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Abstract

The rapid worldwide spread of the COVID-19 pandemic, caused by the severe acute respiratory SARS-CoV-2, has created an
urgent need for its diagnosis and treatment. As a result, many researchers have sought to find the most efficient and appropriate
methods to detect and treat the SARS-CoV-2 virus over the past few months. Real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) testing is currently used as one of the most reliable methods to detect the new virus; however, this method is
time-consuming, labor-intensive, and requires trained laboratory workers. Moreover, despite its high sensitivity and specificity,
false negatives are reported, especially in non-nasopharyngeal swab samples that yield lower viral loads. Therefore, designing
and employing faster and more reliable methods seems necessary. In recent years, many attempts have been made to fabricate
various nanomaterial-based biosensors to detect viruses and bacteria in clinical samples. The use of nanomaterials plays a
significant role in improving the performance of biosensors. Plasmonic biosensors, field-effect transistor (FET)-based biosensors,
electrochemical biosensors, and reverse transcription loop-mediated isothermal amplification (RT-LAMP) methods are only
some of the effective ways to detect viruses. However, to use these biosensors to detect the SARS-CoV-2 virus, modifications
must be performed to increase sensitivity and speed of testing due to the rapidly spreading nature of SARS-CoV-2, which
requires an early point of care detection and treatment for pandemic control. Several studies have been carried out to show the
nanomaterial-based biosensors’ performance and success in detecting the novel virus. The limit of detection, accuracy, selectiv-
ity, and detection speed are some vital features that should be considered during the design of the SARS-CoV-2 biosensors. This
review summarizes various nanomaterials-based sensor platforms to detect the SARS-CoV-2, and their design, advantages, and
limitations.
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1 Introduction

In December 2019, a new respiratory disease emerged in
Wuhan, China, and spread rapidly throughout the world [1,
2]. It was later discovered that this was a new type of corona-
virus, existed in the past; therefore, it was named 2019 novel
coronavirus (2019-nCoV) by the world health organization
(WHO). Due to the genetic similarity of the new coronavirus
to the SARS (severe acute respiratory syndrome), it was later
renamed as Severe Acute Respiratory Syndrome Coronavirus
2 (SARS-CoV-2) by the coronavirus study group of the
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international committee on taxonomy of viruses [3, 4]. In
addition to causing health problems, this virus has brought a
socioeconomic crunch worldwide [5]. Even though at this
point, a few vaccines (e.g., mRNA vaccines from Pfizer or
Moderna) are approved and administered in public, it does
not mean the importance of diagnostic testing being dimin-
ished by any means [6]. As a result, devising accurate methods
to diagnose and detect the SARS-CoV-2 virus rapidly is vital.

Chest computed tomography (CT) is used to examine wheth-
er lungs are infected or not [7—10], and real-time reverse-tran-
scriptase polymerase chain reaction (RT-PCR) is the standard
method for detecting of SARS-CoV-2 virus [11-15]. However,
the RT-PCR method has some drawbacks, such as being time-
consuming, labor-intensive, and a slow detection process [16].
Biosensors can be an ideal alternative to the RT-PCR method
because of their real-time detection and continuous monitoring
[17, 18]. Biosensors are devices with a biological element (i.c.,
tissue, microorganisms, organelles, cell receptors, enzymes, an-
tibodies, nucleic acids) that can recognize an analyte and
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generate a signal proportional to the concentration of the analyte
[19]. Biosensors can be classified into three general categories,
including electrochemical biosensors [20—22], optic biosensors
[23-25], and piezoelectric biosensors [26, 27]. Electrochemical
biosensors, such as FET-based biosensors, and optical biosen-
sors, such as plasmonic biosensors, are the proposed platforms
so far for detecting the SARS-CoV-2 virus. Electrochemical
biosensors have been used for the detection of viruses and bac-
teria for a long time. These biosensors consist of semi-
conductors and screen-printed electrodes. After forming the
antibody-antigen conjugates on the electrode surface, electro-
chemical biosensors can monitor the change in dielectric prop-
erties and charge distribution [28]. Surface plasmon resonance
(SPR) biosensing is another method for detecting the SARS-
CoV-2 virus. This method is a strong photon-driven coherent
oscillation of the surface conduction electrons, which can be
modulated when coupling occurs at the surface of the plasmonic
materials. Plasmonic biosensors can be successfully employed
for real-time and label-free detection of microscale and nano-
scale analytes. It has been shown that the localized surface plas-
mon resonance (LSPR) method used for nucleic acid detection
can be employed as an exciting alternative for the detection of
SARS-CoV-2 [29]. Field effect transistor (FET)-based biosen-
sors can also be used for clinical diagnosis, point-of-care testing,
and on-site detection. It has been reported that graphene-based
FET biosensors can be employed for simple, rapid, and highly
responsive detection of the SARS-CoV-2 virus in clinical sam-
ples [30]. The nanomaterial-enabled biosensors have several
advantages due to materials' extraordinary physicochemical
properties such as high surface-to-volume ratio, quantum size
effects, high adsorption, and reaction capacity compared to their
bulk form. Consequently, a small amount of analyte require-
ment, fast and sensitive signal delivery, low-cost, and ease of
operations are granted [31].

Nanomaterials-based biosensing has been successfully
used for the detection of various viruses such as HIV/AIDS
[33], hepatitis B virus [34], influenza virus [35, 36], and her-
pes virus [37]. Gold nanostructures-enabled biosensing, mag-
netic nanoparticles-enabled biosensing, and lanthanide-doped
polystyrene nanoparticles-enabled biosensing systems have
been recently published for sensitive detection of the SARS-
CoV-2 virus. It has been reported that different nanomaterials-
enabled biosensors can detect SARS-CoV-2 RNA, antigen, or
antibody within 10 to 100 min [31]. Figure 1 shows SARS-
CoV-2 symptoms [32]. This review focuses on the design,
applications, and performance of the various nanomaterial-
based biosensors for detecting the SARS-CoV-2 virus. For
this purpose, different SARS-CoV-2 biomarkers, electro-
chemical biosensors, plasmonic biosensors, FET-based bio-
sensors, and nanomaterials’ vital role in detecting the SARS-
CoV-2 virus are reviewed. Therefore, this article aims to re-
view and compare different biosensors and materials with the
potential to replace the RT-PCR test.
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2 Biomarkers and indicators

Some different biomarkers and indicators can be used for the
detection of SARS-CoV-2 by employing biosensors and
nanomaterials. SARS-CoV-2 is a single-stranded positive-
sense RNA virus having a large genome (29.8 kb) that en-
codes four structural proteins, which are the membrane (M),
small envelope (E), spike (S), and nucleocapsid phosphopro-
tein (N) [38]. Therefore, single-stranded RNA, which is the
most common biomarker used in the RT-PCR method, is one
of the most important biomarkers for detecting SARS-CoV-2
[11, 12]. Moreover, each of those structural proteins can be
used as antigens to detect SARS-CoV-2 [38]. It has been
reported that M and E proteins are the most important ones
in the formation of the SARS-CoV-2 virus structure [39].
Because the S protein combines with the host cells and its
receptor-binding site interacts with ACE2 receptors, this pro-
tein is vital for detecting SARS-CoV-2. Generally, S and N
proteins are usually used as biomarkers to detect both SARS-
CoV and SARS-CoV-2 viruses [40, 41]. Furthermore, it has
also been reported that by detecting some antibodies in the
serological samples, the detection of COVID-19 becomes
possible. It has been shown that the concentration of IgM
and IgG in serological samples of patients is very low on
day 0, increasing a detectable level on day 5 of the symptom
[42]. Antibody detection is not only useful for patients during
recovery but also afterward for epidemiological analysis. It
can help make a vaccine because its exact level correlates with
virus neutralization titer [43].

