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Abstract—This review paper discusses the properties of
nanomaterials, namely graphene, molybdenum disulfide,
carbon nanotubes, and quantum dots for unique sensing
applications. Based on the specific analyte to be detected
and the functionalization techniques that are employed, some
noteworthy sensors that have been developed are discussed.
Further, biocompatible sensors fabricated from these
materials capable of detecting specific chemical compounds
are also highlighted for COVID-19 detection purposes, which
can aid in efficient and reliable sensing as well as timely
diagnosis.
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|. INTRODUCTION

ANOMATERIALS such as graphene, transition metal
dichalcogenides and carbon nanotubes have attracted
research efforts steadily over the last decade for numerous
applications, as a result of their unique properties. For use in
sensors, the superior electronic [1], optical [2], mechanical [3]
and structural [4] properties of 2D substances and thin films,
such as a high surface-to-volume ratio, enhanced flexibility,
optical transparency, presence of multiple reaction sites, and
high surface sensitivity, all contribute towards efficient sensing
and detection of a range of analytes and molecules [5], [6].
Additionally, quantum dots are also beginning to be increas-
ingly incorporated in sensors and imaging owing to their
singular properties — large Stokes shift, narrow emission band,
large molar absorption coefficient, long excited state life-
times, high fluorescence quantum yields, superior resistance to
chemical degradation, photobleaching and a high two-photon
absorption cross section.
In this review, we have explored advances in sensors
fabricated wusing these nanomaterials and discussed
the application of these sensors for biosensing and,
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in particular, for detection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) virus.

Il. MATERIALS FOR BIOSENSORS

A. Graphene

Graphene is a zero-bandgap semiconductor and possesses a
low defect crystal structure. Owing to its pi-bonds, graphene
exhibits extremely superior electrical conductivity by trans-
forming chemical signals into electric current through trans-
duction. It also depicts enhanced mechanical properties,
including high tensile strength, flexibility, and elastic modulus.
In spite of being atomically thin, it exhibits high absorbance,
and is also thermally as well as chemically stable. Moreover,
graphene can be incorporated with other polymer nanocom-
posite materials to obtain desirable properties for detecting
trace amounts of specific compounds or harmful toxic ele-
ments such as heavy metals or industrial chemicals [7], [8].

Based on the specific target molecule or gas to be detected
by the sensor, graphene can be functionalized with different
compositions of metal oxides. The ease of availability of
materials, combined with the advantage of graphene’s
biocompatibility, have led to several graphene-based
biosensors being fabricated, for the detection of specialized
compounds [9], such as paracetomol [10], ascorbic acid [11],
aromatic isomers [12], prostate specific antigen(PSA) [13],
and hemoglobin(Hb) [14].

Sun et al. fabricated an electrochemical DNA biosensor
for the detection of MONS810, a genetically modified gene
sequence via electrostatic adsorption through an electrochem-
ical reduced graphene (ERG) film with a modified carbon ionic
liquid electrode (CILE). The sensor displayed high sensitivity
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TABLE |
GRAPHENE BASED BIOSENSORS
S.NO. ANALYTE BIOSENSING ELEMENT ADVANTAGES AND SENSOR REFERENCE
CHARACTERISTICS
1 Paracetamol Glassy carbon electrode modified with carbon High sensitivity and recovery, detection 10
limit of 3.2 x 10®M and 5.2%
reproducibility
2 Ascorbic acid Graphene doped carbon paste electrode Low overvoltage, good current response 11
and sensitivity, high response rate of 5s,
and detection limit of 7 x 10* M
3 Hydroquinone (HQ) and Reduced graphene oxide nanosheet on glassy Enhanced sensitivity, high 12
Catechol (CC) carbon electrode reproducibility and stability, detection
limits 0of 0.2, 0.1 uM for determination of
HQ and CC respectively
4 Prostate Specific Antigen Graphene sheet - cobalt hexacyanoferrate Label-free detection, high electroactivity, 13
(PSA) nanoparticle - 1-pyrenebutanoic acid, good stability, reproducibility (6.7%
succinimidyl (GS—CoNP-PBSE) on glassy standard deviation) and selectivity (<8%
carbon electrode current variation due to interfering
substances)
5 Hemoglobin (Hb) Graphene nanosheets (PDDA-G), poly Superior electrocatalytic activity, 14
(diallyldimethylammonium chloride), and room biocompatibility and solubility, linear
temperature ionic liquid (RTIL) nanocomposite range from 0.2 - 32.6 puM, detection limit
0of 0.04 uM at 30
6 ssDNA (for detection of Modified carbon ionic liquid electrode (using Good stability, sensitivity and 15
transgenic maize MON810) electrochemically reduced graphene) conductivity, simple fabrication
procedure, low detection limit of
4.52x107"2 mol/L (30)
7 Glucose Glucose oxidase/Pt/functional graphene Good sensitivity, reproducibility, 16
sheets/chitosan (GOD/Pt/FGS/chitosan) stability and response, low detection
bionanocomposite film limit of 0.6 pM

and the presence of the ERG film contributed towards increas-
ing the adsorption of the probe ssDNA, which further enhances
the response of methylene blue (MB), an electrochemical
indicator, which can interact with DNA [15].

