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No specific vaccine or drug has been developed till date for the treatment of SARS-CoV-2 infection, early diag-
nosis is very essential to manage COVID-19 pandemic. At present, the reliable, rapid, and low-cost technique
for SARS-CoV-2 diagnosis is the foremost priority. In this context, nanomaterials enabled based biosensors
can be a hope to offer novel techniques that may perhaps meet the current demand for early and rapid diag-
nosis of SARS-CoV-2 infections.
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We are currently facing the COVID-19 pandemicwhich is the consequence of severe acute respiratory syndrome
coronavirus (SARS-CoV-2). Since no specific vaccines or drugs have been developed till date for the treatment of
SARS-CoV-2 infection, early diagnosis is essential to further combat this pandemic. In this context, the reliable,
rapid, and low-cost technique for SARS-CoV-2 diagnosis is the foremost priority. At present reverse transcription
polymerase chain reaction (RT-PCR) is the reference technique presently being used for the detection of SARS-
CoV-2 infection.However, in a number of cases, false results have beennoticed inCOVID-19 diagnosis. Todevelop
advanced techniques, researchers are continuously working and in the series of constant efforts, nanomaterials-
enabled biosensing approaches can be a hope to offer novel techniques that may perhaps meet the current de-
mand of fast and early diagnosis of COVID-19 cases. This paper provides an overview of the COVID-19 pandemic
and nanomaterials-enabled biosensing approaches that have been recently reported for the diagnosis of SARS-
CoV-2. Though limited studies on the development of nanomaterials enabled biosensing techniques for the diag-
nosis of SARS-CoV-2 have been reported, this review summarizes nanomaterials mediated improved biosensing
strategies and the possible mechanisms that may be responsible for the diagnosis of the COVID-19 disease. It is
reviewed that nanomaterials e.g. gold nanostructures, lanthanide-doped polysterene nanoparticles (NPs),
graphene and iron oxide NPs can be potentially used to develop advanced techniques offered by colorimetric,
amperometric, impedimetric, fluorescence, and optomagnetic based biosensing of SARS-CoV-2. Finally, critical
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issues that are likely to accelerate the development of nanomaterials-enabled biosensing for SARS-CoV-2 infec-
tion have been discussed in detail. This reviewmay serve as a guide for the development of advanced techniques
for nanomaterials enabled biosensing to fulfill the present demand of low-cost, rapid and early diagnosis of
COVID-19 infection.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The whole world is barely breathing under the shadow of the novel
coronavirus (COVID-19). In December 2019, un-precedented pneumo-
nia due to unknown cause was detected in the city Wuhan of China
(Udugama et al., 2020; Morales-Narváez and Dincer, 2020). Subse-
quently, on 11 February 2020, the world health organization (WHO)
identified it as the new coronavirus disease-19 (COVID-19) and it was
declared as pandemic on 13 March 2020 [https://www.who.int/
emergencies/diseases/novel-coronavirus-2019/events-as-they-
happen]. The public health professionals have discovered that this new
pathogen possesses about 80% similarity to the genome of the severe
acute respiratory syndrome (SARS-CoV) and therefore, given the
name as SARS-CoV-2 (Zhou et al., 2020; Gorbalenya et al., 2020; Lu
et al., 2020). The SARS-CoV-2 has not only aroused severe health issues
around theworld but has led to anun-precedented socio-economic bur-
den. SARS-CoV-2 is capable of spreading among humans to humans
from the infected individuals, bearing no or mild symptoms (Bai et al.,
2020; Rothe et al., 2020). In the beginning, the diagnosis of patients suf-
fering from SARS-CoV-2 infection was done through the computed to-
mography (CT) of the chest, and was compared to the healthy lungs,
varying opacities in the CT images were recorded in patients, leading
to initial diagnosis of pneumonia (Li and Xia, 2020; Bernheim et al.,
2020). Subsequently, in early January 2020 after the publication of the
genetic code of coronavirus, the polymerase chain reaction (PCR)
based technique was employed for the diagnosis of COVID-19 (Chu
et al., 2020).