2.1 Plasmonic biosensors

Plasmonic biosensors play an essential role in detecting virus-
es, bacteria, and proteins. These highly sensitive biosensors
are label-free and can be used for a wide range of analytes.
The surface plasmon resonance (SPR)-based biosensors,
which are highly sensitive, have been widely used to detect
different viruses and bacteria. Moreover, recent advances in
nanobiotechnology have made it possible to develop the SPR-
based biosensor to detect biological targets using
nanomaterials on the substrate. Localized surface plasmon
resonance (LSPR) biosensors have been recently used instead
of SPR biosensors because of their highly localized electro-
magnetic fields forming at nanoparticle surfaces make the
detection of biological analytes possible [44—46]. Many dif-
ferent studies have been done on using these biosensors to
detect SARS-CoV-2 [43]. Qiu et al. investigated a dual-
functional plasmonic biosensor, including plasmonic
photothermal (PPT) effect and LSPR for the clinical detection
of SARS-CoV-2. The reason for choosing LSPR for detecting
SARS-CoV-2 is that due to the enhanced plasmonic field
around the nanostructures, the LSPR method shows great sen-
sitivity to local variation, including the refractive index
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Fig. 1 SARS-CoV-2 symptoms,
Ref: [32]
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change molecular binding. Because of the exceptional prop-
erties of plasmonic nanoparticles, heating energy is localized
in the vicinity of the nanoparticles. Therefore, these nanopar-
ticles can be used as a heat source for thermal processing. On
the other hand, the PPT effect can increase the sensitivity of
the biosensor. For this purpose, two-dimensional gold
nanoisland (AuNI) chips were fabricated by employing the
self-assembly process of thermal dewetted Au nanofilm. The
thickness of magnetron-sputtered Au nanofilms on the BK7
glass surface was within the range of 5 to 5.2 nm. The AuNIs
surface functionalization was carried out by using the step-by-
step injection of 0.1 nmol thiol-cDNA. Subsequently, 200 uL.
of the target DNA was entered into the AuNI microfluidic
chamber for 800 s, and the hybridization reaction occurred
under the PPT heat. The limit of detection of this system for
RNA-dependent RNA polymerase-COVID (RdRp-COVID)
was about 0.22 + 0.08 pM [29].

Huang et al. [47] investigated a nanoplasmonic biosensor
to detect the SARS-CoV-2 virus without sample preparation
(Fig. 2a). An Au-TiO2-Au nano-cup array chip, fabricated by
the replica molding process, with a drop of water on top of it,
was used as the sensor chip on a substrate made of silicon
oxide wafer. Due to the use of this chip, the periodic nano-
structure design of the biosensor, the plasmon resonance
wavelength, and intensity change on the virus-capturing sen-
sor could be detected by transmission light spectroscopy with-
out any need for external coupling optics. The thicknesses of
Au and Ti on the nano-cap array were 70 nm and 10 nm,
respectively. For surface functionalization, immobilizing
SARS-CoV-2 mAbs of 12.0 png/mL to the activated chips
was carried out. The nanoplasmonic biosensor was integrated
with a standard 96-well plate to detect the SARS-CoV-2 virus
in one step. The biomarker in this study was the spike protein.
The limit of the biosensor was 30 SARS-CoV-2 virus particles
in one step, within 15 min. The authors also fabricated a gold
nanoparticle-enhanced nanoplasmonic biosensor that enabled

In severe disease:
4? Difficulty waking
Confusion

Bluish face or lips

Coughing up blood

Persistent chest pain
s : ' / Decreased white
| a blood cells
“ /—;Kidney failure
High fever

rapid and single-step coronavirus detection. The binding of
SARS-CoV-2 mAbs to the SARS-CoV-2 spike protein and
Au NP-labeled ACE2 protein to the receptor-binding domain
(RBD) was used for the detection of the virus.

Peng et al. [48] investigated a near-infrared plasmonic bio-
sensor to detect SARS-CoV-2 and its spike (S) glycoprotein.
Two-dimensional (2D) Van der Waals heterostructures (car-
boxyl-functionalized molybdenum disulfide (MoS,) layers
and tellurene) with transparent indium tin oxide film were
used to fabricate this plasmonic biosensor. They used theoret-
ical predictions to determine the thickness of indium tin oxide
(ITO) film, tellurene nanosheets, and MoS,—COOH to maxi-
mize the biosensor's sensitivity. Therefore, it was shown that
the 121 nm ITO film/three-layer tellurene/ten-layer MoS2—
COOH was the best configuration to obtain the maximum
detection sensitivity, 8.4069 x 10* deg/RIU. It was reported
that the carboxyl-functionalized MoS; increases the detection
sensitivity; moreover, it was also able to capture target protein
amide bonds (-NH,).

Moitra et al. reported a naked-eye detection of SARS-CoV-
2 by using antisense oligonucleotide capped plasmonic nano-
particles (Fig. 2b). Due to the lower sensitivity of the biosen-
sors for the detection of the N gene (nucleocapsid phospho-
protein gene) compared to the RARP gene (RNA-dependent
RNA polymerase gene) and E gene (envelope protein gene),
they decided to fabricate this biosensor and improve its sensi-
tivity for the detection of N gene. Four antisense oligonucle-
otides (ASOs) sequences used to cap AuNPs were selected
according to their closely target following position, binding
disruption energies, and binding energies. Two of these ASOs
were functionalized from 5’, and the other two ones were
functionalized from the 3’ with thiol moieties. All AuNPs
capped with these four ASOs were dispersed very well with-
out forming a large entity. Mixing all ASO-capped AuNPs
(Au-ASOqy;, Au-ASO;p, Au-ASOsy, and Au-ASOyy),
resulting in the formation of Au-ASO,,, increased the
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Fig. 2 a Nanoplasmonic biosensor with Au-TiO2-Au nanocup array chip with a drop of water [47], b naked-eye detection of SARS-CoV-2 by ASO

capped gold nanoparticles [49], ¢ PRAM-based AC + DC immunoassay [54]

sensitivity of the AuNPs for the detection of SARS-CoV-2
RNA. Surface plasmon bands verified the formation of
ASO-conjugated thiol-stabilized AuNPs. These Au-ASO,,;x
nanoparticles tended to disperse individually in the samples
before adding viral load; however, they were agglomerated
and formed large clusters in the presence of SARS-CoV-2
RNA. For the naked-eye detection of the SARS-CoV-2
RNA, RNaseH was added to the solution. In the presence of
RNaseH, the RNA strand was cleaved from the RNA—-DNA
hybrid leading to detectable precipitation in the solution, me-
diated by the additional agglomeration of the AuNPs. This
biosensor also showed good selectivity for the detection of
SARS-CoV-2 in the presence of the MERS-CoV virus. The
detection limit was 0.18 ng/pL for the SARS-CoV-2 RNA in
the viral load [49].
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Ahmadivand et al. fabricated another type of plasmonic bio-
sensor, called toroidal plasmonic metasensor, to detect SARS-
CoV-2 spike protein. One of the most significant features of the
plasmonic metasensors is that “it can squeeze electromagnetic
fields in frequency, time, and space” simultaneously. However,
these biosensors usually cannot detect small biomolecules at low
amounts. Ahmadivand et al. fabricated a miniaturized plasmonic
immunosensor based on toroidal electrodynamics to overcome
this limitation. A mixture of 0.1 M of reactant buffer with 50 uL
of purified spike S1 antibody was utilized to conjugate SARS-
CoV-2 Spike S1 antibody with the NHS activated AuNPs. The
average diameter of AuNPs was around 45 nm. For dissolving
the immunoreagents, both bovine serum albumin (BSA) and a
phosphate buffer solution (PBS) were used. To enhance the
binding of biomarkers to the sensor surface, functionalize
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AuNPs were dispersed on the biosensor's surface. The ultratight
field confinement of toroidal metasensor makes it possible to
achieve high sensitivity like the LSPR biosensors. To evaluate
the toroidal dipole position variations, both a solution of func-
tionalized AuNPs conjugated with the SARS-CoV-2 antibody
and PBS (without spike protein) and a solution containing spike
proteins were tested. The results showed that gold nanoparticles
conjugated with antibodies play an important role in capturing
spike proteins and detecting SARS-CoV-2. Due to the excep-
tional properties of the plasmonic metasensor, including high Q-
factor, “ultratight field confinement, and high sensitivity of to-
roidal resonances,” the detection limit of this plasmonic
metasensor was 4.2 fimol [50].

