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Graphene-based biosensors for detecting
coronavirus: a brief review
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The coronavirus (SARS-CoV-2) disease has affected the globe with 770 437 327 confirmed cases, including
about 6 956 900 deaths, according to the World Health Organization (WHO) as of September 2023. Hence, it
is imperative to develop diagnostic technologies, such as a rapid cost-effective SARS-CoV-2 detection
method. A typical biosensor enables biomolecule detection with an appropriate transducer by generating a
measurable signal from the sample. Graphene can be employed as a component for ultrasensitive and selective
biosensors based on its physical, optical, and electrochemical properties. Herein, we briefly review graphene-
based electrochemical, field-effect transistor (FET), and surface plasmon biosensors for detecting the
SARS-CoV-2 target. In addition, details on the surface modification, immobilization, sensitivity and limit of
detection (LOD) of all three sensors with regard to SARS-CoV-2 were reported. Finally, the point-of-care (POC)
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detection of SARS-CoV-2 using a portable smartphone and a wearable watch is a current topic of interest.

Introduction

The coronavirus (COVID-19) pandemic has infected several
billion people, causing over a million deaths worldwide, and
the economic fallout has resulted in a global panic." The
severe acute respiratory syndrome (SARS)-associated corona-
virus pandemic has not only led to an unexpected public
health crisis but also severely hampered the global economy,
with analysts measuring its detrimental impact compared to
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the Second World War.> Moreover, it affects birds and
mammals®* and usually causes mild respiratory diseases in
humans. However, strains have emerged, such as 2002-2004
SARS and Middle East respiratory syndrome (MERS), causing
outbreaks of this lethal respiratory disease.®> The causative
agent SARS-CoV-2 indicates coronavirus disease 2019
(COVID-19). In addition to SARS and MERS, swine acute diar-
rhea syndrome (SADS) harmed thousands of human lives in
2017. SADS agents are known to originate from bats. Its
viruses are highly pathogenic to humans and livestock.?
Therefore, as these rapidly spreading viruses continue to
increase, quick diagnostic techniques are critical to reduce
and prevent the spread and transmission of these viruses.

Thus far, diagnostic techniques, such as clustered regularly
interspaced short palindromic repeats (CRISPR),’ reverse tran-
scription polymerase chain reaction (RT-PCR), lateral flow
assays (LFA), lateral flow immunoassay, and reverse transcrip-
tion loop-mediated isothermal amplification (RT-LAMP), have
been developed as detection methods for COVID-19. Although
these methods exhibit superior analytical sensitivity, they have
disadvantages because they require skilled personnel to
operate complex analytical instruments and they are highly
susceptible to other interference materials, resulting in either
false positives or false negatives. Moreover, the aforemen-
tioned methods are incompatible with point-of-care testing,
which poses a challenge to their portability.”

To improve these diagnostic methods, real-time, ultrafast,
and low-cost sensors have been studied and developed.®° For
example, sensors that incorporate nanomaterials, such as
carbon nanotubes, multiwall carbon nanotubes, carbon dots,
graphene, and transition metal dichalcogenides (TDMs: WS
molybdenum disulfide, MoS, molybdenum diselenide, WS,
tungsten disulfide and WSe, tungsten diselenide), have been
investigated.'® In particular, the latter nanomaterials have
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been widely studied owing to their applications in energy
storage, catalyst, nanomedicine, optics and electronics."!
However, most of these materials contain elements that are
toxic to the environment and human beings. Among the
elements commonly used in the synthesis of MXenes, pro-
longed exposure to chromium, tungsten, and molybdenum
could result in physical, muscular, and neurological degenera-
tive diseases.'? Although these elements are essential for bio-
chemical and physiological purposes,® it would be very
difficult to apply them to implantable sensors. This is because
excessive ingestion of molybdenum can lead to serious bone
and joint deformity, liver and kidney failure, and sterility."*
Beyond safety precaution synthesis of high quality, continu-
ous, and spatially uniform single-layer TDMs, MXene is a chal-
lenging material that poses a large initial resistance'® unlike
graphene, which has been in the limelight of research for over
two decades. Therefore, considering the safety, ease of syn-
thesis, bio-functionalization'®™*® and biocompatibility,'**° gra-
phene is a well-studied material for detecting coronavirus,
among the other nanomaterials.*!

The biosensor is mainly composed of three parts: the bio-
logical detection component, transducer, and processing
unit.”>?* Through this mini-review, we mainly discuss gra-
phene-based biosensors, such as electrochemical, field-effect
transistor (FET) and surface plasmon resonance (SPR) sensors
(Scheme 1). Notably, although FET could be considered an
electrochemical sensor if there is electrochemical doping,>*?*
instead of an electrostatic sensor, we reviewed it separately
based on the particular device structure and physics.
Beginning with a general overview of the different variants
(families of coronavirus), these biosensors are briefly covered,
focusing on recent progress along with fabrication processes
and the performance of the devices. Finally, we summarize the
results accompanying our perspectives.
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Scheme 1 Schematic overview of graphene-based biosensors: electrochemical, field-effect transistor (FET), and surface plasmon resonance (SPR)
sensors. Here, 'WE', ‘RE’, and ‘CE’ represent the working electrode, reference electrode, and counter electrode, respectively.