As per the WHO guidelines, confirmation of the COVID-19 infection
should be done by detecting unique ribonucleic acid (RNA) sequences
of SARS-CoV-2. Further, detection of virus RNA is based on the nucleic
acid amplification tests through real-time reverse-transcription poly-
merase chain reaction (rRT-PCR), targeting N, E, S and RdRp genes
[https://apps.who.int/iris/bitstream/handle/10665/331501/WHO-
COVID-19-laboratory-2020.5-eng.pdf?sequence=1&isAllowed=y].
The characteristics of RT-PCR techniques (e.g. detection ability, detec-
tion limit, sensitivity, detection time etc.) towards the specific targets
(RdRP gene, ORF1ab, N, S and Egene) of SARS-CoV-2 have been found
to vary as per the manufacturer and compressively reviewed in recent
studies [Wang et al., 2020b; Mahapatra and Chandra, 2020; LeBlanc
et al., 2020; van Kasteren et al., 2020; Carter et al., 2020]. In a study by
van Kasteren et al., diagnostic ability of seven different commercial
RT-PCR kits for SARS-CoV-2 infection were evaluated [van Kasteren
et al., 2020]. In all the assays, ≥96% efficiency of PCR was noticed
whereas the estimated limit of detection (LOD95) [copy/ml] exhibited
6-fold variation. Similarly,Wang et al., observed a substantial difference
in LOD of 6 commercial RT-PCR kits where the poorest LOD is estimated
to be false negative result of SARS-CoV-2 diagnosis [Wang et al., 2020b].
Though the PCR-based technique relies on the RNA and is highly sensi-
tive, there are several issues associated therein. These issues can be
briefed as follows (i) complex and time-consuming, (ii) handling and
transportation of samples by highly skilled staff (iii) high cost, (iii) risk
to elicit false-negative and false-positive diagnosis etc. (Shen et al.,
2020; Tahamtan and Ardebili, 2020). Further, the alternative techniques
based on anti-bodies (serological testing) and CRISPR have been
employed for the diagnosis of the SARS-CoV-2 infection (Broughton
et al., 2020).

To impede the spreading of SARS-CoV-2 among the humans and
thereby reducing the mortality rate, early and fast diagnosis is the
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demand of the hour. Moreover, to overcome numerous issues associ-
ated with PCR-based techniques, researchers are working hard to de-
velop the advanced and low-cost techniques to offer rapid and reliable
detection of SARS-CoV-2. In this context, biosensors based on
nanomaterials have been predicted to fulfill the demand of the desired
fast and low-cost diagnosis techniques. Owing to interesting physico-
chemical properties at nano-scale, nanomaterials enabled biosensing
is advantageous in several aspects e.g. (i) easy to use (ii) requirement
of a very low amount of the sample analytes (iii) fast and sensitive
(iv) low-cost, and easy disposability. Further, nanomaterials-enabled
biosensings are being developed and have shown their potential for
the diagnosis of different types of virus infectious diseases including
HIV/AIDS (Farzin et al., 2020), hepatitis B virus (Negahdari et al.,
2019), herpes virus (Narang et al., 2018), dengue fever (Palomar et al.,
2018) and influenza virus infections, etc. (Siuzdak et al., 2019; Lee
et al., 2019).

In this review we focus on the role of nanomaterials-enabled bio-
sensing techniques of different types of virus that have been considered
as responsible for the onset of respiratory infections including MERS-
CoV, SARS-CoV, and SARS-CoV-2. We summarize in particular the stud-
ies reported on the development of nanomaterials-enabled biosensing
for the detection of SARS-CoV-2 that have been recently performed. Dif-
ferent types of nanomaterials such as gold based nanostructures,
lanthanide-doped polysterene NPs, graphene and iron oxide NPs that
have been used for the development of novel techniques for the diagno-
sis of SARS-CoV-2 with the help of colorimetric, fluorescence, ampero-
metric, impedimetric and optomagnetic mediated improved
biosensing have been reviewed. The emphasis has been made on the
different methods for biosensing using a variety of nanomaterials and
the associated mechanisms for the detection of SARS-CoV-2 infection.
Moreover, future prospects to implement nanomaterials-enabled bio-
sensing techniques for the SARS-CoV-2 infection have been discussed
in detail.

