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Abstract: COVID-19, a viral respiratory illness, is caused by Severe Acute Respiratory Syndrome
Corona Virus 2 (SARS-CoV-2), which was first identified in Wuhan, China, in 2019 and rapidly
spread worldwide. Testing and isolation were essential to control the virus’s transmission due to
the severity of the disease. In this context, there is a global interest in the feasibility of employing
nano-biosensors, especially those using graphene as a key material, for the real-time detection of the
virus. The exceptional properties of graphene and the outstanding performance of nano-biosensors
in identifying various viruses prompted a feasibility check on this technology. This paper focuses on
the recent advances in using graphene-based electrochemical biosensors for sensing the SARS-CoV-2
virus. Specifically, it reviews various types of electrochemical biosensors, including amperometric,
potentiometric, and impedimetric biosensors, and discusses the current challenges associated with
biosensors for SARS-CoV-2 detection. The conclusion of this review discusses future directions in
the field of electrochemical biosensors for SARS-CoV-2 detection, underscoring the importance of
continued research and development in this domain.
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1. Introduction
1.1. SARS-CoV-2 and Biosensors

SARS-CoV-2 is the virus that causes COVID-19. It is a member of the coronavirus
family, which also includes SARS-CoV and MERS-CoV. The epidemiology of SARS-CoV-2
continues to evolve as more is learned about the virus and its transmission. Monitoring
cases and implementing public health measures to prevent the spread of the virus remain
key components for controlling the COVID-19 pandemic. Some key epidemiological
features of SARS-CoV-2 are outlined below.

e  Transmission: SARS-CoV-2 is primarily transmitted through respiratory droplets
when an infected person coughs, sneezes, or talks [1]. The virus can also be spread by
touching a surface contaminated with the virus and then touching one’s face. Airborne
transmission is also possible in certain settings, particularly enclosed spaces with poor
ventilation [2].

e Incubation period: The incubation period for SARS-CoV-2 ranges from 2 to 14 days,
with an average of 5 to 6 days. However, some people may develop symptoms outside
of this range [3].

e Symptoms: The most common symptoms of COVID-19 include fever, cough, and
shortness of breath. Other symptoms may include fatigue, body aches, headache,
loss of smell or taste, sore throat, congestion, and runny nose. Some people may be
asymptomatic, meaning they do not have any symptoms.
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e  Severity: COVID-19 can range in severity from mild to severe illness and can be fatal
in some cases. Older adults and people with underlying health conditions, such as
diabetes, obesity, heart disease, or weakened immune systems, are at a higher risk for
severe illness and death [4].

e  Case fatality rate: The case fatality rate (CFR) for COVID-19 varies by age and under-
lying health conditions. The overall global CFR has been estimated to be around 0.9%
as of February 2023 [5].

e  Variants: SARS-CoV-2 has mutated over time, leading to the emergence of several
variants of concern (VOCs) and variants of interest (VOIs). VOCs include the Alpha,
Beta, Gamma, and Delta variants, which are believed to be more transmissible and
potentially more severe than the original strain of the virus. VOIs include several
other variants with mutations that may impact transmission, severity, or immune
response [6].

e  Global impact: Since the start of the pandemic, COVID-19 has spread to virtually
every country in the world, causing significant morbidity and mortality (Figure 1).
As of 17 March 2023, there have been over 760 million confirmed cases and over
6.8 million deaths reported globally [5]. The impact of the pandemic has also had
significant economic and social consequences, including disruptions to healthcare
systems, education, and employment [7].

Global cumulative cases of COVID-19 reported

| | B [ —
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Cumulative Cases reported

Figure 1. Global cumulative cases of COVID-19 (Reproduced with permission from [8]).

Structurally, SARS-CoV-2 is a single-stranded, positive-sense RNA virus that belongs
to the coronavirus family. It is approximately 120-160 nm in diameter and has a character-
istic “corona” or crown-like appearance due to the presence of spike proteins on its surface.
These spike proteins bind to ACE2 receptors in human cells, allowing the virus to enter and
infect the host cell. The virus is enclosed in a lipid bilayer envelope, which is derived from
the host cell’s membrane. The envelope contains spike proteins and other viral proteins
that play a role in viral replication and host cell entry [9]. The viral genome is approxi-
mately 30 kilobases in length and encodes for several structural and non-structural proteins
(Table 1), including the spike protein, the envelope protein, the membrane protein, the
nucleocapsid protein, and the viral enzymes required for replication (such as the protease
and the RNA-dependent RNA polymerase) (Figure 2). Once the virus enters the host cell,
it uses the host’s cellular machinery to replicate and produce new viral particles. It also
suppresses the host’s immune response to enable its replication [10].
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Figure 2. The basic framework of SARS-CoV-2 consists mainly of structural proteins, including spike

(S), membrane (M), envelope (E), and nucleocapsid (N). The envelope is composed of a lipid bilayer
that originates from the host cell membrane and encases the S, M, and E proteins. The N protein
interacts with the viral RNA located at the center of the virion. (Reprinted with permission from [11]).

Table 1. The function of the structural proteins of SARS-CoV-2 (Reprinted with permission from [12]).

Protein Function

Spike (S) Binds and fuse to the host cell receptor and induces infection and transmission.
Nucleocapsid (N) Binding to the viral RNA genome is critical for viral replication and genome packaging.
Membrane (M) Viral assembly and shaping viral envelope.

Envelope (E) Formation of the viral envelope.

The COVID-19 pandemic caused by the SARS-CoV-2 virus has highlighted the critical
need for rapid and accurate diagnostic tools. Traditional methods for diagnosing viral
infections, such as PCR and ELISA, have been widely used, but they have limitations
in terms of cost, complexity, and turnaround time [13]. Biosensors offer a promising
alternative for the rapid and sensitive detection of SARS-CoV-2 [14]. Biosensors are devices
that combine biological recognition elements, such as antibodies or nucleic acids, with a
transducer to convert the biological signal into a measurable signal. The development
of novel biosensors for SARS-CoV-2 detection has several advantages over traditional
methods. These include:

e  Rapid detection: Biosensors can provide results in minutes or even seconds, which is
crucial for timely diagnosis and treatment.

e  High sensitivity: Biosensors can detect very low concentrations of the virus, which is
important for early detection and surveillance.

e  Low cost: Biosensors can be produced at a lower cost than traditional methods, making
them more accessible in resource-limited settings.

e  Portable: Biosensors can be designed to be portable, allowing for point-of-care testing
in remote or underserved areas.

e Non-invasive: Biosensors can detect the virus from various sources, including saliva,
urine, and breath, without the need for invasive sampling methods.

In the case of SARS-CoV-2, biosensors can be used to detect the virus in various sam-
ples, including respiratory samples (e.g., nasopharyngeal swabs), blood, and urine. There
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are different types of biosensors that are capable of detecting SARS-CoV-2, such as opti-
cal biosensors [15], electrochemical biosensors [16], piezoelectric biosensors [17], thermal
biosensors [18], magnetic biosensors [19], acoustic biosensors [20]. Among these, one of the
most common types of biosensors used for SARS-CoV-2 detection is the electrochemical
biosensor. These biosensors can use antibodies or nucleic acids specific to SARS-CoV-2 to
detect the presence of the virus in a sample. They have high sensitivity and specificity and
can provide results relatively quickly [21,22]. Biosensors can provide a rapid, easy-to-use,
and cost-effective alternative to traditional diagnostic methods and are being developed
to detect SARS-CoV-2 in various settings, including hospitals, laboratories, and point-of-
care settings [23]. Nanomaterials, especially carbon nanomaterials in particular [24], have
shown considerable potential for improving biosensor performance [25].