SARS-CoV-2

Thus far, alpha, beta, gamma, delta, and omicron (a, B, J, v,
and o) variants of coronaviruses that mutate over time were
identified.>® Although a family of the virus belonging to
o-/p-variants infects mammals, including humans, the
y-/d-variants mainly transmit infections to birds. Here, a- and
f-variants correspond to severe acute respiratory syndrome cor-
onavirus (SARS-CoV-2) and middle-east respiratory syndrome
coronavirus (MERS-CoV), respectively. Specifically, SARS-CoV-2
belongs to the nidovirales family of coronaviridae, resulting in
the main cause of mortality.>” As shown in Fig. 1a, the struc-
ture of SARS-CoV-2 is composed of nucleocapsid (N), mem-
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brane (M), envelope (E), ssRNA (+), and spikes (S1 & S2),
among which the protein spikes serve as a binding site and
fuse to the host cell receptor.?® Here, the SARS-CoV-2 name
itself is known to originate from the typical spike (S) proteins
that are ~20 nm long and scarcely embedded in the lipid
bilayer membrane. The epitope or antigenic determinant is a
group of amino acids or other chemical groups***° known as
the receptor-binding domain (RBD) and receptor-binding
motif (RBM) of SARS-CoV-2. They stay on top of the S proteins
with 25 nm space apart and enable the virus to interact with
the angiotensin converting enzyme 2 (ACE2) receptor of the
host cell.®® Specifically, RBD serves as the primary target
antigen for neutralizing antibodies.**
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Fig. 1 (a) Schematic of the SARS-CoV-2 virus structure.?® (b) Immobilization of SARS-CoV-2 at the functionalized GO surface, subsequently fol-
lowed by reduction of S and N proteins of SARS-CoV-2 virus (reprinted with permission;> Copyright © 2021, American Chemical Society).

Mutation of SARS-CoV-2 to a different variant is induced in
its spike proteins, occurring mostly in the RBD part. The
mutation allows the virus to remain immune to different vacci-
nation trials for a significant time.**** However, the epitope
sitting on the spike S protein is a large group of amino acids.
Whether these amino acids belong to primary, secondary or
tertiary structures, their terminal chemical compounds are
rich in amide, carboxyl, amine, sulfide, and many other func-
tional groups. These moieties are known to be favorable for
sharing electrons through covalent bonds with the functiona-
lized graphene surface. This indicates that SARS-CoV-2 can be
easily detected in graphene-based biosensors. However, the
bio-functionalization process (specific antibody attachment)
on top of the 2D-graphene surface should be helpful for high-
accuracy SARS-CoV-2 viral target biosensor applications
through antibody-antigen complex formation, resulting in
high sensitivity and selectivity.

Graphene and graphene oxide

Graphene is a 2D honeycomb crystal lattice with sp*p, hybri-
dized carbon, which contains two atoms per unit cell. Here,
the electrons in sp” orbital form three covalent c-bonds
although the m-electrons in p,-orbitals are non-bonded and
delocalized in a single flat layer of carbon atoms. Hence, the
2D delocalized m-orbitals show a conical shape in the elec-
tronic structure where the conduction and valence bands
touch at the Diract point, resulting in a zero energy gap.*®?”
Over the past two decades, graphene has played a crucial role
in the field of smart materials owing to its unique electrical,
optical, thermal, and mechanical properties.*®** However,
limitations, such as zero bandgap*® and non-emissive
surface,® hinder further applications of graphene in the pris-
tine state. Therefore, the surface of graphene has been usually
modified through chemical functionalization,*® substitutional
doping,”™*° microwave irradiation,”™”" downstream oxygen
plasma,*® hydrothermal method, and liquid exfoliation.”® In
this circumstance, it should be very important to understand
the chemical/physical attachment of various atoms and mole-

This journal is © The Royal Society of Chemistry 2023

cules to the surface of the n-conjugated graphene.’ In the case
of non-covalent bonding, such as n-orbital interactions (e.g.,
n-n, H-n, gas-n, and cation/anion-=n), the binding energies
could be electrostatic, dispersion, and induction.'® However,
these intermolecular interactions depend on the physical state
(e.g., stabilization or destabilization) of the graphene surface,
indicating that it is not sustainable but transient. However, the
covalent functionalization of graphene surfaces with oxygen is
an important chemical approach to surface engineering.>® For
example, graphene oxide (GO) has a versatile surface with func-
tional groups, such as hydroxyl, carboxyl, epoxide, and
carbonyl,*®*” which are useful for the covalent immobilization
of bio-receptors.>®>° Consequently, graphene-based biosensors
have been used for detecting glucose (diabetes),>>°>°! nucleic
acid (DNA/RNA),*>®* and various pathogenic bacteria/

viruses.®>®°

Intermolecular interactions between
graphene derivative and SARS-CoV-2

A well-designed graphene surface can have a binding function
similar to that of a target molecule. Fukuda et al.>® investigated
the antiviral effect of GO nano-sheets on SARS-CoV-2. Here,
the plus-charged spikes of the virus were attracted to the
minus-charged GO surface. As shown in Fig. 1b, SARS-CoV-2
proteins were decomposed through adsorption and concomi-
tant inactivation on top of the GO surface. Importantly, gra-
phene has a significant capacity to capture viral antibodies to
its 2D surface in addition to the aforementioned antibacterial
and antiviral properties. Moreover, functionalized graphene
can effectively detect a viral-structured protein as a target,
enabling a large-scale diagnosis for public health. Accordingly,
graphene-based biosensors are suitable for SARS-CoV-2 detec-
tion, as emphasized by Yasri and Wiwanitkit.”® The biofunctio-
nalization of graphene-based devices affords the enhancement
of biocompatibility and bio-recognition ability with high sensi-
tivity and selectivity. Therefore, the direct immobilization of
the virus on top of the GO or graphene surface clearly high-
lights the potential of graphene-based SARS-CoV-2 biosensors.