Colorimetric biosensors, which are based on LSPR, can also
be used for detecting the SARS-CoV-2 virus. Metal nanoparti-
cles are the most critical part of these biosensors because their
unique optical properties make the rapid detection of the targets
possible. AuNPs are usually used in these biosensors because
of their surface chemistry and biocompatibility. Using AuNPs
in the colorimetric method, the color changes from red to blue
in a colloidal suspension due to LSPR coupling among the gold
nanoparticles. Ventura et al. reported a colorimetric biosensor
based on AuNPs to detect SARS-CoV-2 in nasal and throat
swabs. They used 94 clinical samples, tested before by standard
RT-PCR, 45 of which were positive, and 49 were negative, to
test this biosensor. AuNPs were functionalized with antibodies
to detect SARS-CoV-2 spike, envelope, and membrane pro-
teins in clinical samples; therefore, there were three types of
functionalized AuNPs whose ratio was 1: 1: 1. It was reported
that one of the most significant advantages of this biosensor
was its sensitivity to the virion instead of its content, which is
RNA. The test results showed that the colorimetric biosensor
was able to detect a very low amount of target proteins, and its
limit of detection was very close to that of the real-time PCR
method. Therefore, this colorimetric detection platform’s limit
was reported based on the real-time PCR cycle threshold (Ct)
and was C, = 36.5 [51, 52].

Funari et al. fabricated an opto-microfluidic sensing plat-
form with gold nano spikes based on LSPR to detect SARS-
CoV-2 spike protein in 30 min. 1000 A of gold was electro-
deposited on a 50 A chromium layer on the glass substrates to
produce the gold nano spikes. These gold nano spikes were
functionalized by immersing them in the thiol mixture. 1:1
solution of 10 mM NHS (N-Hydroxysuccinimide) and
40 mM of EDC (1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide) was used to activate the surface gold nano
spikes. To produce an opto-microfluidic platform, the func-
tionalized Au nano spikes were bonded to a polydimethylsi-
loxane (PDMYS) slab using an 85 pum thick adhesive polyester
layer. The limit of detection for the LSRP-based biosensor
was around 0.08 ng/mL (~ 0.5 pM) [53].

Zhao et al. investigated a single-step, wash-free digital im-
munoassay for the qualitative detection of IgG against SARS-

CoV-2 (Fig. 2c¢). For this purpose, the linear grating period of
the photonic crystal (PC)-based biosensor was 380 nm. Its grat-
ing depth was 97 nm etched into a glass substrate using the
reactive ion etching method. This granting was next coated with
a 98.5-nm-thick TiO, layer. By employing the AC + DC assay,
SARS-CoV-2 IgG proteins activated the functionalized AuNPs
in solution and the binding of activated AuNPs to the PC. To
activate the PC surface, oxygen plasma treatment was used.
Subsequently, a coating of the recombinant COVID-19 spike
protein was applied on the PC’s surface to capture COVID-19
IgG. Finally, COVID-19 IgG was incubated with secondary
antibody functionalized AuNPs (2°Ab-AuNPs). After mixing
the sample and 2°Ab-AuNPs, there was no incubation step, and
the mixture was exposed to the spike protein-coated PC biosen-
sor. Finally, a photonic resonator absorption microscopy
(PRAM) method was used for imaging. The limit of quantifi-
cation and detection of this method was 32.0 = 8.9 pg/mL and
26.7 £ 7.7 pg/mL, respectively [54].

As mentioned, plasmonic biosensors have high sensitivity
and a low limit of detection. According to reviewed articles,
their detection limit for the SARS-CoV-2 varies approximate-
ly from 0.08 to 180 ng/mL. However, it should be noted that
plasmonic biosensors have some drawbacks, such as special-
ized instrumentation, challenging portability, challenging
point of care applications, and hands-on experience [55, 56].
Different plasmonic-based biosensors used for the detection
of SARS-CoV-2 are reported in Table 1.

2.2 Electrochemical biosensing

Electrochemical biosensors are another class of biosensors
that have widely been investigated by researchers to detect
the SARS-CoV-2 virus. An electrochemical transducer that
transforms biochemical information is used in this type of
biosensors. The high sensitivity, simple instrumentation,
cost-effectiveness, and miniaturization possibility can be con-
sidered the most critical advantages of electrochemical bio-
sensors [57]. The basis of the electrochemical biosensors is
the reaction between the immobilized biomolecules and the
analyte. As a result of this reaction, the solution's electrical
properties will be affected, leading to analyte detection.
Potentiometric, amperometric, conductometric, voltametric,
polarographic, impedimetric, capacitive, and piezoelectric
biosensors are different electrochemical biosensors [58].
Rashed et al. investigated a rapid label-free impedance
sensing platform to detect the SARS-CoV-2 virus using its
spike protein. For this purpose, 2.5 pug/mL of the receptor-
binding domain (RBD) of SARS-CoV-2 spike protein was
coated on a 16-well container, and sensing electrodes were
located inside the container. To incubate wells, they were
filled with a blocking solution containing 3% milk. First, this
apparatus was tested with anti-SARS-CoV-2 monoclonal an-
tibody CR3022 with different concentrations, including 0.1
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Table 1

Plasmonic biosensors for the detection of SARS-CoV-2

Biosensing technique

Material selection and design

Biomarker Limit of detection

Dual-functional plasmonic photothermal
Biosensor [29]

Nanoplasmonic biosensor [47]

Near-infrared plasmonic biosensor [48]

N gene-targeted antisense oligonucleotide
capped plasmonic nanoparticles
(naked-eye detection) [49]

Toroidal plasmonic metasensor [50]

Colorimetric biosensor based on localized
surface plasmon resonance (LSPR) [51]

Gold nano spikes in an opto-microfluidic
chip (based on localized surface plasmon
resonance) [53]

Single-step and washing-free immunoassay
for the detection of SARS-CoV-2 by
photonic resonator absorption microsco-
py (PRAM) [54]
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Two-dimensional AuNI chips were
fabricated using the self-assembly process
of thermal dewetted Au nanofilm. The
thickness of magnetron-sputtered Au
nanofilms on the BK7 glass surface was
within the range of 5 to 5.2 nm

An Au-TiO2-Au nano-cup array chip, fabri-
cated by the replica molding process, with
a drop of water on top of it, was used as the
sensor chip on the silicon oxide wafer. the
thicknesses of Au and Ti on the nano-cap
array were 70 nm and 10 nm, respectively

integrating two-dimensional (2D) Van der
Waals heterostructures, including tellurene
and carboxyl-functionalized molybdenum
disulfide layers, with transparent indium
tin oxide film

Four ASOs sequences used to cap AuNPs
were selected according to their closely
target following position, binding
disruption energies, and binding energies.
Mixing all ASO-capped AuNPs, which
resulted in the formation of Au-ASO,;y,
increased the sensitivity of the gold nano-
particles for the detection of SARS-CoV-2
RNA

A mixture of 0.1 M of reactant buffer with 50
pL of purified spike S1 antibody was
utilized to conjugate SARS-CoV-2 Spike
S1 antibody with the NHS activated gold
nanoparticles. The average diameter of
AuNPs was around 45 nm. For dissolving
the immunoreagents, both bovine serum
albumin and a phosphate buffer solution
were used. The functionalized AuNPs
were dispersed on the sensor surface to
enhance the binding events.