1.2. Graphene in Biosensor

Graphene is a two-dimensional material that consists of a single layer of carbon atoms
arranged in a hexagonal lattice. Graphene is highly sensitive towards the detection of
biological recognition elements because of its unique properties such as:

e  High surface area and conductivity allow efficient capture and transduction of biomolec-
ular interactions [26].

e High optical transparency and tunability enable optical sensing methods such as
fluorescence, Raman scattering, and plasmon resonance [27].

e High mechanical flexibility and stability enable the fabrication of various device
architectures, such as crumpled graphene or graphene nanoribbons [28].

Compared to other sensing materials such as gold, silicon, or carbon nanotubes,
graphene has advantages such as lower cost, higher sensitivity, faster response time, and
better biocompatibility [29]. Graphene has been extensively studied in the development of
electrochemical biosensors due to its unique properties. Graphene-based electrochemical
biosensors have been used for the detection of various biomolecules such as glucose [30],
dopamine [31], cholesterol [32], nucleic acids [33], enzymes [34], proteins [35], etc. The
detection mechanism of these biosensors is based on the immobilization of biomolecules on
the graphene surface, which leads to a change in the electrical properties of graphene upon
the binding of the target analyte. One of the most common strategies for the immobilization
of biomolecules on graphene is the covalent functionalization of graphene [36] with reactive
groups such as carboxylic acids [37], amines [38], and thiols [39]. The functionalized
graphene can then be used to immobilize biomolecules through covalent bonding or
physical adsorption. Another approach for the development of graphene-based biosensors
is the use of graphene oxide (GO), which is a derivative of graphene. GO has hydrophilic
functional groups such as carboxylic acid and hydroxyl groups, which makes it easy to
disperse in aqueous solutions [40]. GO can be easily functionalized with biomolecules
through non-covalent interactions such as 7-7 stacking and electrostatic interactions [41].
Overall, graphene-based electrochemical biosensors have shown great potential in the field
of biosensing [42] (Figure 3).
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Figure 3. This diagram depicts a didactical plan for showcasing how a graphene-based sensor could
function as a versatile detection platform for a range of substances, such as gases, organic molecules,
microbial cells, and biomolecules. By immobilizing metallic nanoparticles, DNA, antibodies, and
polymeric compounds on the surface of the graphitic materials, the sensitivity of the graphene-based
electrodes can be fine-tuned to suit specific detection requirements (Reprinted with permission
from [43]).

Thus, graphene-based electrochemical biosensors have been extensively employed for
the detection of SARS-CoV-2. These biosensors typically use pristine graphene, graphene
oxide (GO), or reduced graphene oxide (rGO) as the sensing material. They can be function-
alized with specific antibodies that bind to the viral proteins [44], such as the nucleocapsid
protein or the spike protein, which are found on the surface of the virus (Figure 4).
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Figure 4. The primary components of a graphene-based biosensor. (Reprinted with permission
from [45]).
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In electrochemical biosensors, the functionalized graphene is used as a working
electrode, and the sensor is completed upon referencing and a counter electrode [33]. The
presence of the virus in a sample can be detected by measuring the change in current at
the working electrode caused by the binding of the viral proteins to the antibodies on the
graphene surface.

The high surface area and excellent electrical conductivity of graphene make it an
attractive material for use in electrochemical biosensors [46]. These biosensors are a highly
sensitive, selective, and rapid method for the detection of SARS-CoV-2 [47]. Additionally,
graphene-based biosensors can be integrated with microfluidic devices for sample prepa-
ration and manipulation, which can further enhance the sensitivity and specificity of the
biosensors [48].

In addition, graphene-based biosensors can also be integrated with other detection
techniques, such as Raman spectroscopy or surface-enhanced Raman spectroscopy (SERS),
to detect viral proteins. In these biosensors, the binding of the viral proteins to the antibod-
ies on the graphene surface results in a change in the Raman signals that can be used to
quantitatively or qualitatively detect the presence of the virus in the sample [49]. Overall,
graphene-based biosensors have the potential to be a highly sensitive, selective, and rapid
method for the detection of SARS-CoV-2 [50].

2. Electrochemical Biosensors for the Detection of SARS-CoV-2

An electrochemical biosensor is a type of biosensor that uses an electrode to detect
the presence of a specific biomolecule, such as the SARS-CoV-2 virus. Electrochemical
biosensors work by immobilizing specific biomolecules, such as antibodies or nucleic acids,
on the surface of an electrode [51]. When the target biomolecule, such as the SARS-CoV-2
virus, is present in a sample, it binds to the immobilized biomolecules on the electrode
surface. This binding causes a change in the electrical properties of the electrode, which can
be measured and used to detect the presence of the virus. Electrochemical biosensors can
provide rapid results and have high sensitivity and specificity for detecting SARS-CoV-2,
making them a promising tool for COVID-19 diagnostics. The reaction under examination
would typically create a quantifiable current (amperometric), a measurable potential or
charge buildup (potentiometric), or a measurable impedance (impedimetric). The pros and
cons of different types of electrochemical biosensors are listed in Table 2.

Table 2. Pros and cons of different types of electrochemical biosensors.

Biosensor Type

Pros

Cons

High sensitivity, low detection limit, and

Requires a high potential to operate, susceptible to interference

Amperometric : from other electroactive species, may suffer from electrode
fast response time . . - . .
fouling and drift over time, may require a redox mediator
Low cost, easy to use, and good stability, .. e . . .
. . . y L & Y Limited sensitivity, slow response time, large sensor size, high
Potentiometric suitable for continuous .
- o cost, the signal can be affected by pH and temperature changes
real-time monitoring,
Requires complex instrumentation, lower sensitivity compared
High sensitivity, low detection limit, fast ~ to amperometric and potentiometric biosensors, can be affected
Impedimetric response time, good specificity, ability to by variations in solution conductivity, may require additional

detect changes in interfacial properties instrumentation for measurement, may require specialized

surface functionalization

It is important to note that the advantages and limitations listed here are not exhaustive
and may vary depending on the specific application and the desired performance character-
istics. Furthermore, the choice of biosensor type will depend on various factors, including
the target analyte, the sample matrix, and the intended use case for SARS-CoV-2 detection.
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2.1. Amperometric Biosensors for the Detection of SARS-CoV-2

Amperometric biosensors are a type of biosensor that uses an electrochemical tech-
nique called amperometry to detect analytes of interest. In the case of SARS-CoV-2, amper-
ometric biosensors can be used to detect the viral antigen or antibodies in a sample. These
biosensors are used to measure the current generated by the oxidation or reduction of the
analyte at the working electrode [52]. Here, the biosensor surface is altered with antibodies
or antigens that attach to SARS-CoV-2 proteins for detection. When the biosensor interacts
with a sample containing the virus, a shift in current at the working electrode occurs,
indicating the presence of the virus [53].

2.1.1. Using Graphene

For the fast, facile, and remote evaluation of SARS-CoV-2 biomarkers (antigen, anti-
bodies, and C-reactive protein) through the analysis of COVID-19 patient blood and saliva
samples, Rodriguez et al. [54] used laser-engraved graphene (LSG) to create an affordable
ultrasensitive portable telemedicine electrochemical platform (Figure 5). The SARS-CoV-2
RapidPlex boasts a range of features that make it an attractive testing option for COVID-
19. These features include high sensitivity, low cost, ultra-fast detection, wireless remote
capabilities, and multiplexed sensing, which can provide valuable information on three
important aspects of the disease: viral infection (NP), immune response (IgG and IgM),
and disease severity (CRP). The tasks were accomplished by binding individual receptors
to the graphene surface through covalent bonding. To attach the necessary receptors to the
graphene layer, pyrenebutyric acid (PBA) was utilized as a linker. The LOD values of these
three biomarkers are as follows: for nucleocapsid protein, LODs were 0.1 pg/mL (serum)
and 0.5 ng/mL (saliva). For S1-IgG LODs were 2 ug/mL (serum) and 0.2 pg/mL (saliva),
for S1-IgM LODs were 20 pg/mL (serum) and 0.6 ng/mL (saliva), and for CRP LODs were
10 pg/mL (serum) and 0.1 pg/mL (saliva).