Nanoscale, 2023, 15, 18184-18197 | 18187
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Table 1 Graphene-based COVID-19 detection methods

Graphene

modification Method of detection Target/analyte Sample type LOD Ref.

PBASE/G/SiO,/Si  FET SARS-CoV-2 antigen

Nasopharyngeal swab specimens in 1 and 100 fg mL™" 71
UT™M

MXene (Ti,C)/G/ FET SARS-CoV-2 antigen Artificial saliva and PBS 1fg mL™" 72
SiO,/Si
AgGO/SiO,/Si FET SARS-CoV-2 antigen PBS 2.1x107"¥ M 73
GO/Pt/PdNp/SiO,/ FET biosensor SARS-CoV-2 antigen PBS 1fgmL™ 74
Si
PBASE/G/SiO,/Si  Surface plasmon sensor SARS-CoV-2 antigen Artificial saliva, buffer 1 an(li 3.75 fg 75
mL~
PI/LSG/AuNS/Cys/ Electrochemical biosensor ~ SARS-CoV-2 antigen Blood serum in PBS 2.9 ng mL™" 76
EDC: NHS
Au/Ti/EG/6H-SiC  Electrical transduction SARS-CoV-2 antigen Mid-turbinate swabs, saliva and 1ag mL™" 77
exhaled breath aerosol samples in
PBS
ZnS/G/GCE Electrochemical biosensor ~ SARS-CoV-2 nucleic acids Hybridized DNA in 1.0 M KCland 2.1 x107*°M 78
0.2 M K ;3[Fe(CN)g] solutions
G/Au/MgF, Surface plasmon sensor Ethyl butanoate in SARS-CoV-2  Exhaled breath 0.0224 RIU 79
PMB/PILs/rGO/ Miniature electrochemical =~ SARS-CoV-2 PBS 38 pgmL™" 80
AuNPs biosensor (acupuncher)
G/paper Electrochemical biosensor ~ Anti-SARS-CoV-2 monoclonal RBD in PBS 2 fg mL ™ 81

antibody CR3022

PBSAE = 1-pyrenebutyric acid N-hydroxysuccinimide ester, G = graphene; MXene = 2D transition-metal carbides; Ti,C = Di-titanium carbide;
SWCNTs = single wall carbon nanotube; PI = polyimide; LSG = laser-scribed graphene; AuNS = gold nanostructures; Cys = cysteamine; EDC =
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide; NHS = N-hydroxy succinimide; ZnS = Zinc sulfide; GCE = glassy carbon electrode; PMB = poly
methylene blue; PILs = poly ionic liquids, rGO = reduced graphene oxide; AuNPs = gold nanoparticles; RIU = refractive index unit, WS, = tungsten
disulfide; KNbO; = potassium niobate; BP = black phosphorus; Blue P = blue phosphorus; UTM = universal transport medium.

Table 1 displays the versatile graphene-based SARS-CoV-2 bio-
sensors using the detection method, sample type, and limit of
detection (LOD).

Electrochemical biosensors

Electrochemical biosensors are suitable for ultrasensitive
point-of-care (POC) SARS-CoV-2 detection at the time and
place of patient care. They are cost-effective and simple for
rapid and high-sensitivity detection.®* Basically, electro-
chemical sensors rely on the measurement of an electrical
signal recorded by an electrochemical transducer. They can be
categorized as amperometric, potentiometric, conductometric,
and impedimetric depending on the type of signal.®® These
biosensors have been widely used to detect biomaterials, such
as nucleic acids, proteins, small molecular antibodies, and
viruses.®*

For instance, Pan and coworkers developed rapid (less than
5 min), ultrasensitive, and quantitative detection of SARS-CoV-
2 using an antisense oligonucleotide-directed electrochemical
biosensor chip, affording a sensitivity of 231 (copies per pL)™*
and LOD of 6.9 copies per pL (Fig. 2). Fig. 2a shows the sche-
matic configuration of the biosensor, targeting viral nucleo-
capsid phosphoprotein (N-gene) using highly specific anti-
sense oligonucleotides (short single-stranded deoxyribonucleic
acid; ssDNA) on top of the gold nanoparticle (AuNP)-modified
graphene/paper platform. Fig. 2b shows the operation prin-
ciple of this electrochemical biosensor. First, the infected
samples are collected from the nasal swab or saliva of the