AuNPs were used in these biosensors
because of their surface chemistry and
biocompatibility. By using gold
nanopatrticles in the colorimetric method,
the color changes from red to blue in a
colloidal suspension because of LSPR
coupling among the AuNPs, which were
functionalized with antibodies

1000 A of Gold was electrodeposited on a 50
A of chromium layer on the glass
substrates. These gold nano spikes were
functionalized by immersing them in the
thiol mixture. 1:1 solution of 10 mM NHS
(N-Hydroxysuccinimide) and 40 mM of
EDC (1-Ethyl-3-(3-dimethyl
aminopropyl) carbodiimide) was used to
activate the surface gold nano spikes

the linear grating period of the PC-based
biosensor was 380 nm. Its grating depth
was 97 nm, etched into a glass substrate
using the reactive ion etching method. This
granting was next coated with a 98.5 nm
thick TiO, layer. By employing the AC +
DC assay, SARS-CoV-2 IgG proteins ac-
tivated the functionalized AuNPs in
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RdRp-COVID
(SARS-CoV-2
RNA)

0.22 +0.08 pM

Spike protein of
SARS-CoV-2

30 virus particles in one step

SARS-CoV-2
spike (S) glyco-
protein

Sensitivity = 8.4069 x 10* deg/RIU

SARS-CoV-2 N
gene
(nucleocapsid
phosphoprotein
gene)

0.18 ng/uL

SARS-CoV-2
spike protein

4.2 fmol

SARS-CoV-2
spike, envelope,
and membrane
proteins

C;=36.5 (the limit of detection of this
colorimetric biosensor was
reported based on the real-time
PCR cycle threshold (Ct))

SARS-CoV-2
spike protein

~ 0.08 ng/mL (~ 0.5 pM)

SARS-CoV-2 IgG limit of detecting = 26.7 + 7.7 pg/mL
limit of quantification = 32.0 + 8.9
pg/mL
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Table 1 (continued)

Biosensing technique

Material selection and design

Biomarker Limit of detection

solution, which triggered the binding of
activated AuNPs to the PC. To activate the
PC surface, oxygen plasma treatment was
used. Subsequently, a coating of the re-
combinant COVID-19 spike protein was
applied on the PC's surface to capture
COVID-19 IgG. Finally, COVID-19 IgG
was incubated with secondary antibody

functionalized AuNPs

pg/ml, 1.0 pg/ml, and 10 pg/ml to validate the designed sys-
tem. This apparatus was then used to test six serological sam-
ples taken from six different people, some of whom had
COVID-19, and others did not. However, the research team
had not been informed about whether they were positive or
negative. The well plate was connected to a laptop to measure
the impedance changes with time. The results were shown as
changes in impedance magnitude between the real-time mea-
sured impedance () with respect to a measured background
impedance, shown by ( = - ). Finally, the
results obtained from impedance measurements were com-
pared to ELISA results of the same serum samples, and it
was reported that there was a strong correlation between them.
The limit of this biosensing method's detection was not report-
ed because of two reasons, hardware noise and sample han-
dling variations [59].

Vadlamani et al. studied the fabrication of low-cost, rapid,
and highly sensitive cobalt-functionalized TiO, nanotubes
(Co-TNTs)-based electrochemical sensors to detect the
SARS-CoV-2 virus. The RBD of the SARS-CoV-2 spike pro-
tein on the viral surface was chosen as the analyte for detecting
the virus. TNTs were synthesized by employing a low cost,
simple, one-step electrochemical anodization of G1 grade ti-
tanium sheets of size 1.5 x 1.5 cm. The anodization of the Ti
sheets was carried out by employing a two-electrode method
in which Ti sheet was a working electrode and platinum acted
as a counter electrode. Cobalt functionalization of TNTs was
also done by an incipient wetting method called the wet ion
exchange process. The system was connected to a potentiostat
to record the data obtained from the experiments. An
amperometry electrochemical method at a bias voltage of
—0.8 V was used to evaluate the fabricated Co-TNT biosen-
sor's ability to detect the SARS-CoV-2 spike protein. It was
reported that when the electrode was exposed to the SARS-
CoV-2 spike protein, its response current increased suddenly
and sharply. The decrease in the protein concentration from
1400 to 14 nM decreased the peak sensor current from 0.74 to
0.23 pA. Within this concentration range of the protein, the
detection time of the sensor was around 30 s. However, it only

took around 2 s for this sensor to reach the current peak; in
other words, the average sensor response time was 2 s. The
rapid increase of the current after exposing the sensor to the
SARS-CoV-2 spike protein was related to the unfolding of the
protein structure. As a result of this phenomenon, the unfolded
protein and Co formed a complex (the Co cation in the Co-
TNT reacts with the O anion in the protein), leading to the
rapid increase of the current. The limit of detection of this
sensor for the detection of the SARS-CoV-2 spike protein
was 0.7 nM. This electrochemical-based biosensor can be
used to detect SARS-CoV-2 in nasal, nasopharyngeal swabs,
and saliva samples [60].

A rapid and quantitative electrochemical biosensor chip
was investigated by Alafeef et al. (Fig. 3a). This biosensor
was easy to implement and a quantitative paper-based electro-
chemical biosensor chip that could detect the SARS-CoV-2
viral RNA in less than 5 min. AuNPs that were capped with
specific antisense oligonucleotides (ssDNA) were employed
to detect viral N-gene. A graphene film was coated to form a
conductive layer on the surface of the filter paper. The high
carrier mobility of graphene, which is higher than 2000 cm2 V
s—1, provides a highly sensitive layer for interaction and ad-
sorption of the charged target. Three different graphene sus-
pension concentrations, 5, 10, and 20 mg/mL, were used to
find the optimum graphene film. The suspension with the
graphene concentration of 20 mg/mL did not form a uniform
film due to its high concentration. On the other hand, the
suspensions with graphene concentrations of 5 and 10 mg/
mL resulted in a uniform layer of graphene on the filter paper
surface. AuNPs are usually used to increase the sensitivity of
the biosensors because of their excellent unmatched proper-
ties. Therefore, ssDNA-capped AuNPs were deposited on the
surface of the biosensor platform to increase the electrochem-
ical sensitivity. The antisense oligonucleotides were incorpo-
rated on the sensor chip in two different ways. First, antisense
oligonucleotides were conjugated directly to the gold surface.
Second, the surface of the nanoparticles was capped with an-
tisense oligonucleotides. However, the test results showed that
capped Au-NPs had a higher response to the SARS-CoV-2
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Fig. 3 a Real-time electrochemi-
cal biosensing of SARS-CoV-2
RNA [61], b magnetic beads-
based assay for the detection of
SARS-CoV-2 in untreated saliva
[63], ¢ graphene-based FET bio-
sensor for the detection of SARS-
CoV-2 [30]
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RNA related to antisense oligonucleotides' higher reactivity
when they were capped on the AuNPs and then deposited
on the surface of the electrode. This configuration encourages
the electron transfer kinetics; moreover, due to the high
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surface area provided by AuNPs in this configuration for the
interaction of antisense oligonucleotides, signal amplification
occurs. The limit of detection of this biosensor without nucleic
acid amplification was 6.9 copies/uL [61].
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Torrente-Rodriguez studied a multiplexed, portable, wire-
less graphene-based electrochemical biosensor, which was
named the SARS-CoV-2 RapidPlex, for the rapid detection
and monitoring of the COVID-19. It was reported that this
electrochemical biosensor was able to detect viral antigen nu-
cleocapsid protein, IgM and IgG antibodies, and the inflam-
matory biomarker C-reactive protein (CRP). This SARS-
CoV-2 RapidPlex consisted of five graphene electrodes, four
of which were working electrodes, and one of them was a
counter electrode and an Ag/AgCl reference electrode.
These four working electrodes made it possible to detect nu-
cleocapsid protein (NP), S1-IgG, S1-IgM, and CRP in only
one step. By employing CO, laser engraving, all these elec-
trodes were patterned on a Polyimide substrate. High charge
mobility, surface area, sensitivity, and selectivity of graphene
made this biosensor an accurate device for rapid detection of
SARS-CoV-2. Functionalization and modification for each of
the receptors’ covalent attachments were carried out on the
laser engraved graphene (LEG) surfaces. In this study, pyrene
derivatives were used to introduce the functional groups on
the sensing layer. Finally, target proteins, which were NP and
CRP, were detected by sandwich-based immunosensing onto
the LEG electrodes because this method was highly sensitive
due to the involvement of two different antibodies as the cap-
ture and the detector molecules. On the other hand, immuno-
globulins S1-IgG and S1-IgM were detected by indirect-based
immunosensing onto the LEG electrodes because this method
is suitable for detecting circulating macromolecules in antisera
and other biofluids. An amperometric technique was
employed to evaluate the selectivity and crosstalk of the
SARS-CoV-2 RapidPlex. The results showed no cross-
reaction for NP, S1-IgG, S1-IgM, and CRP assays in the pres-
ence of the interferents. One of the significant advantages of
this electrochemical biosensor over the other is that only 1-
min incubation time was enough to ensure the highest possible
sensitivity [62].