To harness the electrocatalytic energy of functionalized
graphene sheets (FGS) for sensing glucose, Wu et al. reported
a sensor consisting of a bionanocomposite film prepared by
electrodeposition of modified platinum nanoparticles on the
FGS (which was initially dispersed in a solution of chitosan
and glassy-carbon electrode) and subsequent modification of
the resultant film with enzymes. Lastly, glucose oxidase was
immobilized on the film. The resultant biosensor depicted
good sensitivity and responsivity, high reproducibility and
long-term stability, thereby showing great promise for rapid
and accurate glucose monitoring. Moreover, this fabrication
method can also be extended for other types of graphene-based
biosensors [16].

These graphene-based sensors have been summarized in
table I for easy reference.

B. Transition Metal Dichalcogenides (TMDs)

Among two dimensional materials, transition metal
dichalcogenides (TMDs) garner significant research interest

as some of these materials possess the desirable quality of
having tunable bandgaps (indirect to direct), which resulting
in some unique properties such as photoluminescence. In the
family of TMDs, molybdenum disulfide (MoS;), molybdenum
diselenide (MoSe») tungsten disulfide (WS,) and tungsten
diselenide (Wse;), have been extensively studied for use in
sensors, with special focus on MoS; due to its superior
conductivity, fast electron transfer rate, and easy availabil-
ity [17]. These advantages allow MoS; to be efficiently used
for many diverse applications, from energy storage and flexible
electronics, to biological applications owing to its low toxicity
and stable nature [18].

The structural defects present in MoS, can be used for
surface modifications or functionalization, and mono or few
layer MoS; nanosheets depict confinement effects, all of
which result in enhanced properties for use in sensors.
MoS;-based biosensors have been fabricated and reported to
detect biomolecules such as DNA [19] and lactate [20]. Based
on the type of MoS,, it may be semi-conducting with a tunable
direct bandgap (2H) or metallic (1T) [21].

Lee et al. reported an MoS, based label-free biosensor
utilizing a simplified dielectric-free design for the detection of
prostrate specific antigen (PSA) [22]. Huang et al. presented
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TABLE Il
MoS, BASED BIOSENSORS
S.NO. ANALYTE BIOSENSING ELEMENT ADVANTAGES AND SENSOR REFERENCE
CHARACTERISTICS
1 DNA Nano-MoS, modified carbon paste Label-free detection, high 19
electrode(nanoMoS,/CPE) electrochemical activity, detection limit
of 1.9 x 107 M, good sensitivity,
reproducibility and stability
2 Lactate GC/MoS,/Lox (MoS; nanosheets, exfoliated Linear range from 0.056 - 0.77 mM, 20
onto a glassy carbon electrode, along with sensitivity of 6.2 pAmM ', detection
lactate oxidase enzyme) limit of 17 uM and reproducibility
(RSD) =4.7%
3 Prostate Specific Antigen Multilayer MoS, FET Oxide-free simple design, label-free 22
(PSA) detection, enhanced sensitivity,
4 BPA (bisphenol A) MoS; and chitosan-gold nanoparticles modified Enhanced sensitivity, long-term 23
electrode stability, selectivity and repeatability
(RSD=2.53%), detection limit of 5.0 x
10-9M

an electrochemical biosensor fabricated from MoS, nanocom-
posites [23].

Thus, the unique properties of MoS, combined with effi-
cient fabrication methods offer exciting opportunities for appli-
cation in optical, electronic, and electrochemical biosensors.

These MoS;-based biosensors have been summarized in
table II for easy reference.

C. Carbon Nanotubes (CNTs)

CNTs, another nanomaterial made of carbon, have been
extensively studied for applications corresponding to a broad
range of fields due to their superior properties. The C-C bond
makes them the stiffest and most durable fiber, whether of a
one atom thickness (SWCNTSs) or consisting of several layers
of graphite (MWCNTs). CNTs are also thermally stable and
may be metallic or semiconducting based on the fabrication
parameters [24]. Due to the surface structure of nanotubes,
the adsorbed molecules directly influence its electronic prop-
erties, and this sensitivity is an essential characteristic for a
sensor [25].

CNT-based biosensors usually consist of a sensitive element,
which involves functionalization of the CNT with a specific
biomolecule (such as proteins [26]), and a tranducer [27].
Villamizar et al. reported a bioFET consisting of a network of
SWCNTs to enable rapid and sensitive detection of Salmonella
Infantis and using appropriate antibodies, such a sensor can
be extended for the application of sensing other viruses or
bacteria [28].

Biosensors utilizing a combination of nanomaterials such
as MoS>,/MWCNTs have also been reported to combine the
individual benefits of the materials [29].