18188 | Nanoscale, 2023, 15, 18184-18197

patients with COVID-19. Second, the viral SARS-CoV-2 ribo-
nucleic acid (RNA) is extracted from the samples. Third, viral
RNA is added on top of the ssDNA-AuNP/graphene/paper plat-
form. Fourth, wait 5 min for the incubation time. Finally, the
electrical signals (voltage and/or current) are recorded. Fig. 2c
shows two kinds of configurations without and with AuNPs on
graphene/paper substrate. As shown in Fig. 2d, when AuNPs
were employed, the sensing signal (here, the voltage differ-
ence) was much stronger, indicating that AuNPs are very
useful components of electrochemical biosensors. Fig. 2e
shows the positive/negative decision method using the com-
plexation of ssDNA on AuNPs with the viral RNA. Importantly,
the sensing signal is also dependent on the particle size of
AuNPs, as shown in Fig. 2f, indicating that the large surface
area of AuNPs capped with ssDNA (the immobilized recogniz-
ing element) is a key factor for the effective sensing of viral
RNA.

A resistive model was employed to explain the above
sensing platform, in which the change in voltage (AV) across
the electrochemical sensor chip is given by

AV :R% = RQRNASL[RDL
dt dt (1)
_ ka [D ] max [R} —kat
= RQgrnaSkq kalR] + ka e,

where R is resistance, g is charge, ¢ is time, Qgrna is the electri-
cal charge caused by the RNA per surface area, and S is the gra-
phene surface area. Furthermore, [RD]; is the surface density
of the binding complex between RNA and ssDNA, kq is the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Structure of the electrochemical biosensor. (b) Operation principle of the electrochemical biosensor. (c) Schematic representation of the
proposed concept behind the enhancement in electrochemical response using gold nanoparticles when capped with ssDNA probes. (d) Relative
change in the biosensor output voltage for the two sensor configurations. (e) Decision of Covid-19 negative and positive. (f) Sensor output response
with varying sizes of functionalized spherical gold nanoparticles. Reprinted with permission from ACS Nano.®®

dissociate rate constant, k, is the association rate constant,
[D]max is the maximum number of ssDNA probes, and [R] is
the concentration of the target RNA. Here, the dissociation to
the formation of the RNA-DNA complex is given by d[RD],/dt =
ka[RD];, where [RD], is rewritten as {k[D]max[R]/(ka[R] + ka)}
e~ The resistor model (eqn (1)) suggests that a high sensi-
tivity of the sensor-chip function could be obtained when
more antisense ssDNA (i.e., large [D]max value) are immobilized
on the surface of AuNPs (e.g., ~10 nm in diameter) on the gra-
phene/paper substrate.

Recently, the laser-scribed graphene (LSG)-based biosensor
has gained significant attention as a miniaturized electro-
chemical POC immunoassay.*® Underpinning the evolution,
Beduk et al.”® established an LSG biosensor fabricated through
the electrodeposited 3-dimensional gold nanostructures
(AuNSs) on top of the LSG for detecting SARS-CoV-2. As shown
in Fig. 3, this electrochemical immunosensor can be inte-
grated into a smartphone (Fig. 3a) or wearable watch (Fig. 3b),
which can provide a user friendly POC diagnostic platform.
Specifically, the second-generation custom with the brand
name of ‘KAUSTat’ (Fig. 3a) has a poly-potentiostat device com-
posed of built-in memory, battery, bluetooth, mini-USB con-

This journal is © The Royal Society of Chemistry 2023

nector, SD-card slot, and connectable add-on device, which
affords  multiple = amperometric  and
measurements.”®

The differential pulse voltammetry (DPV) (Fig. 3¢ and d)
response for various stages of the fabricated electrode showed
a significant increase in the oxidation current density by electro-
depositing AuNPs and cysteamine onto the LSG electrode.
This increase was attributed to the high conductivity (owing to
the surface area and catalytic activity of the AuNPs) and the
polarizable ammonium groups on the electrode. Although the
presence of graphene in the fabricated electrode increases
electron transfer, the bulk structures of antibody-analyte
(SARS-CoV-2) binding may partially hinder the electron trans-
fer process at the surface of the electrode, leading to a decrease
in the oxidation current (Fig. 3c). However, it is notable that
the performance of the portable handmade POC potentiostat
(Fig. 3d) showed a comparable function compared to the com-
mercially available PalmSens electrochemical workstation
(Fig. 3c¢).

Fig. 3e shows the response of this electrochemical immuno-
sensor in the presence of SARS-CoV-2, IgM/IgG (7:3), IgM,
IgG/IgM (3:7), IgG/IgM, and IgG (p value > 0.05), for which

voltammetric

Nanoscale, 2023, 15, 18184-18197 | 18189
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Fig. 3 (a) Portable handmade POC potentiostat connected to a smartphone via a USB-C connection to record the signal. (b) Representation of
KAUSTat used as a standalone watch-like device showing (i) LED on and (ii) LED off for indication. DPVs of the LSG/AuNS immunosensor presenting
Aloy (the change in oxidation current) after each experimental step and the measurement of 100 ng mL™! SARS-CoV-2 spike protein by (c) PalmSens
potentiostat and (d) portable handmade POC potentiostat. (e) Response of the LSG/AuUNS immunosensor in the presence of SARS-CoV-2, IgM/IgG
(7:3), IgM, 1gG/IgM (3 :7), IgG/IgM, and 1gG (p value > 0.05). SARS-CoV-2 protein (150 ng mL™) and interfering proteins (immunoglobins, IgG and
IgM) were used for the selectivity test. (f) Proposed LSG/AUNS immunosensor in response to different concentrations of the SARS-CoV-2 spike
protein vs. the LSG reference electrode. (g) Representation of SARS-CoV-2 detection in human blood serum. (Reprinted from’® by the grant of the

PMC Open Access Subset from Analytical Chemistry.)