A y' Detection

% SARS-CoV-2 Ho HRP e HOg
v gh, 19G

E% Immune Respanse :
/ Hay HRP,, HO,,

Y - avm ]
* ——— $C2 RopidPlex
- Wy

Bleod

Figure 5. The SARS-CoV-2 RapidPlex is a telemedicine platform based on wireless graphene tech-
nology that can quickly and simultaneously detect SARS-CoV-2 in blood and saliva using multiple
electrochemical sensors. (A) The figure depicts the SARS-CoV-2 RapidPlex multisensor telemedicine
platform, which utilizes multiple sensors to detect SARS-CoV-2 viral proteins, as well as IgG and
IgM antibodies and the inflammatory biomarker C-reactive protein (CRP). The platform is capable of
wirelessly transmitting data to a mobile user interface. The working electrode (WE), counter electrode
(CE), and reference electrode (RE) are essential components in the detection process. (B) Graphene
sensor arrays are capable of mass production through laser engraving. (C) A picture of a flexible and
disposable array made of graphene. (D) A visual depiction of the SARS-CoV-2 RapidPlex system, in
which a graphene sensor array is connected to a printed circuit board to enable signal processing and
wireless communication. (Reprinted with permission from [54]).
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For improved immobilization of the plant-based anti-SARS-CoV-2 monoclonal anti-
body CR3022 (Nicotiana benthamiana), cellulose nanocrystals were adhered to screen-printed
graphene electrodes. The modification resulted in an increased presence of COOH func-
tional groups on the surface of the electrode, which was found to enhance the ability of the
electrode to immobilize antibodies to a significant extent. The presence of the SARS-CoV-2
receptor binding domain (RBD) was then quantified by Jaewjaroenwattana et al. [55] using
differential pulse voltammetry (DPV) by observing the changing current of a [Fe(CN)6]3~/4~
redox solution with a LOD value of 2.0 fg/mL. The suggested electrochemical paper-based
device could be effectively used to identify SARS-CoV-2 from nasopharyngeal swabs and
saliva samples.

Ali et al. [56] employed aerosol jet 3D printing to create a reusable microfluidic
biosensor with an array of 3D micro-length-scale electrode architecture. An intermediary
layer of nano-graphene was used to coat the Au micropillar array, and the resulting
structure was immobilized with N proteins utilizing EDC: NHS chemistry-based covalent
conjugation before it was finally combined with a microfluidic channel. The designed
electrochemical cell could detect SARS-CoV-2 antibodies to the N protein in seconds by
monitoring antibody-antigen interaction. High sensitivity and a low LOD (13 {M) were
established by the 3D electrode array because it minimizes the diffusion length for the
electrochemical cell with radial ionic species diffusion.

To diagnose COVID-19, Beduk et al. [57] created a Laser-scribed graphene-based (LSG)
electrochemical sensing system using 3D Au nanostructures to incorporate electroactive
groups into an Au-modified LSG surface, where cysteamine and EDC: NHS were used as
cross-linking agents. COOH groups on the electrode surface could covalently bind with
amino-functionalized biorecognition elements, enabling the immobilization of carboxylic-
rich anti-spike protein antibodies. Bovine serum albumin (BSA) was used to stabilize
sensing performance in complex matrixes by preventing nonspecific interactions before
spike protein detection. Following the appropriate surface modifications, this electrode
was treated with the SARS-CoV-2 spike protein antibody. Due to its simplicity of use,
accessibility, and organized data management, the smart antibody sensor was subsequently
combined into a portable POC detection device that could be supervised by a customized
smartphone application.

The 1-pyrene butyric acid N-hydroxysuccinimide ester (PBASE) linker was used to
functionalize the graphene working electrode by Mojsoska et al. [58] to attach SARS-CoV-2
spike-specific antibodies. To establish the detection of the spike protein, the immunosensor
surface was subjected to increasing antigen concentrations, and the resulting absolute
change in the [Fe(CN)6]*~/4~ current was measured. Only the SARS-CoV-2 spike protein
could bind to the antibodies once the sample was added. The objective of the immunosensor
was to identify signal alterations that result from SARS-CoV-2 antigen binding during a
45 min incubation period, and the resultant LOD was 260 nM.

To precisely detect the Delta variant of SARS-CoV-2, Yang et al. [59] developed a
biosensor using graphene/chitosan as a substrate, which resulted in a high specific surface
area and carrier mobility. The sensor was designed to immobilize sgRNA /dCas9 (dRNP)
on its substrate to enable specific binding to the target nucleic acid of the SARS-CoV-2
Delta variant (Delta). The presence of sgRNA and the protospacer adjacent motif (PAM)
site facilitated the binding process. The interaction between dRNP and the target DNA
was responsible for the change in the electrochemical current signal, which was further
amplified using the embedded electrochemical probe [Ru(Phen)2dppz]BF4. Among other
variations of SARS-CoV-2 (Alpha, Beta, and Gamma), the biosensor was able to specifically
recognize Delta with a LOD of 1.2 pM.

For quick, accurate, label- and amplification-free SARS-CoV-2 detection, a graphene
electrode was integrated into a flexible printed circuit board (PCB) by Damiati et al. [60].
To demonstrate the concept, a synthetic DNA strand matching the viral RNA sequence was
detected using a two-step procedure that involved immobilization of a biotinylated com-
plementary sequence on a surface modified with streptavidin, subsequently hybridization
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with the target sequence and recording the result using the DPV technique with a LOD of
100 fg/mL in the presence of a ferro/ferricyanide redox couple.

Jietal. [61] created a graphene microelectrode-based self-actuated molecular-electrochemical
system (MECS) containing a tentacle and a trunk, both made of DNA nanostructure for the
detection of SARS-CoV-2 viral RNA. To optimize biorecognition and prevent pseudo-signal, the
probe and electrochemical label on the tentacle remained upright. In the presence of targeted
nucleic acids, the adjacent tentacles spontaneously modify their shape, producing electrochemical
responses with a LOD of 0.025 copies/ uL.

A facile, non-enzymatic electrochemical sensor for the detection of SARS-CoV-2 cDNA
was developed by Silva et al. [62] using a disposable, low-cost graphene polylactic (G-PLA)
3D-printed electrode modified with Au nanoparticles. Through a complex reaction with
creatinine, the Au nanoparticles that were deposited on the electrode facilitated a reduc-
tion in the analytical response, leading to the development of a fast and straightforward
electroanalytical device. This sensor was based on the immobilization of a viral cDNA
capture sequence onto the reformed electrode and could detect viral cDNA at a level of
0.30 umol/L.

Tabrizi et al. [63] electrochemically produced a nanoporous anodic aluminum oxide
membrane (NPAOM), then modified it with 3-mercaptopropyl trimethoxysilane (NPAOM-
Si-SH) and decorated it with Au nanoparticles using Au ions and sodium borohydride.
The resulting NPAOM-5i-S-Aunano, was affixed to the surface of a laser-engraved graphene
electrode (LEGE) and placed inside a 3D-printed flow cell. Finally, a thiolated aptamer
was introduced into the flow cell using a pump. The sensor’s electrochemical perfor-
mance was studied using square wave voltammetry (SWV), and its response to different
concentrations of SARS-CoV-2-RBD was assessed within an environment containing potas-
sium ferrocyanide acting as a redox probe. The sensor’s detection limit was found to be
0.8 ng/mlL, and it exhibited good selectivity for SARS-CoV-2-RBD even in the presence of
other interfering agents in the human saliva sample.