CNT sensors may utilize inter-CNT (when sensing response
is due to effects originating within the tubes), intra-CNT (when
effects arise at contact points across tubes) or Schottky barrier
(relating to effects between the tubes and electrodes) sensing

mechanism. The dominant mechanism is dependent on the
strength and type of the analyte, device architecture, as well
as the defects in the CNT [30].

CNT-based sensors overcome the drawback of carrier migra-
tion around perturbed regions in graphene-based sensors, due
to their metallic states. Further, CNTs can be functionalized
in a noncovalent manner with small aromatic molecules,
polymers, or metal nanoparticles to enhance specific sensor
selectivity. Alternatively, by utilizing covalent functionaliza-
tion approaches, the long-term stability, robustness and repro-
ducibility of the sensors can be enhanced [30].

These CNT-based biosensors have been summarized in
table III for easy reference

D. Quantum Dots (QDs)

QDs refer to semiconductor nanostructures of sizes 1 to
10 nm confined in all three dimensions by potential barriers.
Quantum confinement effect and a high surface-to-volume
ratio cause QDs to exhibit optical and electronic properties that
differ remarkably from their bulk counterparts. They are char-
acterized by a broad absorption spectrum which increases in
magnitude towards the shorter wavelengths, large Stokes shift
and an approximate Gaussian shaped narrow emission band.
Due to quantization effects, the bandgap of QDs increases with
decreasing diameter. Thus, emission peak wavelength changes
with QD size and material, as shown in Fig 1A. This property
has been utilized in multicolor imaging and multiplex analyses.

QDs have a large molar absorption coefficient, high flu-
orescence quantum yields with long excited state lifetimes
and hence make excellent probes. Additionally, they exhibit
superior resistance to chemical degradation, photobleaching
and a high two-photon absorption cross section. Their optical
properties are dependent on surface chemistry -the number
of dangling bonds determines quantum yields and stability.
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TABLE IlI
CNT BASED BIOSENSORS
S.NO. ANALYTE BIOSENSING ELEMENT ADVANTAGES AND SENSOR REFERENCE
CHARACTERISTICS
1 Glucose Bi-enzymatic CNT- poly(amidoamine) Mediator-free detection, high sensitivity, current 26
(PAMAM) dendrimer nano-composite response of 2200 nA mM, rapid response (1 s),
wide linear response range, from 4.0 uM - 1.2 mM,
detection limit of 2.5 uM
2 Salmonella Infantis Functionalized CNTFETs (network of High sensitivity, label-free detection, at least 28
SWCNTs acting as the conductor 100cfu/mL detected in 1hr, rapid response, similar
channel design can be used to sense other pathogenic
bacteria, or viruses if an appropriate molecular
receptor is employed
3 Sub-femtomolar DNA DNA probe on a gold nanoparticle and Good conductivity and signal amplification, high 29
MoS2/MWCNT electrode, along with sensitivity and selectivity, linear range from 10 - 10’
glucose oxidase fM, simple fabrication and detection process
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A XY \\ { // QDs [31], sensing thrombin [32], nucleases via gold
1y, S o . . cases
NN ~\>> b, s [~ -~ nanoparticle conjugated QDs [33], casein kinase [34]
h I:,.; MO}_,_,,V— ol -~ [>3nmm . .
<2 nm ,//‘/,“\\Q f:,r\/ -, )~ ,_Q e and acetylcholinesterase [35] wusing CdSe/ZnS QDs,
{IN IR P s \ \\ multiplex sensing using streptavidin-coated QDs and
Emived Green Yellow ok gold nanoparticles [36] and identifying recombinant proteins
light with nickel-NTA (Nitrilotriacetic acid) conjugated CdT/CdS
B _— b QDs [37]. Common nucleic acid detection methods involve
rotcin rug i .
. i’;‘g‘:g'}l‘;’: q FRET processes in QD-fluorophore systems, QD-QD systems,
Antibody ’/ 0:pCL QD fluorescence quenching or target and QD-conjugate probe
et hybridization [38].
Amphiphilic

_\}\i )) ///J_, Shell (ZnS)

polymer \

% OH N~
H+°JH0M ~— —~~  Hydrophilic
i L ~~_ __surfacc ligand
‘N,\«l,‘_\T.‘_\\-l / \ o OH
pobcprotanons
Core / ; \\ ~ :ﬁ?:
(CdSe, CdTe) E e
Fig. 1. A) With decrease in size of QDs the emission band peak

shifts towards shorted wavelengths. B) Quantum dots consist of a
core-shell structure. The surface maybe coated with a different kind
of ligands for linking with molecules. Reprinted from Maysinger, D.,
Ji, J., Hutter, E., & Cooper, E. (2015). Nanoparticle-Based and Bio-
engineered Probes and Sensors to Detect Physiological and Patho-
logical Biomarkers in Neural Cells. Frontiers in Neuroscience, 9.
doi:10.3389/fnins.2015.00480, an open access source.

Accordingly, QDS can be functionalized with organic capping
ligands as per required application.