SARS-CoV-2 protein (150 ng mL™") and interfering proteins
(immunoglobins, IgG and IgM) were used for the selectivity
test. The electrochemical tests carried out using the DPV
method (Fig. 3f) for a wide range of SARS-CoV-2 S1 spike pro-
teins confirmed that the device can detect low concentrations
and achieve an LOD of 2.9 ng mL™", as depicted in the inset in
Fig. 5f. Moreover, the clinical RT-PCR positive and negative
serum samples at 10 and 25% dilution provided an LOD of 3.8
and 8 ng mL™" as well as 16 and 10 ng mL™", respectively.
Then, the authors suggested that this kind of electrochemical
biosensor (see the schematic explanation in Fig. 3g) offers a
portable, easy-to-use, and reliable POC diagnostic alternative
platform for future applications.”®

Kim and coworkers”” reported a real-time ultra-sensitive
detection of SARS-CoV-2 using a quasi-free-standing epitaxial
graphene-based biosensor. Despite simple and low-cost fabri-
cation techniques, this biosensor can rapidly detect both the
mid-turbinate swabs and the exhaled breath aerosol samples

18190 | Nanoscale, 2023, 15, 18184-18197

of a SARS-CoV-2 infected patient with an LOD of 1 ag mL™" (a
spike protein antigen concentration). Interestingly, the poten-
tial application of a portable device was demonstrated by a fast
response time of 0.6 sec to a human saliva sample in real-time
detection. Another competent candidate among the graphene-
based SARS-CoV-2 electrochemical biosensors is a miniatur-
ized stainless steel acupuncture needle reported by Yang
et al.®® Compared to other electrochemical sensors, the small
size and pinpoint nature of the acupuncture needle electrode
was produced by successive deposition of AuNPs, rGO, poly
(methylene blue) (PMB), and poly(ionic liquid)s. The speci-
ficity and stability of the sensor were tested using versatile bio-
molecules, such as bovine serum albumin (BSA), immuno-
globulin G (IgG), immunoglobulin M (IgM), glutathione
(GSH), and ri-tryptophan (i-Trp), along with SARS-CoV-2-S
protein for about 15 days. The same value after 7 days and
76% retention after 15 days indicate that the developed bio-
sensor has high specificity and stability. Finally, a 38 pg mL™"
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LOD is the lowest sensitivity compared to the molecularly
imprinted biosensors prior to January 2023.
Jaewjaroenwattana et al.®' reported a graphene ink printed on
a disposable paper substrate as an electrochemical platform
for the detection of SARS-CoV-2. Surprisingly, the three-elec-
trode system sensor incorporated a cheap Whatman filter
paper and a cost-effective plant-based anti-
SARS-CoV-2 monoclonal antibody. The antibody was directly
immobilized on the graphene-inked working electrode surface
through covalent bonding. The electrochemical detection of
the spike protein of SARS-CoV-2 was performed using a DPV.
Consequently, the screen-printed sensor produced 2.0 fg mL™"
LOD with high specificity. Similarly, a metal graphene hybri-
dized (e.g. ZnS/G) ultrasensitive electrochemical biosensor for
the rapid detection of SARS-COV-2 was developed by Sarwar
et al.”® The nanocomposite sensor was fabricated by employ-
ing a step microwave-based non-equilibrium heating route on
the glassy carbon electrode. Based on the previous electro-
chemical measurements in the testbed of biosensors, the LOD
was 4.453 x 1072° M for the synthetic DNA and 4.453 x 107> M
for the SARS-CoV-2 standard, respectively.

