is highly sensitive.

Graphene was moved to a SiO2/Si substrate utilizing ordi-
nary wet-move strategies. Poly(methyl methacrylate)
(PMMA) C4 (Vision Polymer Pvt., Ltd, Gujarat, India) was
turn covered at 500 rpm for 10 s and at 3000 rpm for 30 s onto
graphene on Cu foil (Sigma-Aldrich, Bangalore, India). Poly
(methyl methacrylate) (PMMA) C4 (Vision Polymer Pvt.,
Ltd, Gujarat, India) was turn covered at 500 rpm for 10 s
and 3000 rpm for 30 s onto graphene on Cu foil (Sigma-
Aldrich, Bangalore, India). PMMA/graphene on Cu foil was
scratched in CE-100 copper etchant (MG chemicals, India).
After the Cu foil was scratched, the PMMA/graphene layers
were moved to utilize clean glass slides into a deionized (DI)
water (Astraa chemicals, Chennai, India), and the copper etch-
ant was laved. Consequently, the PMMA/graphene layer was
moved to a Si0O2/Si substrate and dried under surrounding
conditions for the time being. To make useful graphene-
based devices, the graphene was patterned into required
shapes by the photolithography method Fig. 3(a-c).

Arbitrary nature of shed graphene made utilizing of
EBL inescapable in GFET manufacture measure. One-
step and two-steps e-shaft lithography is applied for
back-gate and top-gate gadgets separately. Roughly
200 nm PMMA (A2) was spinned as EBL oppose, and
was uncovered by Raith Turnkey 150 SEM and E-shaft
lithography framework. The rGO was ready by chemical
reduction technique with hydrazine, which is considered
as standard reductant for GO. Hydrazine can successfully
eliminate the oxygen-containing gatherings [16] Fig. 3(d-
e). Immobilization is also one of the important steps to
analyze the characteristics of the designed GFET as it is
to be equipped with SARS-CoV-2-Spike protein C-
terminal antibody (Sigma-Aldrich, Bangalore, India) to
identify the respective SARS-CoV-2 antigens (Sigma-
Aldrich, Bangalore, India).

In GFET bio-sensors, dopped channels are substituted with
graphene material and these gate terminals are replaced with
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bio-receptors. Despite the differences in structure, GFET sen-
sors work in the same way as regular FET sensors. The con-
ductivity of GFET is changed by charged particles that are
attached to them. The oxide layer acts as an isolation layer
on the Si surface of bio-sensors. Even though charged biomol-
ecules accumulated on the oxide layer, the conductivity of the
sensor will not be affected [17-20]. Pure graphene is not that
sensitive to charged bioparticles. Hence, the surface of GFET
must be functionalized. The functionalization may include
receptors are to be attached to these sensors for the detecting
of the specifically charged biomolecules (target molecules).
With this, chemical connections between the surface of
graphene and biomolecules can be established. The receptors
along with target molecules, create an electric field on the
surface of the GFET bio-sensor and which will bring a con-
siderable change in the conductivity of the sensor.

When we consider receptors along with target particles as an
input, the receptors function similar to that of the gate (as they
are on the surface of graphene) in that they convert the input
signal to bring changes in the conductivity of the sensor [21].
Hence, one of the most essential factors in identifying target
particles (SARS-CoV-2 Antigen) is the functionalization of
GFET. For this immobilization process, firstty GFET sensor
was salinized with Glutaraldehyde. Further, it is treated with
EDC (1-ethyl-3-(3-dimethylamino) propyl carbodiimide, hy-
drochloride (Sigma-Aldrich, Bangalore, India), and Sulfo-
NHS (Sigma-Aldrich, Bangalore, India) to make mAb
immobilized as shown in the Fig. 4.

We must equip GFET with receptor particles (SARS-CoV-2
mAD) to identify the target molecules. Figure 4 depicts the gen-
eral binding process using 3-aminopropyltriethoxysilane
(APTES), which acts as a receptor [22, 23]. APTES breaks down
silicon-oxygen bonds to form a layer in which the specific recep-
tor is present. Immobilization of receptor particles on the surface
of the sensor starts with salinization of the sensor with
Glutaraldehyde. Afterward, EDC (1-ethyl-3-(3-dimethylamino)
propyl carbodiimide, Hydrochloride, and Sulfo-NHS are used
for protein cross-linking and immobilization. The electrical char-
acteristics of the designed sensor are calculated. Later on, they
compared the characteristics of the sensor with the presence of
SARS-CoV-2 mAb and in the non-existence of coronavirus par-
ticles (SARS-CoV-2). The conductance is relatively more when
compared to the bare GFET conductance. The current is in-
creased when mAD is attached to the GFET sensor. The results
obtained were discussed in the next section.