1) Traditional QDs: Traditional QDs (TQDs) consist of
II-VI, IV-VI and III-V semiconductors in a core-shell structure,
as shown in Fig 2B, and have been popularly researched as
optical transducers based on PL activation/quenching caused
by physical and chemical interactions on the QD surface.

Forster Resonance Energy Transfer (FRET) involves the
energy transfer from a donor excited with radiation to an
acceptor nearby in ground state, resulting in fluorescence of
the donor decreasing and the acceptor increasing. Sensors
with TQDs as acceptors in FRET process have been made

Similarly, TQDs as acceptors in BRET (Bioluminescence
Resonance Energy Transfer) systems have been exploited for
biosensing, such as glucose detection via CdTe QDs [39] and
nucleic acid using carboxylated QDs [40], as well as in in
vivo bioimaging applications [41]. Wang et al. developed a
CuFe;04 nanoparticles and ZnO composite for detection of
toxic methylene blue molecules [42].

Apart from their use in optical transducers, TQDs find
use in photoelectrochemical and gas sensors. Stretchable
and humidity-resistant NO, gas sensor using PbS colloidal
QDs (CQDs) and graphene electrodes [43] and using SnS»
QD/graphene nanostructures [44] have been reported. H>S gas
sensors fabricated using SnO, CQDs - multiwalled carbon
nanotubes (MWCNTSs) composite [45] and NO; and ethanol
gas sensors using monoclinic WO3 QDs [46] have been
reported. Photoelectrochemical sensors using TQDs are based
on change in photocurrent due to chemical changes by
enzymes, QD-protein interactions and binding reactions
between biomolecules [47]. Reported applications include
photoelectrochemical detection of acetylcholine [48], oxy-
gen [49], epinephrine [50], and hydrogen [51], [52] to name a
few. Although the use of TQDs in a range of biosensing and
bioimaging applications has been explored, their cytotoxicity
has been a cause of concern. Observed cytotoxic effects
have been attributed to release of Cd>* ions, aggregation
of nanoparticles and presence of surface ligands that are
cytotoxic. To overcome the issue of toxicity alternative QDs
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A molecular method for virus detection in
respiratory infections: Itis implemented using
nasopharyngeal and nasal swab samples.
Requires pre-processing of samples for RNA
extraction and can report false positives.

Detects antibodies in blood- Immunoglobulin M (IgM) and
Immunoglobin G( 1gG) produced by the host in defence
against the virus protein. Uses blood samples instead of

nasopharyngeal swabs

Non-uniformity in the serum IgM/IgG concentration in
patients along with delayed immune responses lead to
false-positives.

Could also misdiagnose. Typical CT images sometimes
cannot distinguish between covid and influenza infections

Fig. 2. Methods employed for COVID-19 diagnosis.

using InGaP, InP, carbon dots, graphene quantum dots etc. are
being explored [53].

2) Carbon Dots (CDs): CDs are QDs with a carbon
core and a functional group shell. They exhibit a number
of unique properties, inheriting the excellent optical and
electronic properties of traditional QDs with desirable
inherent properties such as high biocompatibility and low
toxicity.

Fluorescent CD sensors use direct analyte-CD interactions,
post functionalization of CDs and integration with other mole-
cules. CD sensors for detection of iron, copper and mercury
ions [54], catecholamines, dopamine and ascorbic acid [55],
proteins and DNA via PL quenching have been developed.
Detection of folate receptor positive cancer cells using folic
acid - CDs probe [56], Escherichia coli has been detected
using mannose-modified fluorescent CDs through the binding
of the lectin units of the bacteria and mannose on the CDs
and thus tagging the bacteria [57]. Similarly, papaya sourced
water-soluble CDs for detection of the bacteria via the same
mechanism has been reported [58].

Work has also been done on electrochemical and elec-
trochemiluminescence sensor. Louleb et al. used N-CDs for
dopamine detection in human fluids (serum and urine) [59].
Hydrogen bonding between the dopamine -NH3T moiety
and the surface ligands of the N-CDs caused quenching

in the fluorescence of the N-CDs, the extent of which
was measured and used to determine the concentration of
dopamine. CD-nanomaterial combination for epinephrine, glu-
cose, insulin, acetylcholine detection among other biomole-
cules has also been reported [60].

3) 2D-QDs: Two-dimensional quantum dots consist
of 2D-nanomaterials which consist of graphene, transition
metal dichalcogenide (TMD), transition metal oxides, etc.
reduced in lateral dimensions and exhibit novel properties
along with most properties of their larger 2D form.

Functionalization of 2D-QDs allow for enhancing specific
properties and thus for application in various sensors. Chemi-
luminescence sensors for uric acid and 4-nitrophenol detec-
tion, electrochemical sensors for microRNA and caffeic acid
detection, and electrochemiluminescence sensors for detecting
adenosine triphosphate, metal ions, microRNA and antigens
based on 2D-QDs have been developed [61].