2. An overview of SARS-CoV-2 and its consequences onCOVID-19
pandemic

SARS-CoV-2, aβ-coronavirus has been identified as a single positive-
strand RNA genome (Grifoni et al., 2020). It consists of four different
structural proteins namely spike (S), envelope (E), matrix (M), and nu-
cleocapsid (N) [Fig. 1]. Through the phylogenetic analysis of SARS-CoV-
2, the genomic similarties about 80% and 50% have been noticed with
severe acute respiratory syndrome virus (SARS-CoV) and middle east
respiratory syndrome virus (MERS-CoV), respectively (Zhang and
Holmes, 2020). More importantly, SARS-CoV-2 expresses the genomic
similarity of about 96% with the bat coronavirus RaTG13, and hence it
is a matter of intense debate that SARS-CoV-2 may perhaps have origi-
nated from the bat (Zhang and Holmes, 2020). Many studies have ex-
plored that SARS-CoV-2 exploits the angiotensin converting enzyme-II
(ACE2), as a receptor for the cellular entry. Further, ACE2 has been rec-
ognized for high affinity of the spike protein (S) of SARS-CoV-2 (Alifano
et al., 2020).

Respiratory droplets and fomites are the possible medium and are
responsible to transmit COVID-19 diseases. As per the clinical studies
conducted on COVID-19, it has been estimated that SARS-CoV-2 can
have the incubation period of up to 24 days. Whereas, a high basic re-
productive number has been determined to be ~3.77 (Guan et al.,
2020; Yang et al., 2020). In most of the clinical cases, this virus has
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Fig. 1. Shows (A) 3D structure of SARS-CoV-2, (B) cross sectional representation of the viral structure with its proteins [modified background, adapted from: https://www.
scientificanimations.com/coronavirus-symptoms-and-prevention-explained-through-medical-animation/] (https://en.wikipedia.org/wiki/Coronavirus, CC BY-SA 4.0) (C) Transmission
electron microscope image of SARS-CoV-2. The virus is colorized in blue (adapted from the US Centers for Disease Control). [Adapted from: details on COVID-19; Public Health Image
Library (PHIL), Centers for Disease Control and Prevention. https://phil.cdc.gov/Details.aspx?pid=23354 (accessed 2020/03/27).]
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been detected in the upper respiratory tract, suggesting nasopharynx as
the main site of replication. Nevertheless, the gastrointestinal symp-
toms have been noticed in a number of patients suffering from COVID-
19 (Gu et al., 2020). Moreover, even when the nasopharyngeal sample
was found to be negative, the RNA trace of SARS-CoV-2 could be de-
tected in rectal swabs (Wang et al., 2020a; Xiao et al., 2020; Lamers
et al., 2020). These observations clearly suggest that transmission of
SARS-CoV-2 through fecal-oral is also possible. It has been reported
that usually, lungs are the most affected organs by SARS-CoV-2, but
other organs like brain may also be severely infected. Gandhi et al.,
have reported that through the olfactory bulb, the central nervous sys-
tem (CNS) is most likely to be infected by SARS-CoV-2 (Gandhi et al.,
2020). Consequently, SARS-CoV-2 can easily target the thalamus and
brain stem, leading to infection in the respiratory center of the brain.
Thus, it is possible that SARS-CoV-2 can infect the respiratory center of
the brain and is therefore, responsible for the respiratory breakdown
in patients suffering from COVID-19. Besides this, the spectrum of this
disease is partly recognized in patients. And, both the symptomatic
and asymptomatic cases have been noticed. In asymptomatic case, no
specific symptoms have been identified. Some of the symptomsmay in-
clude respiratory issues, pneumonia, fever, cough, and dyspnea
(Cascella et al., 2020). On the other hand, an asymptomatic patient is
3

capable of transmitting this disease. However, technically one can say
that the asymptomatic individuals are more dangerous since they can
spread the disease unknowingly. Therefore, the development of a low-
cost and rapid diagnosis technique is imperative and is urgently needed
to identify the infected patients to further prevent and control this pan-
demic. In this context, nanomaterials enabled biosensing approaches
can be imperative and are expected to fulfill the current demand for
early, rapid and low-cost point- of- care diagnostic techniques for
COVID-19 detection. As discussed in the next section chemical proper-
ties of nanomaterials can be a potential to design ultra-sensitive bio-
sensing techniques for respiratory viral infections. In the meantime, to
avoid the infection through SARS-CoV-2, the only options that an indi-
vidual should follow are the precautionary measures [Fig. 2].