Field-effect transistor (FET) biosensors

Field effect transistor (FET) biosensors are very widely used,
highly sensitive,”® ease to handle, and robust®”’*® compared to
other techniques in the detection of the SARS-CoV-2 pan-
demic/epidemic. Versatile FETs, such as metal oxide semi-
conductor FET,* metal nanowire FET,”® and disposable
modular transistors,”"°> have been reported as effective bio-
sensors for the detection of SARS-CoV-2. Among these FETs,
the graphene-based FET biosensors exhibited excellent electro-
catalytic activity for high-sensitivity detection attributed to the
unique physical, chemical, and electrical properties of gra-
phene materials.®*°? Particularly, the graphene-functionalized
surface provides a suitable antibody-antigen immobilization
environment and builds an amplified capacitance between
bio-receptors and transducers.”>°*°>  Convincingly, the
immobilized single-stranded DNA (ssDNA) on the graphene
surface serves as a macromolecular antibody for detecting the
SARS-COV-2 antigen. These interactions between the ssDNA-
functionalized graphene and the SARS-COV-2 RNA may shift in
Dirac voltage (i.e., the minimum current point in the plot of
Ins vs. Vg, where Ing is the drain current and Vg is the gate
voltage) during the operation of graphene-based FET.”® In
addition to the experimental advancement, Toral-Lopez et al.®’
proposed a multi-scale simulation approach on graphene-
based biological (Bio) FET. The author was motivated to carry
out the study from the perspective that the Bio-FET takes
advantage of other devices because the gate metal can detect
minute amounts of ions or biomolecules. During the simu-
lation, a single-layered graphene channel was mounted on top
of the Si/SiO, layers, and then the complex formation between
the human Angiotensin Converting Enzyme 2 (ACE2) and the
virus spike protein S1 receptor binder domain (S1RBD) was
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investigated as a function of the Bio-FET. Employing a self-
consistent simulation, the quantitative and qualitative sensi-
tivity variation across different charge distribution zones (Dirac
voltage, p-branch and n-branch) was observed by detecting
ACE2-S1IRBD using the graphene-based Bio-FET. The
maximum current output from an n-branch belongs to the
positive bias voltage in the Bio-FET.”” However, both the utiliz-
ation of unfunctionalized pristine graphene and the inconside-
rate incubation condition of the virus are the partial limit-
ations of this theoretical study.

Fig. 4a displays the schematic DNA aptamer-conjugated gra-
phene-based FET sensor platform for the ultrasensitive detec-
tion of SARS-CoV-2 and its variants using patient samples.”® As
shown in Fig. 4b, when the SARS-CoV-2 virus was detected by
the antibody of FET, the Dirac voltage (p- to n-channel tran-
sition point) is shifted to the right direction in the Ips vs. Vg
transfer curve, indicating that the electron concentrations are
reduced at the graphene-sample fluid interface through the
binding between antibody (DNA aptamer) and antigen
(SARS-CoV-2). Fig. 3c shows the output characteristics (Ips vs.
Vps, where Vpg is the drain voltage) of the graphene-based FET
with an increasing negative voltage of Vg (i.e., hole induction
at the p-channel). When V;; = 0, there is a linear increase in Ipg
as Vpg increases, indicating that there are free carriers at the
graphene-sample interface (due to the zero bandgap effect).
The shift of Dirac voltage (AV;) was tested for the different var-
iants of SARS-CoV-2. As a result, Fig. 4e demonstrates that AVg
is dependent on the species of the virus variant. Finally, Fig. 4f
summarizes the sensing mechanism of graphene-based FET
biosensors.”® However, it is notable that graphene (zero
bandgap semiconductor) exhibits a special behavior when
employed as an FET channel layer. It shows a transition from
the p-channel to the n-channel, i.e., ambipolar behavior, %'
as shown in Fig. 4b. In addition, the output characteristic
curve does not show a saturation but rather a linear increase
even at Vg = 0 (Fig. 4c), indicating that the functionalized gra-
phene is in a charge-doped state. Comparatively, it is notable
that the organic semiconductor (e.g., n=-conjugated small mole-
cules and polymers) shows a threshold voltage (Vi) in the
transfer curve after filling the trap states at the semiconductor-
insulator interface.’®>'®® In addition, the charge mobility (1)
could be easily estimated using a FET testbed according to the
following equations:

1 w
Ips = EIJCT(VG — Vin) Vs, (2)

1 w
Ins = S HC— (Vs — Vin)?, (3)

where C is the capacitance per unit area of the semiconductor/
insulator/gate, W is channel width and L is channel length.
Eqn (2) and (3) correspond to the linear and saturated
regimes, respectively. Specifically, from the transconductance
gm = (8Ips/8Vs) = pCVps-W/L in the transfer curve, the mobility
can be calculated. Finally, it is worth remembering that (1)
FET is a capacitor in which the charge concentration is a func-
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Fig. 4 (a) Schematic aptamer graphene-based FET sensor diagnostic system for ultrasensitive detection of SARS-CoV-2 using patient samples. (b)
SARS-CoV-2 receptor-binding domain-mediated transfer curve analysis of Aptamer-S derivatized graphene-based FET. (c) Output characteristics
(Ips vs. Vps) of graphene FET derivatized using 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE, 5 mM) were analyzed by sweeping Vgs from
0 to 1V at 0.2V steps and variable drain source voltage (Vps) of 0 to 100 mV with incremental steps of 10 mV. (d) Receptor-binding domain concen-
tration (0 to 200 nM)-dependent sensor response on the Aptamer-S-derivatized FET. (e) Aptamer-S-derivatized graphene-based FET sensors were
able to detect the B.1.1.7 variant (N501Y), mink-related mutation (Y453F), and mutation at the 52 domain (D614G) of SARS-Cov-2. (Reprinted®® from
PNAS). (f) Sensing mechanism of graphene-based FET biosensors. Owing to their high coverage of the surface, rigid bases avoid non-specific
adsorption. The probes on the flexible cantilevers specifically recognize the targets. During electrostatic actuation, recognition events are detected
in the g-FET channel, leading to efficient biorecognition and signal transduction. (Reprinted®® from Nature Biomedical Engineering.)