Electrochemical sensors based on graphene QDs explored
include detection of metronidazole via molecularly imprinted
polymers on GQDs and graphene nanoplatelets [62] and more
recently, dopamine release detection with composite of GQDs
and MWCNTs [63]. An electrode based on graphene QD
assembled on gold electrode was developed by Zhang et al.
which was able to detect HyO, by measuring the current
during the reduction of H>O; through electrocatalysis [64].
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TABLE IV
QD BASED BIOSENSORS
S. NO. ANALYTE BIOSENSING ELEMENT MECHANISM REFERENCE
1 DNA Thiolated oligonucleotide modified Fluorescent quenching of QDs due FRET process 31
mercaptopropionic acid stabilized CdSe/ZnS ~ from QDs to dye molecules integrated by telomerase
QDs in DNA undergoing replication/telomerisation
2 Proteases Gold nanoparticles tethered QDs via peptide Quenched fluorescent AuNP-QDs show strong 33
sequence corresponding to target protease emission due to disabled FRET process on account
of breaking of peptide chain by target protease
3 Recombinant Carboxylated QDs covalently bound to Detection by binding of fluorescent Ni-NTA QDs 37
proteins primary amine group attached Ni** and NTA with histidine in the his-tagged proteins
ligand
4 Glucose Luciferease enzyme-glucose binding protein GBP separating QD and enzyme binds with glucose 39
(GBP) conjugated CdTe QDs and shortens donor acceptor distance resulting in
increase in BRET emission
Carbon dots Quenching of fluorescent CDs due electron-hole 55
nonradiative recombination
5 Dopamine
Quenching due to H-bonding between the dopamine-
Nitrogen doped CDs NH** moiety and the surface ligands of the N-CDs 59
6 Cancer cells Folic acid - CDs probe Recovery of fluorescence due to folic acid leaving 56
CD surface to combine with folate receptor on
cancer cell
7 Escherichia coli Mannose-modified fluorescent CDs Tagging of bacteria by binding of the lectin units of 57
the bacteria and mannose on the fluorescent CDs
8 microRNA GQDs as horseradish peroxidase Increase in current via HRP-GQD catalyzed 61
immobilization platform electrochemical reduction of 3,3',5,5'-
tetramethylbenzidine (TMB)
9 Metronidazole Molecularly imprinted polymers (MIP) on MNZ accumulation on GQD-MIP recognition sites 62
(MNZ) GQDs and graphene nanoplatelet modified on electrode surface
glassy carbon electrode (GCE)
10 Peroxide Graphene QD assembled on gold electrode Measurement of current due to reduction of H,O, as 64
it undergoes electrocatalysis

These QD-based biosensors have been summarized in
table IV.

[1l. BIOSENSORS FOR COVID-19 DIAGNOSIS

The first human cases of Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) or COVID-19 were
recorded in Wuhan, China in December, 2019 before the World
Health Organization declared the global outbreak of the highly
contagious virus a pandemic on March 11, 2020. [65]

Thanks to the continual medicine research traversing
the spectrum, from early detection to the treatment- some
even highlighting the very possibility of a disease outbreak
in the years leading up to 2020 [66], we can rely on

several techniques to detect COVID-19 [67], [68]. These
include Nucleic Acid Tests-Gene based identification of viral
genomic RNA using Reverse Transcription Polymerase Chain
Reaction or RT-PCR tests as the gold standard, Serological
Immunoassays adopted in conjunction with RT-PCR to get
very high detection rates (98.6%) [69], [70], CT Imaging [71]
and Biosensors. These are delineated in Fig 2. The current
testing standards, however, present certain challenges. The
description of the basic working along with advantages
and disadvantages of the current diagnostics tests is as
follows.

RT-PCR Tests detect viral RNA. Enzymes convert RNA to
DNA, which is replicated billions of times due to temperature
cycles in the PCR machine, followed by binding of fluorescent
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markers which give a positive result if the fluorescence crosses
a threshold value.

As they only detect the presence of an active virus at
the time of testing, RT-PCR tests do not indicate whether a
patient had a past infection and has since recovered. They
require sample pre-processing for RNA extraction, removing
fats, proteins and other molecules present in nasopharyngeal
and nasal swab samples. Additionally, given that the virus is
distributed non-uniformly along the respiratory tract, negative
tests results could also mean the absence of virus at the site
of sample collection, not the absence of virus altogether. [72]
Samples must be sent to a specialised laboratory from the
point of collection/testing site, resulting in longer response
time, typically 48 hours. False negatives results arise from
incorrect sampling site of swab collection or insufficient viral
material in the sample.