Fabiani et al. [63] investigated a miniaturized electrochem-
ical immunosensor to detect the SARS-CoV-2 virus in saliva
(Fig. 3b). This work’s novelty was the combination of elec-
trochemical detection with miniaturization, resulting in a high-
ly sensitive method for detecting SARS-CoV-2. In this study,
NS and NP's detection was carried out using magnetic beads
to support immunological recognition. The secondary anti-
body with a linked alkaline phosphatase was used as the im-
munological label. A three-electrode cell was used for
performing electrochemical tests. For this purpose, an elec-
trode made of graphite was chosen as working and counter
electrodes, and the reference electrode was silver-based.
Screen-printed electrodes (SPEs) were fabricated onto trans-
parent and flexible polyester support. Six microliters of carbon
black (CB) N220 dispersion (1 mg/mL in N, N-
dimethylformamide: distilled H,O 1:1 v/v) was used for the
modification of the SPEs to increase their sensitivity. First, the

ELISA test was performed to verify the possibility of binding
target proteins with antibodies. After this step, the electro-
chemical magnetic beads-based technique was employed to
detect NS and NP. This process included three sequential
steps. First, a blocking coating of IgG was produced to store
them at a temperature of 4°C for several months. Second,
sequential incubations for the immuno-recognition events
were combined to make a single incubation of 30 min.
Finally, the electrochemical detection was carried out using
the SPEs. After the immunoassay procedure, 20 pL of the
beads’ suspension in 100 uL of DEA buffer was drop cast
on the working electrode made of graphite and magnetically
concentrated on the surface of the working electrode. The
differential pulse voltammetry (DPV) method was employed
to measure the electroactive enzymatic product (1- naphthol)
after 2 min of the enzymatic reaction. In this experiment,
Epegin Was - 0.2 V, Eepg was 0.4 V, Egep, was 0.016 V, Ejye
was 0.05 V, tysc was 0.06 s, and the scan rate was 0.016 V/s.
It was shown that by employing antibodies directed against
spike protein, the assay’s sensitivity became excellent, and it
was able to detect 6.5 PFU/mL. However, the NP-based as-
say’s sensitivity was lower because of the lower NP amount
compared to spike protein in the SARS-CoV-2 virus. This
electrochemical biosensor limit was reported as 19 ng/mL
for spike protein and 8 ng/mL for NP. This MBs-based assay
was also used to test clinical samples, fresh and frozen saliva
to evaluate its effectiveness for clinical samples. The results
showed that the frozen samples of both negative and positive
patients resulted in a reduced signal. Therefore, the threshold
was increased to 1.8 pA for frozen samples, while its value for
fresh samples was 1 pA [63].

A super sandwich-type electrochemical biosensor for de-
tecting the SARS-CoV-2 was reported by Zhao et al. This
biosensor was based on calixarene functionalized graphene
oxide for targeting RNA of SARS-CoV-2. It was reported that
by employing the super sandwich-type detection method, this
electrochemical biosensor was able to detect the RNA of
SARS-CoV-2 without nucleic acid amplification and
reverse-transcription by using a portable electrochemical
smartphone. In this study, both artificial targets and clinical
RNA samples were tested. Clinical samples were collected
from patients whose COVID-19 were confirmed by CT scans
and nucleic acid testing. To prepare premix A, Fe;O4 nano-
particles were dissolved, and then PEG400, trisodium citrate,
HAuCly, and ascorbic acid were added for producing the
Au@Fe;0,4 nanocomposite. Then, 100 puL. of 1 mg/m of this
nanocomposite was dissolved in Buffer I, containing 10 mM
Tris-HC1, 1 mM EDTA, 300 mM NaCl, and 10 mM TCEP.
Finally, the produced precipitation was dissolved with 100 puL
of Buffer II containing 10 mM Tris-HCI containing 1 mM
EDTA, 300 mM NaCl, and 1 mM MgCl,. 50 uL of premix
A was mixed with 10 puL of detection samples, and the mix-
ture was incubated for one hour. Subsequently, 50 puL of
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premix B was added to the mixture and incubated for two
hours. The obtained nanocomposite was dissolved in 50 pL
of PBS and dropped on screen printing carbon electrode
(SPCE) for electrochemical measurement. The capture probes
(CPs) were immobilized on the surfaces of the Au@Fe304
nanoparticles to produce CP/Au@Fe;0, nanocomposites.
Then p-sulfocalix[8]arene (SCX8) was immobilized on the
functionalized graphene (RGO), and Au@SCX8-TB-RGO-
LP bioconjugate was produced. Finally, a CP-target-LP sand-
wich structure was fabricated. The limit of detection was
found 3 aM for SARS-CoV-2 in the artificial sample. On the
other hand, the limit of detection from clinical samples was
200 copies/mL [64].

Mabhari et al. [65], investigated a biosensor to detect SARS-
Cov-2 spike antigen in spiked saliva samples and compared it
to a potentiostat. For this purpose, they fabricated a
potentiostat based sensor and an eCovSens (the fabricated
biosensor’s name). The potentiostat-based sensor was fabri-
cated using a fluorine-doped tin oxide electrode (FTO) with
AuNPs. It was also immobilized by a nCovid-19 monoclonal
antibody (nCovid-19Ab). In the case of eCovSens was
immobilized with a nCovid-19 Ab on the SPCE. The heat-
reflux citrate reduction method was employed to synthesize
AuNPs. For this purpose, 0.01 ml of 10% gold chloride was
mixed with milli-Q water and heated until the solution started
boiling, and then 1 mL of 1 % sodium citrate tribasic was
mixed with the boiling mixture. 90 pg of nCovid-19 Ab was
added to 1 mL of AuNPs solution in phosphate buffer (PB) to
label nCovid-19 Ab AuNPs. The fluorine-doped tin oxide
(FTO) electrode was fabricated by using glass coated with
FTO. For the fabrication of the FTO electrode with AuNPs/
nCovid-19 Ab, 200 pl of AuNPs were drop casted on the FTO
electrode surface and dried. Subsequently, 40 pl of 1 pg/mL
nCovid-19 Ab was immobilized on the FTO/AuNPs elec-
trode. Due to the good electrical conductivity of AuNPs, they
could amplify the electrochemical signal. On the other hand,
nCovid-19 Ab was attached to the AuNPs by electrostatic
interactions. The electrochemical device was composed of a
central processing unit (CPU) and a memory chip. By adding
nCovid-19 Ag, the electrical current was changed because of
the proteins' polarity that affected the charge transfer from the
electrode surface. Various concentrations of nCovid-19 Ag
were tested on the prepared electrode (from 1 fM to 1 uM)
using differential pulse voltammetry. However, the maximum
signal was observed at the concentration of 100 nM, and a
further increase in the concentration did not affect the obtained
signal. Finally, it was shown that this electrochemical biosen-
sor was as sensitive as a potentiostat, and its limit of detection
was 10 fM for nCovid-19 Ag.