tion of the applied gate voltage and the dielectric constant of
the gate-insulator and that (2) the induced charge flow (ie.,
drift current) is modulated by the applied drain voltage. These
two events mainly occur at the interface of the semiconductor-
insulator (e.g., graphene-patient sample), resulting in eqn (2)
and (3). Hence, by sensing the graphene-sample interfacial
difference, FET biosensors can detect the SARS-CoV-2 virus
through antibody-antigen binding interaction.®°°
Interestingly, Seo et al.”" fabricated a FET-based biosensor
in which the SARS-CoV-2 spike ‘antibody’ is functionalized to a
graphene sheet. The FET device could rapidly detect the cul-
tured and nasopharyngeal swab specimens from SARS-CoV-2
patients at low concentrations of 1 fg¢ mL™" in PBS. Further,
the FET biosensor detected SARS-CoV-2 in both culture
medium and clinical samples with LOD: 1.6 x 10" plaque-
forming unit (pfu) mL™" and 2.42 x 10” copies per mL, respect-
ively.”! Another real-time SARS-CoV-2 detection via GO-based

18192 | Nanoscale, 2023, 15, 18184-18197

FET biosensors decorated with bimetallic platinum and palla-
dium (Pt/Pd) nanoparticles was reported by Wasfi et al.”* The
authors underlined that the ‘magnetic’ spike antibody is
useful to increase the sensitivity of SARS-CoV-2 antigen detec-
tion. Here, the FET device with the GO channel creates a suit-
able surface for the direct immobilization of specific anti-
bodies against the SARS-CoV-2 spike protein. The high sensi-
tivity with an LOD of up to 1 fg mL™" towards the SARS-CoV-2
antigen in phosphate buffered saline (PBS) indicates the high
performance of this FET biosensor for SARS-CoV-2 diagnosis.

Surface plasmon resonance
biosensors

The surface plasmon resonance (SPR) sensor is an optical
sensor,'*'% affording rapid detection, accuracy, high sensi-
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tivity, and portability."°>*®” The light source'®® and geometric
configuration'® are the governing criteria for SPR sensors.
Commonly, the performances of SPR sensors are evaluated
using the following equations:

A6,
o Ans ’

(4)

where S is the bulk refractive index (RI) sensitivity, Ag; is the
change in the resonance angle and Ang is the change in the
refractive index of the analyte. The important parameters in
the resonance sensors are the small changes in the RI
measurements, and the lowest-quantity detection is defined as
follows:

S

FOM = ——,
FWHM

(5)

where FOM is the figure of merit and FWHM is the full-width
at half-maximum of the resonance spectrum.

LOD — m—a"?“k (6)

(a)
Hemoglobin 6
r\\ Samples in

~
~

SARS-CoV-2 U b
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where m is a numerical factor (~2 or 3) and opjani is the stan-
dard deviation of the blank measures. Considering the afore-
mentioned formality in the detection of the SARS-CoV-2 virus,
the structure of SPR has been continually modified with
different materials to enhance light absorption."'® Recently,
the graphene-based SPR sensors displayed a significant
improvement in both detectivity and sensitivity towards
SARS-CoV-2 based on the high light absorption coefficient and
the 2D material’s stability.'**!*>

For example, to increase light absorption for the detection
of ultra-low SARS-COV-2, Hossain and Talukder'"? reported the
analytical and numerical calculations of graphene-based SPR
sensors by integrating them with tungsten disulfide (WS,), pot-
assium niobate (KNbO;), black phosphorus (BP), and blue
phosphorus (BlueP). In the Kretschmann configuration,'®* the
positions of the incident light source, reflection and trans-
mission detection planes for sensitivity characterization were
simulated using a finite difference time domain (FDTD) tech-
nique. The sensor loaded with ACE-2 antibody on top of the
plasmon sensor was in contact with a 1.70 nm thick graphene
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Fig. 5 (a) Schematic diagram of twisted bilayer graphene (TBG)-enhanced SPR biosensor. (Reprinted from publication''! copyright @ 2023, with
permission from DE GRUYTER.) (b) Depicted COVID spike protein detection via graphene phononics in PBS and 2D Raman peak of graphene (green),
PBASE-modified graphene (orange), graphene-PBASE-antibody (red), and graphene-PBASE-antibody-spike protein (blue) structures and the attach-
ment of PBASE p-dopes graphene, and the subsequent attachment of antibody n-dopes. (c) The 2D peak position (inset (bottom, left)) and the
Fermi level of graphene change with various concentration ranges of the COVID spike protein in PBS. Similarly, the inset (top, right) shows the
change in the Fermi level of graphene at low concentrations of spike protein in an artificial saliva medium. (Reprinted from”® by the grant of the PMC
Open Access Subset from ACS Nano.) (d) Refractive index sensor designed using a metasurface-based slotted T-shape perfect absorber (reprinted
from publication”® copyright @ 2022, with permission from Elsevier).
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for both maximizing FWHM and reducing the R-profile. The
designed sensor having stable binding kinetics towards loaded
SARS-CoV-2 reached a LOD of 1 fM concentration (approxi-
mately 6 x 10° molecules) with a sensitivity of 201 degrees per
RIU and 140 RIU-1 FOM. According to Hossain and
Talukder,"*? the sensors could be useful for detecting
SARS-CoV-2 and other biological samples. Similarly,
Payandehpeyman et al.'** developed graphene-based nanome-
chanical resonator sensors (ie., detecting a change in the
mechanical response of the system when a foreign SARS-CoV-2
object is added) based on antibody-antigen interactions. For
this simulation, the variables were the single-layer graphene
sheet (SLGS) size, aspect ratio and boundary conditions, anti-
body concentration, and virus number variation. Accordingly,
they measured the frequency shift and relative frequency. The
result confirms that the simulated biosensor can detect
SARS-CoV-2 with LOD 10 virus/test with high quality."**
Captivatingly, the plasmonic-graphene biosensor with a four-
layer configuration (Al, Au, SiO,, and graphene) can detect
SARS-CoV-2 with a sensitivity of 664.8 nm RIU™" according to
Negahdar et al.’s work.""® In the case of Taya et al’s contri-
bution,"'® their SPR sensor is composed of three layers: Ag,
BiFeO;, and graphene. Here, the insertion of BiFeOj; into the
layered structure affords not only a high refractive index and
low loss but also an extremely high sensitivity of 293 deg
RIU.