An aptasensor was created by Tabrizi et al. [64] to identify the RBD of the SARS-CoV-2
virus using methylene blue (MB) encapsulated in a mesoporous silica film (MPSF). Amino-
functionalized MPSF was electrochemically synthesized on the LEGE surface using silicon
precursor and a template molecule (cetyltrimethylammonium bromide). The template was
removed to encapsulate MB inside the MPSF (MB@MPSF). Finally, aptamer probes were
immobilized on the MPSF surface to selectively interact with SARS-CoV-2-RBD, forming
the aptasensor. When the virus was present, aptamers with a strong attraction to the
virus were removed from the electrode surface to bind to the virus. The electrical signal
was measured using SWYV in saliva samples, with a detection limit of 0.36 ng/mL. The
aptasensor exhibited high selectivity for detecting 32 ng/mL SARS-CoV-2-RBD in the
presence of C-reactive protein, hemagglutinin, and neuraminidase of influenza A virus, as
demonstrated by selectivity factor values of 35.9, 11.7, and 17.37, respectively.

For the rapid detection of COVID-19, an electrochemical sensor was developed by
Primpray et al. [65] employing a graphene screen-printed electrode (GSPE) that was modi-
fied with poly (pyrrole propionic acid) because of its high carboxyl group content, which
was needed for covalent binding with the SARS-CoV-2 RBD antibody. By competing with
the capturing antibody for binding to the HRP-conjugated SARS-CoV-2 antigen, the SARS-
CoV-2 RBD protein reduced the electrochemical current signal, allowing SARS-CoV-2 to be
detected. The procedure employed a competitive enzyme immunoassay approach using
SARS-CoV-2 coupled to horseradish peroxidase as a reporter binding molecule, which
competes with the binding of an antibody against the SARS-CoV-2 receptor binding do-
main protein. The measurements produced a linear range of 0.01-1500 ng/mL, with low
detection limits of 2 pg/mL and low quantification limits of 10 pg/mL.

2.1.2. Using Graphene Oxide

Kumar et al. [66] developed a bioreceptor based on peptides from human angiotensin-
converting enzyme-2 (hACE-2) and utilized it to detect the SARS-CoV-2 spike protein



Inorganics 2023, 11, 197

10 of 28

RBD. By adding MB electro-adsorbed GO to disposable carbon-SPE, they developed a
platform for SARS-CoV-2 detection that is both inexpensive and readily scalable. Cyclic
voltammetry (CV) and chronoamperometry (CA) were used to determine the concentration
of spike proteins with minimum detection levels as low as 0.58 pg/mL and 0.71 pg/mL,
respectively, in nasal/oral swab samples.

For the determination of SARS-CoV-2 spike protein, integration of bovine serum
albumin and SARS-CoV-2 spike antibody in either a functionalized GO-modified glassy
carbon electrode (BSA/AB/f-GO/GCE) or a screen-printed electrode (BSA /AB/{-GO/SPE)
were used by Liv et al. [67]. Both the BSA/AB/{-GO/SPE and BSA /AB/{-GO/GCE sensors
were able to detect 1 ag/mL of viral spike protein in synthetic, saliva, and oropharyngeal
swab samples.

Fixed /screen-printed electrodes and the distinctive fingerprint of SARS-viral CoV-2's
glycoproteins were used by Hashemi et al. [68] to develop a fast electrochemical biosensor.
The working electrode of the sensor was activated by covering it with a layer of GO and
sensitive chemical compounds (EDC: NHS), as well as gold nanostars. The sensor could
detect viral traces in the aqueous biological medium, such as blood, by interacting with
the active functional groups of the SARS-CoV-2 glycoproteins with a limit of detection of
1.68 x 10722 pg/mL.

Using calixarene-functionalized GO, Zhao et al. [69] have developed an ultrasensitive
electrochemical detection method for detecting SARS-CoV-2 RNA. The method was pri-
marily based on a super sandwich-type recognition approach and was able to detect the
RNA of SARS-CoV-2 using a portable electrochemical smartphone without the need for
nucleic acid amplification and reverse transcription. The LOD for the clinical specimen was
200 copies per milliliter.

Sadique et al. [70] have created electrochemical immunosensor systems based on GO-
Au nanocomposites for the simultaneous detection of SARS-CoV-2 antigens and antibodies.
The features of the created GO-Au nanocomposites include strong conductivity, exceptional
biocompatibility, and high surface functionality. The immunosensors were subjected to
rigorous analysis using a redox electrolyte and synthetic samples, followed by validation
using patient serum and nasopharyngeal swab samples to ensure accurate dual detection.
Excellent sensitivity was exhibited by the SARS-CoV-2 antigen immunosensor with a LOD
of 3.99 ag/mL, and the SARS-CoV-2 antibody immunosensor had a LOD of 1 fg/mL.

A specialized and highly responsive paper-based electrochemical immunosensor was
created by Yakoh et al. [71] to detect immunoglobulins produced against SARS-CoV-2
(Figure 6). Through embedded GO, the working ePAD was used to immobilize spike
protein RBD, which selectively binds to both IgG and IgM SARS-CoV-2 antibodies. The
presence of SARS-CoV-2 antibodies interfered with the redox conversion of the redox
indicator, leading to a reduction in the current. Clinical sera from actual patients were used
to demonstrate the effectiveness of this electrochemical sensor, and the results showed a
LOD of 1 ng/mL.

Electrochemical biosensors were created by Liv et al. [72] using EDC:NHS functional-
ized GO and modified glassy carbon electrodes in combination with wildtype and omicron
SARS-CoV-2 nucleocapsid antibodies. These biosensors were able to detect the antigen in
nasopharyngeal swab samples, and the lowest detection levels were 0.76 and 0.24 ag/mL
for wildtype and omicron SARS-CoV-2 nucleocapsid antigen protein, respectively.
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Figure 6. The COVID-19 ePAD device (A) the various parts of the device, (B) the method of detection,
and (C) the steps involved in the detection process. (Reprinted with permission from [71]).

2.1.3. Using Reduced Graphene Oxide

In order to improve the performance of an indium tin oxide (ITO) electrode, El-Said
et al. [73] produced a reduced porous graphene oxide (rPGO) material coated with gold
nanoparticles. The resulting Au NPs@rPGO modified ITO electrode was utilized as both
a surface-enhanced Raman spectroscopy-active surface and a working electrode. The
Raman signals and electrochemical conductivity were improved through the utilization
of Au nanoparticles and porous graphene. Using this modified electrode, a COVID-19
protein-based biosensor was developed by immobilizing anti-COVID-19 antibodies, which
was then used as a probe to capture COVID-19 protein. This biosensor was able to detect
COVID-19 protein within a concentration range of 100 nmol/L to 1 pmol/L with a limit of
detection of 75 fmol /L.

A facile electrochemical biosensor was developed by Braz et al. [74] using a peptide
that binds to graphene as the recognition site for detecting antibodies against SARS-CoV-2.
The sensor was fabricated by applying a solution of the peptide and rGO to an SPE. The
biosensor’s response was based on changes in the faradaic signal of an electrochemical
probe that occur during the formation of an immunocomplex. Results showed that the
sensor had a low LOD of 0.77 ug/mL for detecting antibodies (Figure 7). The platform’s
ability to exhibit high selectivity, which may be credited to the peptide, was exemplified
by the reduction in the percentage of current observed for samples containing antibodies
against the SARS-CoV-2 S protein and an increase in the presence of other tested antibodies.
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Figure 7. Schematic representation of immunosensor fabrication steps (Reprinted with permission
from [74]).

2.1.4. Using Graphene Quantum Dots

A new method was devised by Martins et al. [75] for constructing immunosensors
by attaching biological material to a screen-printed carbon electrode (SPE) that has been
modified with electrodeposited Graphene Quantum Dots (GQD) and polyhydroxybutyric
acid (PHB). The resultant electrode was employed as a functional substrate to recognize
SARS-CoV-2 spike protein RBD to detect Anti-S antibodies with a LOD value of 100 ng/mL
(Figure 8).
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Figure 8. Inmunosensor development stages (Reprinted with permission from [75]).
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The prior discussion of Amperometric biosensors based on graphene for detecting

SARS-CoV-2 is summarised in Table 3.