Since COVID-19 infection demands diagnostics at the
point-of-care (POC) Kaushik et al. [66] investigated the im-
portance of developing a nano-enabled electrochemical bio-
sensor for COVID-19 diagnostics at point-of-care (POC)
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application. In order to manage the coronavirus epidemic, they
proposed the design and development of a smart biosensor. It
was reported that artificial intelligence (Al)-supported nano-
enabled electrochemical biosensors were required to better
manage the COVID-19 pandemic.

The field-effect transistor (FET)-based biosensors are an-
other type of electrochemical biosensors widely studied by
researchers. A FET-based biosensor for the detection of
SARS-CoV-2 in clinical samples was reported by Seo
et al. (Fig. 3¢) [30]. In the study, graphene sheets of FET
were coated with a specific antibody to detect SARS-CoV-
2 spike protein. This protein was chosen because of being a
major transmembrane protein of the virus and highly im-
munogenic. The nasopharyngeal swab samples of COVID-
19 patients, antigens, and the cultured virus were used to
assess this FET-based biosensor’s performance. By using a
conventional wet-transfer method, graphene was coated on
the SiO,/Si substrate. Next, a coating of poly(methyl meth-
acrylate) (PMMA) C4 was applied to the graphene layer.
After transferring the PMMA/graphene layer to the SiO,/Si
substrate, the PMMA layer was removed using acetone. A
gold-chromium electrode layer was later fabricated on the
etched graphene layer. For the immobilization of the
SARS-CoV-2 antibody on the graphene layer, first, it was
immersed in 2 mM PBASE and methanol, then the func-
tionalized surface was exposed to 250 pug/mL SARS-CoV-
2 spike antibody. Since this biosensor did not show any
responses to MERS-CoV spike proteins, it was verified that
the fabricated COVID-19 FET-based biosensor was highly
sensitive and specific for the SARS-CoV-2 spike antigen
protein. Moreover, this biosensor was able to detect SARS-
CoV-2 spike antigen proteins in clinical samples without
any preparation. The limit of detection of this FET-based
biosensor for the detection of SARS-CoV-2 spike protein
was 1 fg/mL and lower than that of the ELISA method.

Gaurav et al. also reported a graphene bio-FET-based bio-
sensor to detect the SARS-CoV-2 virus. The graphene was
soaked with a PBASE solution on the surface of the graphene
FET biosensor. PBASE has two ends: a pyrene group that
non-covalently attaches to graphene through 7t-7t (pi-pi) stack-
ing, and the other one is s an activated ester that reacts with the
means. The sensitivity of this biosensor was tested after the
graphene was attached to the antibody. The binding of spike
protein to the antibody altered the distribution in the vicinity
of the graphene layer, and therefore, changed its electrical
conductivity. Consequently, the current flowing between the
source and drain electrodes was changed, and the biosensor
was able to detect the spike protein in clinical samples with the
limit of detection of 1 fg/mL. One of these biosensor features
was distinguishing between the noninfected and infected peo-
ple with the SARS-CoV-2 virus. Moreover, this sensor did not
respond to the spike proteins of other viruses, such as SARS
and MERS [66].
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A graphene FET (Gr-FET) biosensor for detecting SARS-
CoV-2 spike protein was also investigated by Zhang et al. this
biosensor was able to detect SARS-CoV-2 spike protein in 2
min. In this study, extremely sensitive Gr-FET was combined
with selective SARS-COV spike protein antibody (CSAb) -
COVID-19 spike protein antigen for the real-time detection of
SARS-CoV-2. The chemical vapor deposition (CVD) method
was employed to synthesize a single-crystal graphene layer on
the single crystal copper. Functionalization of the graphene
surface to bind the COVID-19 spike protein was carried out
by immobilizing CSAb and ACE2 receptors on graphene’s
surface. During the incubation of the positively charged
CSAD and negatively charged ACE2 in PBS buffer solution,
negative and positive potentials were applied, respectively. As
a result, their immobilization on the surface of the graphene
was enhanced. The test results showed that the CSAb-based
FET biosensor had a higher affinity than the ACE2-based FET
biosensor to the spike protein RBD. The limit of detection was
reported as 0.2 pM [67].

The electrochemical biosensors have a low detection limit
for detecting the SARS-CoV-2 virus, varying approximately
from 10 to 19 ng/mL, and they have been successfully used
to detect the virus despite the limitations. Electrochemical
biosensors could be sensitive to the sample matrix effects. It
has been reported that they were not as sensitive as the RT-
PCR tests. Compared to RT-PCR, their lower shelf life is
another critical disadvantage of this type of biosensor [68].
Different electrochemical biosensors used for the detection
of SARS-CoV-2 are reported in Table 2.

2.3 Other methods and materials

Some researchers have reported the advantages of using dif-
ferent nanoparticles for the detection of the SARS-CoV-2 vi-
rus. Aminul Islam et al. studied magnetic nanoparticle-based
biosensors’ application to detect the SARS-CoV-2 virus rap-
idly [69]. There are different methods for the synthesis of
magnetic nanoparticles including wet chemical [70],
template-directed [71], microemulsion [72], thermal decom-
position [73], solvothermal method [74], solid-state [75], de-
position method [76], spray pyrolysis [77], and self-assembly
[78]. However, it has been reported that the thermal decom-
position and hydrothermal methods were the best ones for the
synthesis of magnetic nanoparticles because of the drawbacks
of the other methods, such as irregular shape and contamina-
tion of the nanoparticles during the synthesis process. In the
thermal decomposition method, no stabilizer is required. The
surface functionalization of the synthesized magnetic nano-
particles is required to increase their bio-detection and bio-
sensing ability. Both organic and inorganic coatings can be
used for this purpose. Viruses are attached to the magnetic
nanoparticles and form supramolecular architectural design
with unique building blocks. Therefore, the optical and

magnetic properties of the magnetic nanoparticles are
changed, and the viruses can be detected. Aminul Islam
et al. reported that these magnetic nanoparticle-based biosen-
sors could successfully detect the SARS-CoV-2 spike protein
and +ssRNA. Superparamagnetic nanoparticles are one of the
widely used magnetic nanoparticles for the detection of virus-
es. These nanoparticles are magnetized by applying the mag-
netic field and redisperse in the solution to remove the mag-
netic field. These magnetic nanosensors with
superparamagnetic nanoparticles can detect complex targets.
On the other hand, giant magneto resistive (GMR) sensors and
magnetic nanoparticles can be employed for the rapid real-
time detection of the SARS-CoV-2 virus. The spin collision
between magnetic nanoparticles and non-magnetic biomole-
cules changes the electrical resistance—the alternation of
magnetization with changing the electrical resistance results
in detecting the viruses using giant magnetoresistance-based
biosensors. Because SARS-CoV-2 spike protein and +ssRNA
do not have ferromagnetism property, magnetic signals can be
detected with a minimal amount of background noise [69].