4 Results and Discussion
4.1 Morphological Characterization

To affirm that the GFET biosensor was perfectly designed,
definite characterization was performed after each progression
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Fig. 3 Fabrication flow GFET, (a) Graphene oxide placed on Silicon
Substrate, (b) PMMA coating acts as resist, (¢) Physical Vapour

of functionalization. The scanning electron microscopy
(SEM) used for validation, which introduced a homogeneous
and high thickness of rGO surface. Image of rGO sheets as
seen through a scanning electron microscope shown in
Fig. 5(a). rGO sheets which are having less layers have been
stacked and attempted to limit the wrinkles and foldings by
utilizing transmission microscope (TEM). The TEM image of
rGO sheet was shown in Fig. 5(b), which has layers of the
order (n < 6). HRTEM micrograph of rGO sheets and it
plainly shows the grid edges of graphene. This gives extra
data about the interplanar distance d002 for rGO material
which worth is 3.850 A. The crystallographic design of the
graphene sheets was portrayed by selected area electron dif-
fraction (SAED) technique. The past investigations referenced
that the majority of the graphene sheets showed a solitary
arrangement of hexagonal diffraction design with sharp and

rGO

0" CH,

H30A0‘$iw\NH
H:C._O ¢

RN

APTES Binding

() (b)

Fig. 4 Procedural steps for immobilization of SARS-CoV-2 mAb: (a)
Reduced graphene oxide FET (b) GFET with amine functional group

Amine Functional Group

Deposition of Titanium, (d) Lift-off of Titanium identify terminals of
GFET, (e) rGO by chemical reduction technique with hydrazine

clear diffraction spots [x] as shown Fig. 5(c). SAED pattern of
reduced graphene oxide. The obtained SAED data show un-
ambiguously that the sample RGO differs from Graphite 2 H
PDF 75-1621 and has typical interplanar distance d002 from
3.586 A up to 4.016 A for three different RGO samples
Fig. 5(d).

4.2 Electrical Characterization

To determine the electrical characteristics, the thickness of silicon
is considered as 300nm the thickness of silicon dioxide is con-
sidered as 6nm. The conductance of the channel is assessed
according to the available charging carriers, which are affected
by the voltage of the gate. In return, the driving controls the
current of the drain terminal. The drain (Iy) is measured with a
constant drain voltage of 2 V, 4 V, and 6 V when the source is

mAbs

EDC/NHS
Immobilization

on the graphene surface through APTES binding and (¢)
Immobilization of mAbs with EDC/NHS
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Fig. 5 Images of reduced
graphene oxide nanocomposites:
(a) SEM (b) TEM (¢) HRTEM
and (d) SAED

by 4 ’ >‘
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connected to the ground. The drain current (I4) is calculated in the
drain characteristics by sweeping the drain voltage from 0 to
20 V at various constant gate voltages (V) such as 6 V, 8 V,
and 1 V. The results of the simulation are very similar to the
results of the experimental sensor in terms of accuracy for both
characteristics as shown in Fig. 6(a) and (b).

A current of the nano-ampere order comes with the char-
acteristics of the bare GFET. With small voltage sizes, the I-V
special behavior of the GFET utilizes the ability to identify

() (b)

—=—V4=4V X
70 Experimental
—V d=6 A%

60{ —e—V4=4V . .
Simulation
—o—V4=6V

Vg (V)

Fig. 6 Electrical characteristics of the GFET (a) V,-I4 (b) Vg-1y
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charged molecules (present at the surface of the sensor) with
detectable current changes. The small change in the drain
current along the graphene gives an overview of the [4-V4
curve. The biosensor was used to detect coronavirus antigens
by the measurement of current in the circuit The GFET is
exposed to mAbs and antigens with which analyzed the per-
formance characteristic changes to be applied voltages. To
perform this analysis, the drain voltage is varied in the range
of 0 to 50 V, with the different concentrations of SARS-CoV-
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—v—SARS-CoV2-2E-18 M
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~—>—SARS-CoV2-2E-13 M

\Z1\D)

Fig. 7 Analytical characteristics of GFET (a) Drain current with different
concentrations of antigen (b) change in drain current with different
concentrations of antigen

2 like 2*10E-13 M, 2*10E-15 M, and 2*10E-18 M. An ad-
sorption concentration of one molecule per square nanometer
of the biomarker was considered on the surface of the gate.