Table 3. Graphene-based Amperometric Biosensors for The Detection of SARS-CoV-2.

ﬁ?;gf:lb on Target :‘Eg‘g;’f Detection Detection Range Sensitivity Response Time Ref.
. . Nucleocapsid protein
Nucleocapsid protein 0.1-0.8 pig/mL (serum)
0.1 ug/mL (serum) and -
. and 0.5-2.0 ng/mL (saliva)
0.5 ng/mL (saliva) 110G 2-40 L
S1-IgG 2 g /mL (se-rgm) and he/m
Nucleocapsid protein,  (serum) and 0.2 pg/mL - .
S1-IgG, S1-IgM and (saliva) 212 Iof/[ E‘g/ Slf)‘L (s/ah"f‘) 16.28 nA mLng ! 1 min Rodriguez et al. [54]
C-reactive protein S1-IgM 20 pg/mL gVl 20-00 pg/mi
(serum) and 0.6 ng/mL (serum) and
! ] 0.6-5.0 pg/mL (saliva)
(saliva) CRP 10-20 pig/mL
CRP 10 pg/mL (serum) (serum) an d“g
Graphene and 0.1 pg/mL (saliva) 0.1-05 p1g/mL (saliva)
i i 120 min Jaewjaroenwattana
Nucleocapsid Protein 2.0 fg/mL 0.1 pg/mL to 500 ng/mL NA (incubation time) etal. [55]
glr‘:fi{fg;;l”‘d 13fM 100 M to 1nM NA 10s Alietal. [56]
Spike protein 2.9ng/mL 2.9 to 500 ng/mL NA ?i(l)nr‘r;)in (incubation Beduk et al. [57]
Spike protein 260 nM NA NA ﬁn?)l n (incubation Mojsoska et al. [58]
Delta Variant (RNA) 12pM 4 pMto 4 nM NA 47 min Yang et al. [59]
30 min
RNA 100 fg/mL 100 fg/mL to 1Tug/mL NA (hybridization Damiati et al. [60]
time)
30 min for
RNA 0.025 copies/ L NA NA g‘;‘;blaigif floerss Jietal. [61]
detection
30 min
cDNA 0.30 umol/L NA 0.583 A pmol 1 L (hybridization Silva et al. [62]
time)
RBD 0.8 ng/mL 2.5t0 40.0 ng/mL NA fl?nfg)m (incubation  p i et al. [63]
RBD 0.36 ng/mL 0.5 to 250 ng/mL NA 30 min ) ) Tabrizi et al. [64]
RBD 2 pg/mL 0.01 to 1500 ng/mL NA z?nrg)m (incubation Primpray et al. [65]
~1
Spike protein 0.58 pg/mL 1pg/mLto1 pug/mL 0'017025 mA/pg mL NA Kumar et al. [66]
cm
Graphene Oxide Spike Protein 1ag/mL 1ag/mL to 10 fg/mL 93.3% 5 min Liv etal. [67]
p P g g g
Glycoprotein 168 x 1072 pg/mL NA ?LOAOﬁZ R 1 min Hashemi et al. [68]
RNA 200 copies/mL NA NA NA Zhao et al. [69]
Nucleocapsid protein . Antigen (10.0 ag/mL to
and immunoglobulin 2;12%?; (3(19 % ?gfxli)) 50.0 ng/mL) Antibody NA NA Sadique et al. [70]
(Ig) G yOls (1.0 fg/mL to 1.0 ng/mL) o .
IgG and IgM 1ng/mL 1 to 1000 ng/mL 100% z?nrg)m (incubation Yakoh et al. [71]
Nucleocapsid protein 0.24 ag/mL 1ag/mL to 10 fg/mL NA Livetal. [72]
Reduced Spike protein 39.5 fmol/L 100 nmol/L to 500 fmol/L NA NA El-Said et al. [73]
Graphene Oxide Immunoglobulin G 0.77 ug/mL NA NA 60 min Braz et al. [74]
Graphene Anti-5 antibodies 100 ng/mL 100ng/mLto10 pg/mL  NA 120 min Martins et al. [75]

Quantum Dots

(IgG)

2.2. Potentiometric Biosensors for the Detection of SARS-CoV-2

Biosensors based on the notion of electrochemical potential are called potentiometric
biosensors. SARS-CoV-2 antigens or antibodies can be detected in a sample using potentio-
metric biosensors. The potential difference between the working and reference electrodes is
measured by these biosensors [76]. Potentiometric biosensors contain viral protein-binding
antibodies or antigens to detect SARS-CoV-2. Viral proteins attaching to the surface of
antibodies or antigens cause a voltage shift at the working electrode in virus-containing
samples. This potential shift allows qualitative or quantitative viral detection in the sample.
Potentiometric biosensors can also be integrated with various transduction methods, such
as FET (field-effect transistor) or solid-state electrodes, which are more robust and stable
compared to traditional liquid-based electrodes [77].

2.2.1. Using Graphene

Hashemi et al. [78] developed an electrochemical diagnostic platform which was com-
posed of activated GO and Au nanostars, for rapid and accurate detection of monoclonal
IgG antibodies against the S1 protein of SARS-CoV-2 in blood samples from patients with
COVID-19. The activated GO was made up of 8-hydroxyquinoline (8H) and 1-ethyl-3-(3-
dimethylaminopropyl), as well as treated with EDC:NHS. The nanosensors were compre-
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hensively characterized and successfully applied to enhance the performance of the glassy
carbon electrode (GCE) and working electrode of DRP C110 carbon-based screen-printed
electrode to detect the antibodies with a LOD of 0.18 x 10719% V/V.

To detect SARS-CoV-2, a FET-type sensor was developed by Li et al. [79] using MXene
and graphene. The combination of MXene, a material with high chemical sensitivity, and
graphene, a material with large-area and high-quality continuity, created an ultra-sensitive
transduction material for sensing viruses. MXene-graphene surface was functionalized
using (3-aminopropyl) triethoxysilane (APTES), which acted as a linker and allowed for
the detection of viruses by taking advantage of the antibody-antigen interaction, resulting
in electrochemical signal transduction (Figure 9). The FET sensor was integrated into a
microfluidic channel, allowing it to detect viruses in solution directly, and exhibited a low
limit of detection of 1 fg/mL for the recombinant 2019-nCoV spike protein.

Transfer to glass and
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Figure 9. (A) Fabricated MXene-graphene field effect transistor sensor. (B) MXene-graphene virus-
sensing transduction material deposition process, (C) Illustration of antibody-antigen sensing mech-
anism, (D) Field effect transistor circuit, and (E) Change in drain-source current. (Reprinted with
permission from [79]).

Seo et al. [80] created a graphene field-effect transistor (GFET) engineered with an
antibody specific to the SARS-CoV-2 spike protein. The SARS-CoV-2 spike antibody
was bound with 1-pyrenebutanoic acid succinimidyl ester (PBASE), a probe linker. At a
detection limit of 1 fg/mL, the GFET-based device was able to detect SARS-CoV-2 in both
transport medium and clinical samples.

2.2.2. Using Graphene Oxide

To detect the SARS-CoV-2 nucleocapsid (N)-protein in a buffer, Novodchuk et al. [81]
have investigated the potential of a transducer made of a boron and nitrogen co-doped
graphene oxide gel (BN-GO gel) that was functionalized with nucleoprotein antibodies. The
biosensor is based on a graphene field-effect transistor (FET) and demonstrates the ability
to detect the viral protein in less than four minutes. The device exhibited an impressively
low limit of detection of 10 ag/mL and a linear detection range spanning over 11 orders of
magnitude, from 10 ag/mL up to 1 ug/mL (Figure 10).
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Figure 10. The device setup and biosensing process of the BN-GO gel FET SARS-CoV-2 N-protein
biosensor is depicted using schematics. (a) The configuration of the back-gated FET device with the
BN-GO gel channel positioned between the source and drain electrodes. (b) The configuration of
the device following SARS-CoV-2 antibody functionalization and ethanolamine passivation. (c) In
a buffer solution, the N-protein of the SARS-CoV-2 virus is diluted. (d) The biosensing response is
defined by the voltage shift caused by the addition of the N-protein-containing solution. (Reprinted
with permission from [81]).