Zhao et al. also investigated a magnetic nanoparticles-
based viral RNA extraction method to detect the SARS-
CoV-2 virus (Fig. 4a). They synthesized poly (amino ester)
with carboxyl groups (PC) coated magnetic nanoparticles
(pcMNPs) for the detection of this virus. The magnetic nano-
particles were synthesized using Iron (IIT) chloride and a co-
precipitation method. Then a silica layer was coated on the
surface of the magnetic nanoparticles. These silica-coated
magnetic nanoparticles were separated from the solution by
using a magnet. Then silica-coated magnetic nanoparticles
were dispersed into a mixture of 50 mL isopropanol and 0.2
mL of APTES to prepare amino-modified magnetic nanopar-
ticles (NH,-MNPs). Finally, a solution containing poly (ami-
no ester) with PC was used to coat amino-modified magnetic
nanoparticles with PC. By employing this method, lysis and
binding steps were combined into a single step, and these pc-
magnetic nanoparticles were directly introduced into the RT-
PCR. This method could purify viral RNA from different
samples in only 20 min. Since PC magnetic nanoparticles
have excellent viral RNA binding performance, a 10-copy
sensitivity was achieved by employing this method.
Moreover, the obtained pcMNPs-RNA complexes using this
method were also compatible with other isothermal amplifi-
cation methods, including recombinase polymerase amplifica-
tion (RPA) and loop-mediated isothermal amplification
(LAMP) [79]. One of the most important limitations of using
metallic MNPs is their chemical instability and toxicity; there-
fore, they require an external coating, usually a silica coating,
to overcome this limitation. However, this silica coating is
also unstable under harsh conditions, where Si-O-Si bonds
are readily hydrolyzed under basic conditions [80].

Chen et al. reported a lateral flow immunoassay (LFIA)
that employs lanthanide-doped polystyrene nanoparticles
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Table 2

Electrochemical biosensors for the detection of SARS-CoV-2

Biosensing technique

Material selection and design

Biomarker

Limit of detection

Electrochemical impedance-based de-
tector [59]

Functionalized TiO, Nanotube-Based
Electrochemical Biosensor [60]

Antisense oligonucleotides directed
electrochemical biosensor [61]

Graphene-based multiplexed
telemedicine electrochemical
biosensor [62]

Magnetic beads combined with carbon
black-based screen-printed electrodes
(a miniaturized electrochemical
immunosensor) [63]

Super sandwich-type electrochemical
biosensor [64]

Novel printed circuit board-based elec-
trochemical device [65]

Field-effect transistor-based biosensor
[30]

A field-effect transistor
(Bio-FET)-based biosensor [66]

Label-free graphene field-effect transis-
tor (Gr-FET) biosensor [67]

A 16-well container sensing electrodes and
coated with 2.5 pg/mL of the RBD of
SARS-CoV-2 spike protein

TiO, nanotubes were synthesized by
employing a low cost, simple, and one step
electrochemical anodization of G1 grade
titanium. Cobalt functionalization of the
TiO2 nanotubes was also done by an
incipient wetting method

AuNPs-capped with specific antisense
oligonucleotides (ssDNA) on a filter paper
coated with graphene

Four graphene working electrodes, one
graphene counter electrode, and one
Ag/AgCl reference electrode patterned on a
polyimide substrate

magnetic beads as support of immunological
chain and secondary antibody with alkaline
phosphatase as the immunological label; a
three-electrode electrochemical cell includ-
ing a graphite working electrode and coun-
ter electrode and a silver-based reference
electrode

The CPs were immobilized on the surfaces of
the Au@Fe;0,4 nanoparticles to produce
CP/Au@Fe;04 nanocomposites. Then
SCX8 was immobilized on the
functionalized graphene (RGO), and
Au@SCX8-TB-RGO-LP bioconjugate was
produced. Finally, a CP-target-LP sandwich
structure was fabricated.

FTO with gold nanoparticle (AuNPs). It was
also immobilized by a nCovid-19 mono-
clonal antibody (nCovid-19Ab)

Graphene was coated on the SiO,/Si substrate.
A coating of PMMA C4 was applied to the
graphene layer. After transferring the
PMMA/graphene layer to the SiO,/Si
substrate, the PMMA layer was removed
using acetone. A gold-chromium electrode
layer was later fabricated on the etched
graphene layer.

The graphene was soaked with a PBASE
solution on the surface of the graphene FET
biosensor.

The CVD method was employed to synthesize
a single-crystal graphene layer on the single
crystal copper. Functionalization of the
graphene surface to bind the COVID-19
spike protein was carried out by
immobilizing CSAb and ACE2 receptors on
graphene's surface. During the incubation of
the positively charged CSAB and negative-
ly charged ACE2 in PBS buffer solution,
negative and positive potentials were
applied, respectively, to the graphene to
enhance their immobilization on the surface
of the graphene.

SARS-CoV-2 spike protein

SARS-CoV-2 spike protein

SARS-CoV-2 viral RNA

Nucleocapsid protein, IgM and
IgG antibodies, and the
inflammatory biomarker
C-reactive protein (CRP)

Spike (S) protein and nucleo-
capsid (N) protein

SARS-CoV-2 RNA
(artificial and clinical samples)

SARS-Cov-2 spike antigen

SARS-CoV-2 spike protein

SARS-CoV-2 spike protein

SARS-CoV-2 spike protein

It was not reported
because of the
hardware noise and
variations in sample
handling

0.7 nM

6.9 copies/uL

19 ng/mL for spike pro-
tein and 8 ng/mL for
nucleocapsid protein

3 aM for artificial target
and 200 copies/mL for
clinical specimens

10 tM

1 fg/mL (lower than the
limit of detection of
ELISA)

1 fg/mL

0.2 pM
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Fig. 4 a Synthesis of PC polymer
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(LNPs), which were synthesized using the mini emulsion po-
lymerization process to detect anti-SARS-CoV-2 IgG (Fig.
4b). Mouse anti-human IgG antibody (MHIgG) and rabbit
IgG (RIgG) were used to functionalize LNPs. After diluting
human serum samples with assay buffer, it was added to the
sample well of an LFIA strip. The specific IgG of SARS-
CoV-2 was captured by dispensing the virus’s nucleocapsid
phosphoprotein onto a nitrocellulose membrane. This biosen-
sor was also used for some clinical samples tested by RT-PCR
before. Among 12 clinical samples that were suspicious for
the presence of anti-SARS-CoV-2 IgG, one of them was de-
termined to be SARS-CoV-2 IgG positive by using this bio-
sensor [81].

Mouse anti-
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10 min
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G-quadruplex-based biosensors can also be used to detect
the SARS-CoV-2 virus. G-quadruplex, guanine (G) rich se-
quence, can arrange four guanine bases in a square plane.
Strands of DNA or RNA with G-rich sequence can make G-
quadruplex. Based on the numbers of strands of DNA or
RNA, there can be unimolecular, bimolecular, and
tetramolecular G-quadruplexes. The sequence of G-
quadruplex is usually Gz2)NyG2)NyG2)N,G=2), where
Ny, Ny, and N, can be any combination of nucleotides. G-
quadruplexes with three or more G-tetrads is usually more
stable than the G-quadruplexes with two G-tetrads. Metal cat-
ions are used to neutralize the negative electrostatic potential
caused by oxygen atoms in eight guanines. These metal
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Table 3 Other methods and
materials used for the detection of
SARS-CoV-2

Biosensing technique

Material selection and design

Biomarker

Limit of
detection

Poly (amino ester) with
carboxyl groups (PC)-coated
magnetic nanoparticles
(pcMNPs) — based viral RNA
extraction [79]

Lanthanide-doped
nanoparticles-based lateral
flow immunoassay [81]

Reverse transcription
loop-mediated isothermal
amplification (RT-LAMP)
[83]

Colorimetric Loop-Mediated
Isothermal Amplification
(LAMP) biosensor [84]

Arttificial intelligence-assisted
loop-mediated isothermal
amplification
(AI-LAMP)-based biosensor
[85]

SARS-CoV-2 RNA

The magnetic nanoparticles were
synthesized using Iron (III)
chloride and a co-precipitation
method. Then a silica layer
was coated on the surface of
the magnetic nanoparticles.
Then silica-coated magnetic
nanoparticles were dispersed
into a mixture of 50 mL
isopropanol and 0.2 mL of
APTES to prepare
NH,-MNPs. Finally, a solution
containing poly (amino ester)
with PC was used to coat
amino-modified magnetic
nanoparticles with PC