3. Nanomaterials-enabled biosensing of respiratory viral infection
(MERS-CoV, SARS-CoV, SARS-CoV-2)

Recent advancements in the field of nanobiotechnology have given
birth to advanced techniques for diagnosis and therapeutic applications
(Augustine et al., 2017; Palmieri and Papi, 2020;Malhotra andAli, 2018;
Ravina et al., 2020; Cesewski and Johnson, 2020). In particular, proper-
ties of nanomaterials including high surface-to-volume ratio, quantum
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Fig. 2. Schematic shows that one should take precautions to avoid infection through SARS-
CoV-2 [credit: https://pixabay.com/; coronavirus 3D image adopted from https://www.
scientificanimations.com/coronavirus-symptoms-and-prevention-explained-through-
medical-animation/] (https://en.wikipedia.org/wiki/Coronavirus, CC BY-SA 4.0).
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size effects, high adsorption and reactive capacity as compared to their
bulk form are imperative to design biosensing techniques. Moreover,
the size and shape of nanomaterials can be easily tailored, and, there-
fore, surface modification/immobilization with numerous biological
species via covalent or non-covalent bonding are possible to enhance
the biosensing characteristics in terms of low-detection limit (increased
up to several order ofmagnitudes), high sensitivity, selectivity and rapid
response towards the sample analytes (Maduraiveeran et al., 2018).
Nevertheless, one of the biggest challenges in designing of biosensors
(e.g. DNA/RNA) is to capture signal of very low magnitude which
takes place between the biological species (bio-receptors and analytes).
To overcome this issue, nanomaterials can be used as labels to achieve
the significant enhancement of signal, high enough to be easily detect-
able. Labeling can be done using metal nanoparticles (Au NPs/Ag NPs)
and quantum dots (Cd/Pb) by attaching on the targeted DNA/bio-
recognizing probe [Kokkinos, 2019; Saylan et al., 2019]. The synergic ef-
fect due to nano-labeling results in significant amplification of the elec-
trochemical signal and, therefore, it is possible to develop ultrasensitive
and highly selective labeled-biosensing techniques [Saylan et al., 2019].
In this context, biosensors for the diagnosis of viral infected diseases are
being developed (Saylan et al., 2019). Biosensors can be utilized to de-
termine the virus-mediated infections that have been categorized into
four major groups including (i) nucleic acid (ii) anti-body (iii) aptamer
and (iv) antigen-dependent (Ozer et al., 2020). Thus, taking the advan-
tages of the numerous physicochemical properties of nano-dimensions
specifically electrical, optical, magnetic, and optomagnetic, attempts
have beenmade to develop nano-enabled biosensing techniques for de-
tection of virus, responsible for respiratory infections (MERS-CoV, SARS-
CoV and SARS-CoV-2) [Fig. 3].

Layqah et al., reported an electrochemical immunosensor prepared
by using AuNPs modified carbon electrode and the recombinant spike
protein S1 as the biomarker for the detection of MERS-CoV [Layqah
and Eissa, 2019]. This immunosensor has been found to be capable of si-
multaneous detection of different coronavirus (CoVs) including MERS-
CoV and human corona virus (HCoVs). This biosensor exhibits liner re-
sponse as 0.001 to 100 ng.mL−1 and 0.01 to 10,000 ng.mL−1 for the
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detection of MERS-CoV and HCoV, respectively. And the detection
limit was determined to be 1.0 and 0.4 pg.mL−1 for MERS-CoV and
HCoV, respectively. This assay can be performedwithin 20min and suc-
cessfully employed to detect MERS-CoV and HCoVs protein in spiked
nasal samples. Using AuNPs a label-free colorimetric biosensing ap-
proach has been reported for the detection of MERS-CoV [Kim et al.,
2019]. This colorimetric assay is based on the detection of DNA that em-
ploys disulfide induced self-assembly and theMgCl2 salt-induced aggre-
gation and prevention of AuNPs in the absence and presence of the
target, respectively. The MgCl2 induced aggregation of AuNPs leads to
change in the optical properties and thereby detects the presence of
MERS-CoV. The LOD of the colorimetric assay was calculated to be
1 pmol/μL (6 × 1011 copies/μL), and the detection of MERS-CoV could
be done within 10 min.