Despite the fact that these are generally considered highly
sensitive for SARS-CoV-2 detection, sensitivity has been
reported as low as 59% in [73], [74]. Reason for low sensitivity
could be easy degradation of RNA which can be prevented by
immediate frozen storage conditions. Therefore, mishandling
samples could result in poor detection. During SARS-CoV-2
viral attack, the host RNA gets damaged and is released
as fragments into the bloodstream, making their detection
by RT-PCR challenging. Use of nanomaterials such as gold
nanoparticles or fluorescent biomarkers can help isolate these
RNA fragments and can overcome the detection problem by
acting as signal enrichment tools. They typically have a shelf
life upto 12 months. [75], [76]

Lateral flow assays (LFA), or the ‘Antibody’ tests as they
are popularly called, work by detecting a person’s immune
response to infection by the virus. Blood sample is mixed with
a buffer liquid in the sample pad of the test strip to control
the mobility. Moving across to the release pad, the sample
analyte binds with antibodies conjugated with fluorescent
nanoparticles, such as colloidal gold. Now containing the
capturing antibody bound to the target analyte, the sample
interacts with nitrocellulose membrane having multiple test
lines, resulting in colorization of the appropriate test line,
depending on the presence of Immunoglobulin M (IgM) or
Immunoglobin G (IgG).

They present the advantage of a longer shelf life, upto
24 months [77], no need for refrigeration, easily understand-
able visual results, easier use for point of care use and elim-
ination of the need for additional equipment for processing.
Process from finger-stick to results takes within 30 minutes.
Notably, they can help diagnose post infection conditions such
as multisystem inflammatory syndrome [78].

One main research area is stemming from a shortcoming
of LFA in conversion of visual data to quantitative results
by digitization. Additionally, as analysis time is dependent on
sample viscosity, there is no way to enhance test response
using enzymes. Limit of sensitivity is introduced due to
restriction on total volume of sample that is used [79]. Since
research on COVID-19 virus is still in the development phase,
there is no definite time period for which covid-19 antibodies
can be believed to last. Thus, a negative test result does not rule

out previous infection. Mild infection may not even develop
detectable antibodies.

CT Scans: Chest CT Images of patients be atypical with
the viral pneumonia infection images as the baseline. Images
change at different stages of the disease, as recorded in many
studies focusing on the manifestation of COVID-19 in lungs in
the form of lobular and patchy ground glass opacities (GGOs),
lesions, nodules or cavitation. [80]-[82]. This makes CT Scan
a tool to monitor disease evolution.

CT Scans have the benefit of higher sensitivity than RT-
PCR- 88% vs 59% and 98% vs 71% have been reported
in [73], [74]. The process is simple and equipment easily
available in hospitals, making this method a potential rapid
screening tool, at least for initial screening, especially in places
facing shortage of RT-PCR test kits. However, images obtained
from CT Scans for a COVID-19 patient may resemble those
obtained in case of influenza infections, making this method
fatally unreliable in some cases. Exposure to radiation in
CT Scans makes it potentially inapplicable for children and
pregnant women. Although it shows high sensitivity, The chest
CT appearance is thought to be non-specific- the accuracy
in distinguishing covid-19 infection from non covid viral
pneumonia, by comparing CT features of the two, has been
reported as low as 60% [83].

One challenging area for radiologists is to differentiate
between COVID-19 infection and symptoms arising from
other pneumonia like infections or lung disorders.

Work done by various research groups working towards
nanomaterials based biosensors has reportedly addressed
some, although not all, of the above mentioned drawbacks.
Pros of using NM based biosensors include rapid response,
enhanced selectivity and sensitivity, portability and cost-
effectiveness [84], [85]. Moreover, most nanomaterials can be
appropriately functionalized to obtain enhanced properties and
advantages, including biocompatibility, along with producing
satisfactory reproducibility of the biosensors [86].

Despite these advantages, full potential is not yet har-
nessed for on-site applications, equipment is not widespread
for commercial use and existing logistical support exists for
standard tests only. Some key attributes that serve as points
of comparison while considering nanobiosensors as detection
tools complementary with the standard techniques are listed
in the comparative table V presented below.

In the direction of using biosensors for COVID-19 detec-
tion, there have been noteworthy developments, not least due
to the fact that biosensors offer advantages of portability,
sensitivity, and miniaturization as in the case of chip-based
sensors along with small sample requirement. The sensing
mechanism of a biosensor in general involves bio recogni-
tion elements, transducers and processor for data analysis,
as shown in Fig 3. The biologically sensitive material acts
like a template for detection while the transducer is respon-
sible for converting the interaction between the bioanalyte an
dits receptor into an electrical signal. Finally, the signal is
appropriately filtered and amplified to be obtained as output.
The Table-VI summarizes some recent advancement in sen-
sors which have shown promise in responding to the novel
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TABLE V
COMPARISON OF PARAMETERS FOR STANDARD COVID-19 TESTS AND NANOBIOSENSORS

laboratories away from sample

collection site

PARAMET RT-PCR SEROLOGICAL COMPUTER NANOBIOSENSORS
ER IMMUNOASSAYS TOMOGRAPHY SCANS
Sensitivity 93% positive in bronchoalveolar 87.3%1t097.2% Higher sensitivity than RT- Very high sensitivity with detection
lavage fluid [70] [70] PCR- 88% vs 59% and limit as low as 10"*M
98% vs 71% [93]
[73, 74]
Response 48 hours 30 minutes 30-60 minutes Real time detection in less than 30
Time seconds
[121]
Reliability False negatives results arising False negatives results False positive results due Shows promise to overcome to
(Accuracy of from incorrect site of swab arising from undetectable to non specificity: accuracy problem of false positives and negatives
Results) collection or insufficient viral antibodies reported as low as 60% reported by the standard RT-PCR
material in the sample [83] tests[105]
Portability Test is done in specialised Lateral flow devices In specialised laboratories Used as hand held devices for