Graphite oxide (GO-FET) field-effect transistors were integrated with COVID-19
antibodies by Wastfi et al. [82] to detect spike protein antigens in real-time. A graphite
oxide channel between two gold electrodes was used to anchor magnetic spike antibodies
specific to the COVID-19 spike protein to provide maximum selectivity and specificity. The
GO-FET biosensor was further patterned with platinum-palladium bimetallic nanoparticles
to increase sensitivity. The developed FET biosensor detected COVID-19 spike antigen at a
LOD value of 1 fg/mL in phosphate-buffered saline.

2.2.3. Using Reduced Graphene Oxide

Krsihna et al. [83] created a silicon-based, label-free, reduced graphene oxide field-
effect transistor (rGO FET) for detecting SARS-CoV-2. First, the APTES receptor was used to
functionalize the rGO FET with SARS-CoV-2 monoclonal antibodies. Subsequently, the pro-
cess of protein cross-linking and immobilization was carried out using EDC, hydrochloride,
and Sulfo-NHS. Then, to test the antibody-antigen reaction of SARS-CoV-2 with different
molar ranges, the distinctive response of the rGO FET was observed, which resulted in a
detection limit of up to 0.002 fM.

Using graphene and gold nanoparticles, Li et al. [84] created a FET-type biosensing
platform that could quickly and accurately detect SARS-CoV-2 RNAs from human throat
swabs without any amplification steps (Figure 11). The sensor had special probes called
complementary phosphorodiamidate morpholino oligos (PMOs), immobilized on the gold
nanoparticle surface, that bind to SARS-CoV-2 RdRp, a key RNA molecule of the virus. The
PMOs had no charges, which reduced noise and increased sensitivity. The platform was
able to detect very low levels of SARS-CoV-2 RNAs in different samples with a low limit of
detection, such as PBS (0.37 fM), throat swab (2.29 fM), and serum (3.99 fM).
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Figure 11. PCR-free quick, direct detection of COVID-19 utilizing the PMO-functionalized G-FET
nanosensor is shown schematically. (Reprinted with permission from [84]).

To eliminate solution-interface instability and for standardization of 2D rGO sensing
surfaces, Jang et al. [85] developed a remote floating-gate (RFG) FET configuration using
rGO. Extensive tests of rGO-solution interfaces that varied in thickness, coverage, and
reduction temperature were carried out to identify the key parameters that drive rGO’s
electrochemical instability. Finally, they showed that SARS-CoV-2 spike proteins could be
reliably detected in saliva without the need for a label, with a detection limit of 3.4 pg/mL
at concentrations ranging from 500 fg/mL to 5 g/mL.

The prior discussion of potentiometric biosensors based on graphene for detecting
SARS-CoV-2 is summarised in Table 4.

Table 4. Graphene-based Potentiometric Biosensors for The Detection of SARS-CoV-2.

a?;gf;}’ on Target }If?)l]i;)()f Detection Detection Range Sensitivity FIr{ieriﬁonse Ref.
0y
Graphene IgG antibodies 018 x 107%% V/V  NA é}étﬁg 1 min Hashemi et al. [78]
Spike Protein 1fg/mL 1 fg/mL to 10 pg/mL NA 50 ms Lietal. [79]
Spike protein 1fg/mL NA NA 1 min Seo et al. [80]
Graphene oxide %%gi?gcapmd 10 ag/mL 10 ag/mLto 1 ug/mL NA 4 min l[g?]VOdChUk etal.
pike protein 1fg/mL 1 fg/mL to 100 ng/mL) NA NA Wasfi et al. [82]
Reduced h spike protein 0.002 M NA NA NA Krsihna et al. [83]
O)fi d‘éce graphene PBS (0.37 fM),
throat swab : .
RNA (2.29 fM), and NA NA 2 min Lietal. [84]
serum (3.99 fM)
Spike protein 3.4 pg/mL 500 fg/mL to 5 ug/mL 5.1 mV/dec NA Jang et al. [85]

2.3. Impedimetric Biosensors for the Detection of SARS-CoV-2

To detect target analytes, impedimetric biosensors apply the principle of electrical
impedance. Samples containing SARS-CoV-2 antigens or antibodies can be detected using
impedimetric biosensors. An electrical impedance measurement is taken across the working
electrode of these biosensors [86]. SARS-CoV-2 attaches to surface antibodies or antigens,
changing the biosensor’s working electrode’s electrical impedance. This impedance shift
can detect viruses qualitatively or quantitatively. Impedimetric biosensors offer the advan-
tage of high sensitivity and specificity and can be integrated with various transduction
methods such as Quartz Crystal Microbalance (QCM), Interdigitated Array (IDA), or Elec-
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trochemical Impedance Spectroscopy (EIS) to enhance the sensitivity and specificity of the
biosensors [87,88].

2.3.1. Using Graphene

A 3D-printed COVID-19 immunosensor was developed by Mufioz et al. [89] using a
bottom-up biofunctionalization approach by covalently attaching a COVID-19 recombinant
protein to a 3D-printed graphene-based nanocomposite electrode surface. The electrode
was first functionalized with Au-NPs using an inner-matrix synthesis approach. Then, it
was treated with cysteamine and glutaraldehyde solutions to covalently link COVID-19
recombinant protein as the recognition biomarker to the electrode’s amine groups via
terminal aldehyde groups on the linker. The sensor used electrical impedance to detect
changes at the electrode/electrolyte interface when interacting with a monoclonal COVID-
19 antibody. The system depicted a low detection limit of 0.5 + 0.1 ug/mL and has been
shown to work well in both buffered and human serum samples.

Ehsan et al. [90] developed a biosensor for the detection of the SARS-CoV-2 spike
protein that utilized an IgG anti-SARS-CoV-2 spike antibody. The biosensor employed
SPEs that obey the principle of redox reaction impedance to probe antigen spikes. The
biosensor used high conductivity graphene/carbon ink to achieve a small background
impedance leading to a wide dynamic range of detection. The antibody is immobilized
onto the electrode surface through either a chemical (1-pyrenebutanoic acid succinimidyl
ester) or biological entity (staphylococcal protein A), with the latter method resulting in
enhanced sensitivity and a very low limit of detection of 0.25 fg/mL.

A quick and facile method for detecting SARS-CoV-2 antibodies was developed by
Ali et al. [91] using a 3D biosensing platform made from nanomaterials. The platform
features an array of micropillar electrodes created using 3D printing and aerosolized gold
nanoparticles and coated with graphene nanoflakes and certain SARS-CoV-2 antigens
(Figure 12). The sensor surfaces were used to immobilize the S1, RBD, and N antigens
individually, which served as the capturing elements for the corresponding antibodies
present in human plasma samples from patients infected with SARS-CoV-2. The sensor
operated on electrochemical transduction, where viral proteins on the sensor electrode
surface interacted with antibodies to change sensor impedance with a LOD of 10 fM.

Alafeef et al. [92] created a rapid, inexpensive, easy-to-use paper-based electrochem-
ical biosensor to detect SARS-CoV-2 digitally. Gold nanoparticles with specific antisense
oligonucleotides were used to detect nucleocapsid phosphoproteins. Finally, a nucleic-acid-
testing device with a hand-held reader was created by immobilizing sensing probes (ssDNA-
capped gold nanoparticles) on a paper-based substrate. Clinical and SARS-CoV-2-infected
Vero cell samples were evaluated using the biosensor chip. The sensor has a sensitivity of
231 (copies uL~1) ~1 and a limit of detection of 6.9 copies/puL without amplification.