In this analysis, a linear dependence of the transistor’s cur-
rent value on the tested quantity of antigens is observed. The
Biosensor Current is modulated by antibody-antigens bind-
ings as specific protein is on the surface. The drain character-
istics are evaluated in the presence of SARS-CoV-2mAb to
check the sensitivity of this GFET about the coronavirus par-
ticles, compared to a reference test in the absence of SARS-
CoV-2. When SARS-CoV-2 exists concerning the design pa-
rameters, the designed GFET changes its drainage current.
The maximum current without any virus particle is 70 nano-
amperes, whilst the maximum drain current raises to 170
nano-amperes in the presence of antigen.

Firstly, the drain current of the designed sensor without
mADbs has been calculated. The order of the 70-nano-ampere
is then observed in the current as shown in Fig. 7(a). The
current raised to 50 nano-amperes by load accumulated be-
cause of antibody present when it was fitted with SARS-CoV-
2 MAD. Furthermore, when the sensor reacted with PBS so-
lution, there is no current change observed. The sensor is
subsequently equipped with different antigen concentrations,
then the current is amplified according to SARS-Cov-2 anti-
gens. The current is shown as 170 nA for the 2E10-18 M

(b)
20
18
16
14
121
10

8

A Id(llA)

6
44
24

0~

PBS
10ul.

Antibody
21.91 AU/mL

Antigen Antigen Antigen
2*10E-18 M 2*10E-15 M 2*10E-13 M

concentration. The change drain current (Aly) with an error
(= 10 %) value, with respect to different concentrations of
antigen is shown in Fig. 7(b). The maximum current change
is observed with antigen of concentration of 2E-13 M which
the order of 18 nA which is 9 times of antibody concentra-
tion’s current change with which we can conclude that antigen
with higher concentration leads to higher current changes.
Based on 3-fold of signal to noise ratio, the limit of detection
was determined to be 0.002 fM. Additionally, Fig. 7(b) gives a
more instinctive show and comparison. As we can observe,
the detecting signals delivered with various concentrations of
samples were stronger than those in PBS at a similar concen-
tration of target, in comparison with the background baseline
(3-fold of blank), with satisfactory detection limits, they were
still significant and measurable. The comparative analysis of
different FETs based platforms for the detection of various
virus diseases is shown in Table 2. Among all the designed
GFET shown excellent limit of detection value.

5 Conclusions
In this work, reduced Graphene FET was designed and char-

acterized. The GFET characteristics were observed in differ-
ent extents. These device characteristics are sensitive to

Table 2 Limit of detection

comparison with various FET Virus Type Type of Immunosensor FET Limit of detection ~ Ref.

immunosensors
Hepatitis-B Virus Tailored DG FET 1.5 ™M [24]
SARS-CoV N protein ~ Carbon nanotube FET (CNTFET) 5nM [25]
SARS-CoV N protein ~ High-Electron Mobility Transistor FET (HEMT)  0.003 nM [26]
SARS-CoV-2 SiNW FET 1ftM [27]
SARS-CoV-2 Graphene 0.2 pM [28]
SARS-CoV-2 Graphene 0.002fM This Work
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charged biomolecules. This study shows that the presence of
the SARS-CoV-2 virus (antibody-antigen binding), greatly
affects the electrical properties of the designed GFET so as
the sensor characteristics. The device is sensitive to biomole-
cules adsorbed by the receptor. Very diluted coronavirus de-
tections were obtained at 2E-18 M. The designed GFET is a
strong device to rapidly screen virus proteins, small biomole-
cules, and different biomarkers. These biosensors are especial-
ly advanced for future biomedical applications, such as diag-
nosis of virus infection and lab-on-chip platforms also.
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