allow point of care testing

commercial POC applications

Antigen Bio-recognition Transducer Signal Display &
‘ DNA/RNA element Processing Storage
Protein ) e ™ ) )
Toxin » Antibodies sElectrochemical » Amplification +A measurable
O o «Proteins (Electrodes, FET = Analog to output signal on
=4 Virus Cells based) Digital monitor.
== Metal NPs T A *Optical (SPR Conversion
= «Microorganism effect, Fibre +Filtering
< Optics) »Linearization
*Mass ) «Signal
(Magnetoelectric Compression
, piezoelectric)
— < J R —

Fig. 3. Main Components of a Biosensor.

coronavirus and is the subject of discussion for the following
paragraphs.

Notably, the S1 spike protein is a major facilitator to
the entry of the virus, making anti-S antibodies diagnostic
markers [87]. S1 detection reliably indicates the presence
of the virus itself [88], [89], even in the incubation period
and in asymptomatic cases. A novel bioelectrochemical sen-
sor [90] employs membrane engineered cells electroinserted
with human S1 antibody as the biorecognition element for
detection of S1 spike protein of SARS-CoV-2. It responds
to the binding of the antigens (target analytes-S1 protein)
with the inserted antibodies on the cells, resulting in changes
in cellular bioelectric properties. This low cost, ultra rapid
biosensor allows for differentiation between different protein
concentrations. With variation in Binding of the antibod-
ies corresponding to different domains of the S1 subunit,

the biosensor could also be used detect out the associated
coronaviruses [91], [92].

A Fibre-Optic Absorbance Biosensor invented by
researchers from IITM and named P-FAB, employs a
multimode U bent fibre optic probe to detect nucleocapsid (N)
protein of SARS-CoV-2 [93] from the non-invasive saliva
samples [94]. The biosensor achieved a detection limit
of 10718 M, along with displaying benefits such as flexibility
as well as sensitive and specific detection. The N protein,
like the spike protein, is identified as a major structural
protein of the SARS-Cov-2 with a high immunogenic
activity, aiding viral RNA replication and present during early
infection stages [95]. N protein from the saliva specimen
with the detector antibodies (anti-N protein) in the bio-
functionalised sensing region prompts a response measurable
as absorbance change. A point of care device based on
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this biosensor has the potential for highly sensitive COVID
detection [96], [97].

A novel optical biosensor designed to identify the RNA
sequences of the SARS-CoV-2 [98], and aimed at real time
monitoring of virus concentration in air, has been shown to
be responsive towards SARS-CoV and exhibits the ability to
distinguish between RNA of SARS-CoV and SARS-CoV-2,
closely related viruses with slightly varying RNA sequences.
It consists of gold nanoislands upon which DNA receptors
complementary to the RNA sequences of the virus, are grafted.
Molecules binding to the functionalised nanostructure help
determine the presence of said RNA.

Similar plasmonic biosensors using the combined Plasmonic
Photothermal (PPT) and localized surface plasmon resonance
(LSPR) effects are being explored for use in clinical diag-
nostics [99]-[103]. They are highly flexible in the choice of
substrate material-from metallic nanoparticles such as gold
to 2D films consisting of graphene and silicon nanowires,
a number of structures easily fabricated in laboratories provide
the required biocompatibility [104]. The dual function LSPR
biosensor developed by Qiu ef al. is particularly notewor-
thy due to its high selectivity and sensitivity for detecting
SARS-CoV-2, with a low detection limit (0.22 pm concentra-
tion). Such a biosensor can aid in overcoming the problem of
false positives or negatives reported by the standard RT-PCR
tests [105].

Nanoparticles (NPs), as a consequence of their remarkable
optical properties, can act as fluorescent probes for biomolec-
ular imaging and detection [106]-[109]. Nanosensing systems
based on Gold, Carbon, Silica and magnetic NPs in addition to
Quantum Dots, have been extensively explored in relation with
cellular detection and monitoring of diseases [110]-[118].

Functionalization using surface engineering on nanoparti-
cles could be a useful tool to target the novel coronavirus.
An exciting approach is the use of magnetic NP (MNP)
based biosensors operating on the principle of giant magne-
toresistance (GMR) for SARS-CoV-2 detection [118]; spin
interactions between MNP and non-magnetic viral proteins
are responsible for changes in resistance and therefore, mag-
netization. Magnetic signals detected this way contain low
background noise levels due to largely non-magnetic nature of
samples such as blood, serum, etc. These GMR based sensors
can be translated into portable devices.