Ishikawa et al., reported a label-free In2O3 nanowires based FET bio-
sensor that employed antibody mimic proteins (Fibronectin, Fn) to de-
tect N protein, a biomarker of SARS [Ishikawa et al., 2009]. This FET
biosensorworked on the impedimetric effect andwas capable of detect-
ing the N protein concentration at subnanomolar having a response
time ~10 min. Martinez-Paredes et al., designed a genosensor using
AuNPs modified screen-printed carbon electrodes for the detection of
SARS virus [Martínez-Paredes et al., 2009]. This genosensor exhibited
a linear response in the range of 2.5 to 50 pmol/L having LOD
2.5 pmol/L and sensitivity as 1.76 mA/pmol/L towards the biotinylated
target. A techniquebased on the localized surface plasmon coupledfluo-
rescence (LSPCF) fiber-optic enabled biosensing of the recombinant N-
protein (SARS-CoV-N) using AuNPs has been reported [Huang et al.,
2009]. This LSPCF fiber-optic enabled biosensor exhibited LOD of
1 pg/mL in the human serum with a linear response, 0.1 pg/mL to
1 ng/mL. Moreover, compared to the enzyme-linked immunosorbent
assay (ELISA), the LSPCF fiber-optic biosensor exhibited 104-fold en-
hanced LOD and thus may be helpful for the early diagnosis of SARS in-
fection. And it is anticipated that using such fiber optics based
nanoenabled biosensing can detect the viral load as small as 106 parti-
cles/mL within 15 min [Murugan et al., 2020; Nag et al., 2020]. These
studies suggest that nanomaterials-enabled biosensing can be potential
approach for the early and rapid detection of the virus originated respi-
ratory infections.

4. Biosensors for COVID-19 diagnosis

4.1. Gold nanostructures enabled-biosensing

Owing to exceptional physicochemical properties, gold-based nano-
structures have been widely employed for biomedical applications. Par-
ticularly, gold nanostructures have been exploited as the signal
transducers in terms of optical signal amplifier, current amplifier, and
resonance light scattering to fabricate biosensors for virus detection
(Draz and Shafiee, 2018). A unique dual-functional biosensing platform
based on plasmonic effect for the sensing of SARS-CoV-2 has been de-
veloped by Qiu et al. (Qiu et al., 2020). The developed biosensor exploits
the combination of plasmonic photothermal (PPT) and the localized
surface plasmon resonance (LSPR) effect. This biosensor was designed
using two-dimensional gold nano-islands (AuNIs) [2D-AuNIs] chip fol-
lowing the self-assembly of thermally de-wetted gold (Au) nanofilm
on the BK7 glass surface, wherein the Au-film was firstly prepared by
magnetron-sputtering. Further, 2D-AuNIs were functionalized with
the complementary DNA receptors, leading to sensitive detection of
SARS-CoV-2 facilitated by nucleic acid hybridization. To enhance the
sensing properties laser beamwas allowed to fall at two different angles
and hence it was possible to excite the plasmonic resonances of PPT and
LSPR at two different wavelengths. In addition, the in situ PPT enhance-
ment was recorded to significantly improve the hybridization kinetics
and thus specific detection of nucleic acid, resulting in accurate discrim-
ination between the different gene sequences [Fig. 4]. Thus, the devel-
oped biosensor was capable of real-time as well as label-free detection
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Fig. 3. Nanomaterials-enabled biosensing approaches for respiratory viral infections (i) SARS-CoV-2 infection; revealing symptoms [modified from Mahapatra and Chandra, 2020] (ii)
current diagnostic methods and portable biosensors for SARS-CoV-2 infection [modified from Cui and Zhou, 2020] (iii) different types of nanomaterials based biosensing for
respiratory viral infections (iv) colorimetric detection of DNA based on disulfide induced self-assembly for MERS-CoV [Kim et al., 2019]. (v) dual-functional plasmonic photo-thermal
biosensors for SARS-CoV-2 using AuNIs [Qiu et al., 2020]. (vi) optical fiber enabled biosensing [Nag et al., 2020], (vii) real-time optomagnetic detection of SARS-CoV-2 following
homogeneous circle-to-circle amplification [Tian et al., 2020b], (viii) SARS-CoV-2 IgM-IgG combined antibody test [Li et al., 2020b, https://creativecommons.org/licenses/by/4.0/]. (ix)
enzymatic electrochemical detection of SARS [Draz and Shafiee, 2018, Creative Commons Attribution (CC BY-NC) license, and also credit to report by Martínez-Paredes et al., 2009].
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of desired virus sequences. The detection limit for the biosensorwas cal-
culated to be 0.22 pM [entire RNA strands ~2.26 × 104copies] (Qiu et al.,
2020).