Du et al.'’” developed a tunable plasmonic biosensor using
a 2D-twisted bilayer graphene superlattice on top of the plas-
monic Au layer (Fig. 5a) that can produce an ultralow reflectiv-
ity of 2.2038 x 107° and large Goos-Hinchen (GH) shift of
4.4785 x 10" pm. For a fixed RI variation of 0.0012 RIU, the
device with 44 nm AU and 55.3° twisted bilayer graphene
could produce a high GH sensitivity of 3.9570 x 10” pm RIU™?,
affording the detection of 2.0 nM SARS-CoV-2 via a linear vari-
ation of 3 x 107" RIU.

Nguyen et al.”®> reported a SARS-CoV-2 spike protein-
induced phononic modification in antibody-coupled graphene
for viral detection applications. In their work (Fig. 5b), gra-
phene, 1-pyrenebutanoic acid succinimidyl ester (PBASE)-
modified graphene, graphene-PBASE-antibody, and graphene
PBASE-antibody-spike protein phononic were studied using
Raman spectroscopy as a detection platform. In all cases, the
sensitivity is determined based on the change in the graphene
2D-phononic vibrational mode. As shown in Fig. 5b, after
coupling the spike protein on the graphene PBASE, a blue
shift on the 2D peak as a result of the p-doping of graphene
was observed. This phenomenon can be directly correlated
with the change in the Fermi level of graphene by p-doping.
Consequently, the sensor’s sensitivity (Fig. 5¢) was measured
by the shift in the Fermi level as a function of SARS-CoV-2
spike protein concentrations in phosphate-buffered saline
(PBS). The chemio-phononic system can be detected at LODs
of ~1 fg mL™" in PBS and ~3.75 fg mL ™" in artificial saliva (see
Table 1). The authors suggested that their detection method
could be further modified to diagnose other COVID viral var-
iants and diseases.
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Furthermore, Patel et al.”® proposed a novel refractive index
sensor (RIS) for the detection of ethyl butanoate
(CH3CH,CH,COOCH,CH3;) arising from the exhaled breath of
SARS-CoV-2-infected persons, which is based on graphene’s
characteristics, such as its high surface area and easy
functionalization. Fig. 5d shows the metasurface-based slotted
T-shape perfect absorber RIS with a configuration of Au/MgF,/
graphene/Au. Finally, they obtained the highest sensitivity of
2500 nm RIU™" with an LOD of 0.0224 RIU when the concen-
tration of exhaled breath of SARS-CoV-2 was changed.

Conclusions and perspectives

Herein, we briefly reviewed the recent progress on graphene-
based biosensors (e.g., electrochemical, FET, and SPR) with
the function of recognition and transduction for detecting the
SARS-CoV-2 target. Compared to the current polymerase chain
reaction (PCR) test for COVID-19, the aforementioned methods
have a huge potential to provide a rapid, accurate and simple
detection at low cost. Furthermore, these new diagnostic
methods can secure a point-of-care (POC) platform, also called
near-patient testing, to control the spread of the variant
SARS-CoV-2 virus. For this purpose, if biosensors were inte-
grated into portable devices, such as smartphones and wear-
able watches, it would result in real-time SARS-CoV-2 detection
as an ideal scenario. Apparently, graphene with a 2D-hexag-
onal honeycomb lattice is believed to play an important role in
this sensor technology. However, its special characteristics,
such as 2D (a limited surface area) and zero bandgap (the pres-
ence of free charge carriers, as in doped semiconductors),
could simultaneously act as some disadvantages. Hence, for
further improving the sensitivity of graphene-based bio-
sensors, the 2D/3D nanostructural control on top of the 2D-
graphene layer should be recommended. To this end, a gold
(Au) nanoparticular structure with a high surface area should
be continuously useful for sufficiently functionalizing anti-
bodies (e.g., ssDNA aptamer), detecting SARS-CoV-2 targets
through specific affinity by forming an antibody-antigen
complex. Finally, the R&D activities, both experimental and
theoretical, for eventual mass-production of biosensors with
low cost, stability and high performance, should be continued
in this post-pandemic era to tackle the coronavirus-like infec-
tious disease in the future.
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