Graphene and its derivatives- Graphene oxide (GO),
nano-size GO called Graphene QD, few-layer graphene,
fluorographene, to name a few- are useful in their roles as
components of biosensing systems. For all its interesting
characteristics, Graphene is inherently inert with zero band
gap, necessitating chemical functionalization using organic
and inorganic molecules. Controlling its electronic behaviour
by chemical modification would mean tuning the band
gap, allowing its application in nanoelectronic devices.
Recently, a field effect transistor (FET) based biosensing
device making use of surface modified graphene sheets was
introduced as a SARS-CoV-2 detector. Viral spike protein
being the diagnostic antigen, the device was functionalised
with receptors composed of SARS-CoV-2 spike antibody;

the results demonstrated reliable detection of the antigen in
cultured virus as well as clinical samples [119].

One major side effect reported for COVID-19 virus is the
induction of mitochondrial reactive oxygen species (ROS) in
lung cells [120]. Thus, a new approach based on sensing
the level of ROS-responsible for activation of the NLRP3
inflammasome, a component of the innate immune system- has
been introduced by researchers in Iran [121], [122]. It utilizes
an electrochemical sensor fabricated using MWCNTSs modified
electrodes to measure the ROS in fresh sputum samples from
patients. The notable advantages of this sensor include its
ability to diagnose the viral infection in asymptomatic cases,
by simply responding to the changes in ROS levels in the
sputum, and the possibility of real time detection of the
disease in less than 30 seconds. The tests already conducted
on patients show promising results with regard to accuracy
and sensitivity, providing a reasonable basis for comparison
with the existing clinical tests.

IV. CHALLENGES AHEAD

A biosensor requires many capabilities such as high speci-
ficity and high sensitivity so that it is able to identify the
right analyte in the midst of any other similar contaminants or
analytes present. It must be non-toxic to allow use in biological
systems and disposable to avoid transfer of infectious diseases.
Other requirements include capacity for multiplex sensing of
biomolecules for higher accuracy, fast response time with short
postprocessing procedures, a long life and cost effectiveness as
to increase affordability of the biosensor. Existing biosensors
are restricted due to their inability to achieve one or more
of the mentioned requirements at the commercial stage and
hence the ongoing research is focused on overcoming these
limitations to make more accurate and sensitive sensors.

To be able to use graphene-based sensors for widespread
commercial purposes, research efforts are focused at finding
effective capturing agents to bind target molecules to the
sensor surface and looking for solutions to the problem of
the susceptibility of graphene’s electrical conductivity to envi-
ronmental changes, which hinder reliable and regular sensing
process and results [123]. For biological applications, CNTs
are functionalized with bioreceptors such as proteins or other
microorganisms to result in CNT-bioFETs. While such devices
offer significant advantages, one limitation is the background
electrostatic noise, which can limit the performance of the
sensor [124]. Some of the potential challenges when employ-
ing QDs as imaging probes include QDs with sizes less than
S5Snm being eliminated by renal filtration [125]. Additionally,
toxicity studies of the nanoparticle cores used as sensor
components could reveal the extent of their biocompatibility
in biological systems [126], [127].

Notably, graphene and its aforementioned derivatives,
beyond the well-researched applications in electronics, are
noteworthy candidates for biomedical purposes as well, for
instance in drug delivery [128], gene therapy [129], DNA
sequencing [130], bio-imaging [131] and biosensing [132].
Considering the impact of biosensors in detection and manage-
ment of infectious diseases, it will be worthwhile to overcome
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TABLE VI
SOME RECENTLY DEVELOPED BIOSENSORS SHOWING POTENTIAL FOR SARS-COV-2
S. NO. ANALYTE BIOSENSING ELEMENT ADVANTAGES REFERENCE
Ultra rapid, differentiation between 74
different protein concentrations,
1 S1 spike protein of SARS- Membrane engineered cells electro Detection in the incubation period/ in
CoV-2. inserted with human S1 antibody asymptomatic cases
2 Nucleocapsid (N) protein of Anti-N protein tagged gold NPs on U Minimal sample pre-processing, 77
SARS-CoV-2 bent fiber optic probe rapid, early detection even for low
analyte concentration
3 RNA Gold nano-islands grafted with which Real time monitoring of virus 82
DNA receptors complementary to the concentration in air
viral RNA sequences
4 Viral proteins from Magnetic NP Low background noise levels, 100
blood/serum portability
5 Viral spike protein SARS-CoV-2 spike antibody Highly specific and sensitive, 102
immobilized graphene sheets detection of virus from clinical
samples without preprocessing
6 Mitochondrial reactive oxygen Working electrode modified with Monitoring viral infection in 103
species (ROS) in lung cells MWCNTs asymptomatic cases, real time and
(from sputum samples) sensitive detection in less than 30
seconds.

the current challenges related to their sensitivity, specificity,
portability for point of care devices and cost upon commer-
cialization. Current research in biosensors thus aims to develop
robust biosensors capable of regeneration for reuse to allow
use over a long time reduce cost issues. The key to developing
better and more powerful biosensors seems to lie in the
effective combination of polymers, nanomaterials and biology.
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