LNPs were synthesized using the
mini emulsion polymerization
process to detect
anti-SARS-CoV-2 IgG.
Mouse anti-human IgG anti-
body (MHIgG) and rabbit IgG
(RIgG) were used to
functionalize LNPs. By dis-
pensing a recombinant nucle-
ocapsid phosphoprotein of
SARS-CoV-2 onto a nitrocel-
lulose membrane, the specific
1gG of SARS-CoV-2 was cap-
tured

A two-color RT-LAMP assay
protocol was utilized to detect
the SARS-CoV-2 N gene in
clinical samples. The color of
the phenol-red dye was
changed within 30 min of the
reaction in the presence of
positive clinical samples with a
CT of less than 30

Five LAMP primers sets were
designed to detect the
SARS-CoV-2 RNA (ORFla
gene and Gene N). DNAs
containing these regions were
synthesized as gBlocks

A novel hand-held smart diag-
nostic device was designed to
eliminate any subjectivity re-
lated to the operator interpre-
tation of results. To decrease
the assay run time of the col-
orimetric LAMP detection, Al
pipelines were used to observe
and detect color changes
through Al image processing

SARS-CoV-2 RNA
(N gene)

Anti-SARV-CoV-2
IgG

SARS-CoV-2 RNA
(N gene)

SARS-CoV-2 RNA
(ORF1la gene and
Gene N)

SARS-CoV-2 RNA

A 10-copy
sensitivity

Cycle
threshold
(CT) less
than 30

4.8 copies/uL

100 copies of

cations, temperature, and pH affect the stability of the G-
quadruplex. G-quadruplex can be used to fabricate biosensors
because of its ability to inhibit transcription, DNA replication,

and translation. Moreover, it can convert binding events into
signals and carry nanoparticles, vital in fabricating biosensors
to detect the SARS-CoV-2 virus. In G-quadruplex based
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biosensors, the G-quadruplex nucleic acid (DNA or RNA) is
the recognition part that works with a converter to produce
detectable signals. G-quadruplex can be used with electro-
chemical biosensors as a label-free probe molecule. There
are both DNA and RNA-based G-quadruplex electrochemical
biosensors. Moreover, some optical G-quadruplex biosensors
such as fluorescent G-quadruplex biosensors and colorimetry
G-quadruplex biosensors can also be used to detect viruses.
The mixture of G-quadruplex and metal nanoparticles in col-
orimetry G-quadruplex biosensors can detect different targets
based on the color changes. However, the G-quadruplex bio-
sensors had some limitations, including preparing and screen-
ing suitable G-quadruplex molecules as the sensing probes,
the biological complexity of the samples, and the need to
improve the final sensitivity and the selectivity [82].

Some other biosensors and materials have been fabricated
and used to detect SARS-CoV-2 in artificial and clinical sam-
ples. One of these methods is loop-mediated isothermal am-
plification (LAMP). Thi et al. reported a colorimetric reverse
transcription LAMP (RT-LAMP) assay to detect SARS-CoV-
2 RNA in clinical samples. It was reported that the RT-LAMP
is a more straightforward method than RT-qPCR to detect
viruses. In this study, a two-color RT-LAMP assay protocol
was utilized to detect the SARS-CoV-2 N gene in clinical
samples. The color of the phenol-red dye was changed within
30 min of the reaction in the presence of positive clinical
samples with a cycle threshold (CT) less than 30. Because
after 35 min of the reaction, some negative samples also
changed the color of the phenol-red dye. The value of the

difference in absorbance (AOD) was used at 30 min to distin-
guish the positive samples from the negative samples. . In this
way, the RT-LAMP method’s sensitivity for detecting SARS-
CoV-2 RNA in clinical samples with CT < 30 was confirmed
[83]. Zhang et al. also investigated a colorimetric LAMP bio-
sensor. This biosensor was used to detect SARS-CoV-2 RNA
from purified RNA or cell lysis. Moreover, some RNA sam-
ples purified, using RNA clean up columns, from respiratory
swabs of some positive COVID-19 patients were used to ver-
ify the test results. Five LAMP primers sets were designed to
detect the SARS-CoV-2 RNA (ORF1a gene and Gene N), and
they all showed very close detection sensitivity (around 4.8
copies/uL). It was reported that the results obtained from col-
orimetric tests were in total agreement with real-time PCR
method results [84]. Rohaim et al. fabricated an artificial
intelligence-assisted LAMP (AI-LAMP) biosensor to detect
the SARS-CoV-2 RNA-dependent RNA polymerase gene
(Fig. 4c). They made a novel hand-held smart diagnostic de-
vice to eliminate any subjectivity related to the operator inter-
pretation of results. The Al pipelines were used to observe and
detect color changes through the image processing to decrease
the assay run time of the colorimetric LAMP detection. The
detection of SARS-CoV-2 using a LAMP assay-based biosen-
sor (based on color changes) took around 30 min. However,
by employing Al, color changes detection, and as a result,
total test time was reduced to less than 30 min. This RT-
LAMP assay-based biosensor detected as low as 100 copies
of SARS-CoV-2 RNA [85]. Despite all the features men-
tioned, LAMP biosensors have some drawbacks, such as their

Table 4 Advantages and
disadvantages of different
biosensors used for the detection

Biosensing
method

Advantages

Disadvantages

of SARS-CoV-2 virus
Plasmonic

- Can be performed in an

- High sensitivity
- High selectivity
- Quick response time

- Specialized instrumentation
- Challenging portability
- Challenging point of care applications

- Expensive instrumentation [55, 56]

automated fashion
- Label-free detection [56]

Electrochemical

- A wide linear response range

- Good stability

- Low detection limits

- Sensitive to sample matrix effects
- Not as sensitive as the RT-PCR test
- Lower shelf life compared to RT-PCR [68]

- Good reproducibility [87]

LAMP

- No need for thermal

alternations

- Can be reported with

naked eyes [86]
- High affinity

- High stability

G-quadruplex

- Easy regeneration [82]

- Low-cost equipment

- Low versatility
- Possibility of primer-primer interactions

- Some constituents within the samples can inhibit the
detection process [86]

- The preparation and screening of suitable G-quadruplex
molecules as probes

- The biological complexity of samples

- The need for further improvement of sensitivity and
selectivity [82]
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low versatility and the possibility of primer-primer interac-
tions. Moreover, the presence of some constituents within
the samples can inhibit the detection process [86]. Some other
methods and materials used for the detection of the SARS-
CoV-2 virus are reported in Table 3. Table 4 also compares
the advantages and disadvantages of different biosensors used
to detect the SARS-CoV-2 virus.

3 Conclusion and future trends

Due to the pandemic of COVID-19, researchers have made
efforts to develop efficient and accurate methods to make the
early diagnosis possible. In this review, different methods of
detecting the SARS-CoV-2, including plasmonic biosensors,
electrochemical biosensors, and some other methods and ma-
terials that can replace the RT-PCR method due to high stress
on it and its limitations, were discussed. For this purpose, the
design and capabilities of these biosensors and methods were
reviewed. These biosensors have several advantages, includ-
ing high detection capability, stability, simple design, reliabil-
ity, and affordability. Moreover, they can detect different bio-
markers and indicators. Employing nanomaterials such as
nanotubes, gold nanoparticles, lanthanide-doped polystyrene
nanoparticles, and graphene nanoparticles significantly im-
prove biosensors’ performance for detecting the SARS-
CoV-2 virus, as they have shown their potential for detecting
other viruses. However, some issues need further research and
attention. First, most of these methods and materials have
been investigated at a lab-scale, while using these methods
in real situations may not be as accurate as in laboratory con-
ditions. Moreover, none of these biosensors has been commer-
cialized for the detection of the SARS-CoV-2 virus yet.
Therefore, the commercialization of various efficient biosen-
sors should be accellerated. Apart from the presented tech-
niques and biosensors, novel methods such as Al-based tech-
nologies, wearable biosensors for continuous monitoring of
the public, and single-use disposable sensors for individual
testing need to be investigated for the mass-screening of
SARS-CoV-2.
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