To develop a fast electrochemical immunosensor for rapid identification of SARS-CoV-2
spike RBD in saliva samples, Pola et al. [93] used custom-made graphene inks in combina-
tion with aerosol jet printing. The rapid response time (30 min) and low detection limits
(22.91 £ 4.72 pg/mL) of this sensor might be attributed to the single-step functionalization
of printed graphene electrodes with SARS-CoV-2 polyclonal antibody via the carbodiimide
reaction (EDC:NHS).
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Figure 12. A biosensor designed for in vitro detection of SARS-CoV-2 antibodies in patients with
COVID-19 has been fabricated using 3D printing technology. (A,B) The figures depict a 3D-printed
microfluidic sensor in which the working electrode (WE) is composed of an array of gold nanopar-
ticles arranged in micropillars. The working electrode is located between the reference electrode
(RE) and the counter electrode (CE). (C) An optical photograph of a real device. (D) Scanning elec-
tron microscope (SEM) images of the printed micropillar array were captured from various angles
and magnifications before the application of graphene and proteins. The SEM images show the
microtexture of the sintered gold micropillars at high magnification, which facilitates the attachment
of reduced graphene oxide (rGO) nanoflakes to the surface. (E) A scanning electron microscope
(SEM) image depicting the array electrode with reduced graphene oxide (rGO) nanoflakes applied to
the surface. (F) This schematic illustration demonstrates the functionalization process of attaching
SARS-CoV-2 proteins onto reduced graphene oxide (rGO) sheets using EDC: NHS conjugation chem-
istry. During the amidation reaction, EDC activates the COOH groups of rGO, and NHS acts as a
stabilizer to form amide bonds between the proteins and rGO sheets on the surface of the gold pillar.
Additionally, the diagram depicts antibodies that attach to the SARS-CoV-2 proteins during sensing.
(Reprinted with permission from [91]).

2.3.2. Using Graphene Oxide

Graphene oxide nanocolloids (GONC) were used by Ang et al. [94] as a transducing
platform and also an electroactive label for the detection of 2019-nCoV genomic sequences.
GONC is an easy-to-use and very sensitive biosensing platform due to the intrinsic elec-
trochemical signal resulting from the reduction of the electrochemically reducible oxygen
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functions that exist on the surface. After immobilizing a single-stranded DNA probe and
incubating it with varying concentrations of the target 2019-nCoV DNA strand, the intrinsic
electroactivity of the material was measured at each stage of the genosensing procedure to
achieve a LOD of 186 x 10~? M (Figure 13).

Figure 13. (Left) Incubation of SARS-CoV-2 ssDNA with cDNA-modified GONC on a miniaturized
disposable chip. (Right) GONC signal restoration in the presence of viral DNA. (Reprinted with
permission from [94]).

2.3.3. Using Reduced Graphene Oxide

Ali et al. [95] reported that COVID-19 antibodies could be detected in seconds using
a novel nanomaterial-based biosensing technology. Nanoprinting of 3D gold electrodes,
covering the electrodes with rGO nanoflakes, and immobilization of certain viral antigens
(spike S1 and RBD) on the rGO nanoflakes using an EDC:NHS chemistry contributed
to the creation of the biosensing platform (Figure 14). After being combined with a mi-
crofluidic device, the electrode was employed in a regular electrochemical cell. Impedance
spectroscopy was used to detect changes in the electrical circuit caused by the binding
of antibodies to antigens on the electrode with LOD values of 2.8 x 1071 M (S1) and
16.9 x 10~ M (RBD), and the results could be viewed with a smartphone app.
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Figure 14. 3D-printed micropillar electrode functionalization and operation of 3DcC sensor.
(a) Aerosol Jet printed gold micropillars before surface treatment (step 1) (b) A straightforward
drop-casting technique is utilized to coat the electrodes with carboxylated rGO sheets (step 2) (c) At-
taching the proteins from the virus to the rGO layers using a chemical reaction with EDC: NHS
(step 3) (d) Antibodies only stuck to the matching antigens when they came into contact with the
sensor (step 4) (e f) Schematics showing the sensing principle of the 3DcC device. (Reprinted with
permission from [95]).
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Zaccariotto et al. [96] explored the benefits of antibody immobilization on rGO to
devise a new impedimetric immunosensor-based technique for detecting SARS-CoV-2.
Activated recombinant human coronavirus SARS-CoV-2, Spike Glycoprotein RBD was
immobilized on the rGO surface employing EDC:NHS chemistry. The impedimetric im-
munosensor and a redox couple were used as probes in an electrochemical immunoassay
for the identification of SARS-CoV-2 spike protein RBD with a LOD of 150 ng/mL.

Haghayegh et al. [97] used an electrochemical method for detecting SARS-CoV-2
nucleocapsid protein antigens that relied on carbon SPEs with a coating of a highly stable
buffer-based ZnO/rGO nanocomposite. Nanomaterial creation on the electrode surface
is streamlined to a single step by utilizing a salt-based (ionic) matrix for homogeneous
dispersion of the nanocomposite. With a linear range of 1-10,000 pg/mL, the immuno-
biosensor had a detection limit of 21 fg/mL.

The prior discussion of Impedimetric biosensors based on graphene for detecting
SARS-CoV-2 is summarised in Table 5.

Table 5. Graphene-based Impedimetric Biosensors for The Detection of SARS-CoV-2.

Key Carbon

Limit of Response

Material Target Detection (LOD) Detection Range Sensitivity Time Ref.
Spike Protein 0.5+ 0.1 ug/mL 1.0 to 10 pg/mL 0.076 ppm’1 20 min Muioz et al. [89]
Graphene Spike Protein 0.25 fg/mL 0.25 fg/mL to 1 nug/mL NA 5 min Ehsan et al. [90]
Nucleocapsid (N),
spike 1 (S1), and g;“fé“ﬁ '(11{%‘8) 10 fM to 50 nM 100% 10-12s Ali etal. [91]
RBD proteins ’
Nucleocapsid
hospho P;otem 6.9 copies/ uL 5854 to . 231 (copies uL~1)~! 5 min Alafeef et al. [92]
FN_gfne)P -7 COpies/ | 5.854 x 107 copies/pL pies p :
Spike RBD 2291 +4.72pg/mL  1to 1000 ng/mL NA 30 min Pola et al. [93]
Graphene Oxide Gene 186 x 107° M 1070 t0107° M NA NA Ang etal. [94]
. 2.8 x 10715 M (S1) -12
Spike (S1) and RBD _15 1 x 107 M (S1) .
Reduced Graphene  proteins %1({)]?]5; 107" M NA 1 % 10-15 M (RBD) 12s Ali et al. [95]
Oxide .
spike protein RBD 150 ng/mL 0.16 to 40 pg/mL NA NA Z%ccarlotto etal
nucleocapsid (N-) 21 fg/mL 1 t0 10,000 pg/mL 32.07 ohms-mL/ 15 min Haghayegh et al.

protein antigens

pg~mm2

[97]

3. Current Challenges and Future Perspectives

The development of graphene-based electrochemical biosensors for the detection
of SARS-CoV-2 and other analytes is an active area of research. While graphene-based
biosensors have many advantages, such as high sensitivity, selectivity, and fast response
times, there are also several challenges that need to be overcome to make them practical for
use in real-world applications.

The use of graphene in practical applications is still limited due to the lack of chemical
reactivity and solubility in most solvents. Therefore, one of the significant challenges in
the field of graphene research is to functionalize graphene by adding chemical groups
to its surface to modify its properties, improve its solubility, and create new structures.
Functionalization of graphene, however, poses some significant challenges. One such
challenge is maintaining the structural integrity of graphene. The process of functional-
ization may introduce defects or damage to its structure, which can adversely affect its
properties [98]. Another hurdle is controlling the degree and location of functionalization,
as these can significantly affect the properties of graphene [99]. As different applications
may require different functionalization strategies, it is necessary to develop versatile and
efficient functionalization methods that can be tailored to meet the specific requirements
of different applications and yield high-quality, reproducible products in large quantities.
Functionalized graphene must be stable and durable under various conditions to ensure
its long-term performance in practical applications, which is another major obstacle in
graphene functionalization.

The potential toxicity of graphene is a concern that has been extensively studied
in recent years [100]. While graphene itself is considered to be biocompatible and non-
toxic, there are concerns about the toxicity of graphene-based materials (GBMs), which
are composites that contain graphene or graphene oxide [101]. Studies have shown that
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the toxicity of GBMs depends on a variety of factors, such as size, shape, concentration,
and surface functionalization [102]. In general, GBMs that are smaller in size and have
a higher surface area-to-volume ratio tend to be more toxic than larger GBMs [103]. The
toxicity of GBMs can also be influenced by their shape, with more elongated particles
being more toxic than spherical particles [104]. Another factor that can affect the toxicity
of GBMs is their concentration. At high concentrations, GBMs can induce cell death and
inflammation, which can be harmful to living organisms [105]. Furthermore, the surface
functionalization of GBMs can also impact their toxicity. Certain surface functional groups,
such as carboxyl and amino groups, can reduce the toxicity of GBMs by increasing their
biocompatibility [102]. Notwithstanding legitimate concerns about GBM toxicity, it is
worth noting that many of the studies have employed GBM concentrations well above
those generally encountered in practice. [106]. Moreover, the potentially toxic effects of
GBMs can be mitigated by using appropriate safety measures and developing methods to
minimize their release into the environment [107] or using green methods for the entire
process [108,109].

Another challenge is the integration of graphene-based biosensors with microfluidic
devices for sample preparation and manipulation [110]. This can be difficult due to the
handling and integration of the graphene material and the need for precise control of the
fluidic flow and manipulation [111]. The integration and miniaturization of sensors can be
impeded by solution-gated sensors [80] as they usually necessitate an external electrode
that must be inserted into the electrolyte solution. Biological samples can be complex,
containing a wide range of molecules, which can interfere with the detection of the analyte
of interest [112]. The amount of sample available for analysis is generally limited, which
can affect the sensitivity and accuracy of the biosensor. Biological samples mostly have
stability issues, which are affected by factors such as temperature, pH, and time. This can
potentially impact the reproducibility of the biosensor measurements [113]. Non-specific
binding of other molecules in the sample to the biosensor surface leads to false-positive
signals, reducing the specificity of the biosensor. The sample preparation protocol should
be compatible with the biosensor surface and should not damage or alter it, as this can
affect the sensitivity and accuracy of the biosensor. The efficient extraction and purification
of viral RNA from patient samples are also crucial for accurate detection but are still a
major challenge [114].

Limitations in the scalability and cost-effectiveness of graphene biosensors may
arise from the high cost of generating high-quality graphene. Graphene’s production
cost can be lowered by upgrading production methods and exploring novel synthetic
processes [115,116]. Graphene biosensors are costly and difficult to mass produce due to
their complex fabrication process. This problem can be solved by streamlining the produc-
tion procedure, enhancing the efficiency of existing production methods, and introducing
more automated processes [117].

The quality of graphene may vary depending on the production method and condi-
tions [118], which can lead to variations in the performance of graphene biosensors. The
surface functionalization of graphene can also vary, affecting the specificity and sensitivity
of graphene biosensors. Variations in device fabrication, such as variations in the thickness
and quality of dielectric layers, may affect the performance of graphene biosensors [119].
Variations in measurement conditions, such as temperature, humidity, and buffer solutions,
can affect the performance of graphene biosensors. It was reported that graphene-based
sensors’ resistance changes when they come into contact with liquids that include free
fluorescein [120].

Another challenge is the lack of standardization in the fabrication and characteriza-
tion of graphene-based biosensors. The lack of standardization in commercially available
graphene due to differences in production methods hinders its commercialization [121].
The absence of standardized manufacturing processes and characterization techniques is
also a major challenge in the development and commercialization of graphene biosensors.
Variations in manufacturing methods and conditions can significantly affect the quality
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and performance of graphene biosensors. Similarly, differences in the characterization tech-
nique can lead to discrepancies in the reported performance of graphene biosensors [122].
This makes it difficult to compare results from different research groups and to develop a
consensus on the best ways to use these sensors. Moreover, there is a lack of collaboration
and coordination between research groups and industry, which hinders the development of
standardized protocols for graphene biosensors. This highlights the need for concerted ef-
forts to establish uniform and consistent procedures for the manufacturing, characterization,
and testing graphene biosensors. By doing so, it will be possible to achieve reproducible
and reliable results that are essential for the advancement of graphene biosensors toward
widespread adoption in clinical and commercial settings.

The miniaturization and rapid screening for SARS-CoV-2 using graphene-based sen-
sors also present several obstacles. One of the primary hurdles is achieving high sensitivity
and specificity to accurately detect the virus, which requires careful selection of graphene
material and optimization of sensor design and fabrication processes. Another obstacle is
developing a robust and reliable biosensing platform capable of handling a large number
of samples simultaneously for high-throughput screening [123]. Additionally, creating a
portable and low-cost device for on-site testing poses a challenge [124]. The device must be
user-friendly, with a long shelf-life and stability under various environmental conditions.
Finally, obtaining regulatory approval for the use of graphene-based biosensors in clini-
cal settings is a significant hurdle [125]. The sensors must undergo rigorous testing and
validation to ensure their safety and efficacy before receiving widespread approval.

To date, several SARS-CoV-2 test kits utilizing oropharyngeal swabs, nasopharyngeal
swabs, or oral saliva as a sample have been introduced in the market [126,127]. Recent
studies have indicated that the use of saliva samples for COVID-19 testing offers numerous
advantages over swabs, such as increased patient comfort, ease of collection, reduced
exposure risk, and comparable or superior accuracy [128-131]. Consequently, researchers
are increasingly interested in developing saliva-based test kits for SARS-CoV-2 [132,133].
Despite the numerous benefits of rapid antigen tests, commercially available COVID-19
test kits are associated with several drawbacks, including false negative results, limited
accuracy, variability in test quality, and, most importantly, lack of standardization [134-139].
Although COVID-19 test kits have been instrumental in controlling the spread of the virus,
their use is limited by these drawbacks and limitations [140]. Therefore, it is essential to
continue improving the accuracy, availability, and affordability of these tests to manage the
pandemic better.

4. Conclusions

In conclusion, the use of graphene-based electrochemical biosensors for the detection
of SARS-CoV-2 is a promising area of research. The various types of graphene-based
electrochemical biosensors, including amperometric, potentiometric, and impedimetric
biosensors, have been reviewed, and the current challenges associated with their use have
been discussed. While graphene-based electrochemical biosensors have many advantages,
such as high sensitivity, selectivity, and fast response times, there are also several chal-
lenges that need to be overcome to make them practical for use in real-world applications.
These challenges include the functionalization of graphene, potential toxicity of graphene,
integration with microfluidic devices, effective sample preparation, upscaling, reproducibil-
ity, and, finally, standardization. Despite these challenges, there is a lot of potential for
graphene-based electrochemical biosensors in the detection of SARS-CoV-2 and other an-
alytes. Future research in this field will focus on developing more efficient and robust
functionalization methods, as well as on the integration of graphene-based biosensors with
microfluidic devices and other detection technologies to improve the sensitivity, selectiv-
ity, and practicality of these biosensors. Additionally, the development of cost-effective
production methods for graphene materials is also crucial to make these biosensors more
accessible and commercially viable. Overcoming these challenges will require further
research and development, but the potential benefits of using graphene-based biosensors
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for the detection of SARS-CoV-2 make this a worthwhile pursuit. The use of such sensors
may aid in the early detection and control of future pandemics.
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