The colorimetric assay can be a simple and reliable approach for the
naked-eye detection of viral infectious diseases, requiring no sophisti-
cated technique. Using AuNPs capped with thiol-modified antisense ol-
igonucleotides (ASOs) [AuNPs-ASOs], a colorimetric biosensing
approach has been reported for the detection of SARS-CoV-2 (Moitra
et al., 2020). The AuNPs-ASOs enabled biosensing was specific for the
nucleocapsid phosphor protein (N-gene) from the RNA sample (oro-
pharyngeal swab) and, therefore, can be utilized to detect the SARS-
CoV-2 infection within 10 min. The colorimetric detection involved a
phenomenonwherein AuNPs-ASOs nanostructures were selectively ag-
glomerated in the presence of the targeted RNA sequence of SARS-CoV-
2, leading to a red-shift in the UV-absorbance spectrum owing to the
SPR effect. Further, it was found that the addition of RNaseH was re-
sponsible for cleaving the RNA strand from the RNA–DNA hybrid. And
it was thus possible to visually detect precipitation from the solution
5

due to additional agglomeration of AuNPs. Fig. 5 shows a schematic rep-
resentation of the mechanism for the selective naked-eye detection of
SARS-CoV-2. Moreover, the selectivity of the developed colorimetric
assay was investigated towards theMERS-CoV viral RNA and the detec-
tion limit of 0.18 ng/μL for SARS-CoV-2 RNA were determined along
with the dynamic range of 0.2–3 ng/μL (Moitra et al., 2020). In another
study, a similar colorimetric dependent biosensing has been reported to
detect RdRp gene of SARS-CoV-2 [Kumar et al., 2020]. This assay exhib-
ited LOD of 0.5 ng for the SARS-CoV-2 RNA and was capable to detect
SARS-CoV-2 infection in the human nasopharyngeal sample within
30 min. Moreover, the specificity of this colorimetric assay was investi-
gated using a cervical DNA sample [obtained from Human papillomavi-
rus infected women] exhibited selective detection of SARS-CoV-2.

A lateral flow immunoassay (LFIA) prepared by using AuNPs which
simultaneously detected immunoglobulin M (IgM) and IgG antibodies
of SARS-CoV-2 was reported (Li et al., 2020b). In this assay, the testing
strip was prepared using the NC membrane, where anti-human-IgM,
anti-human-IgG, and anti-rabbit-IgG (control) were immobilized at

https://creativecommons.org/licenses/by/4.0/


Fig. 4. PPT enhancement in LSPR biosensing. (a) Schematic illustration of the hybridization of two complementary strands. (b) Real-time hybridization of RdRp-COVID and its cDNA
sequence (RdRp-COVID-C) with or without the thermoplasmonic enhancement. (c) PPT enhancement on RdRp-COVID sequence detection at different concentrations. The error bars
refer to the standard deviations of LSPR responses after reaching the steady conditions following the buffer flushing. (d) Schematic illustration of inhibited hybridization of two
partially matched sequences. The red arrows indicated the mismatch bases of RdRp-SARS and functionalized cDNA of RdRp-COVID. (e) Discrimination of two similar sequences with
PPT heat. The laser was applied at 200 s and switched off at 700 s. (f) RdRp-SARS sequence dissociation from the immobilized RdRp-COVID-C sequence. The original phase responses
(red dots) and the corresponding smoothed means (black curve) are shown. [Reproduced with permission from: Qiu et al., 2020].
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three different test lines. Thereafter, conjugation padwas sprayed using
the mixture of AuNPs-COVID-19 recombinant antigen conjugate and
AuNPs rabbit-IgG. This LIFA could detect the SARS-CoV-2 infection
within 15min using the human blood sample. Besides, owing to the ca-
pability of simultaneous detection of IgM and IgG, it is possible to diag-
nose COVID-19 cases in patients at different infection stages. Further,
using the blood sample of the COVID19 patients, it was noticed that
the LIFA exhibited good clinical detection sensitivity (88.66%) and spec-
ificity (90.63%), and therefore may be helpful to rapid detection of
COVID-19 infections (Li et al., 2020b).

Mahari et al., reported Au-NPs based electrochemical biosensor to
detect COVID-19 (spikeS1 protein) antigen (Mahari et al., 2020). This
biosensor was prepared using fluorine-doped tin oxide (FTO) based
substrate wherein Au-NPs were used as signal amplifier owing to very
high electrical conductivity. To prepare the biosensing platform, firstly
Au-NPs having size ~29 nm were drop cast, and subsequently, the
monoclonal antibodies of COVID-19 [COVID-19Ab] were immobilized
to fabricate FTO/AuNPs/COVID-19Ab immunosensor. The biosensing
performance of the FTO/AuNPs/COVID-19Ab was also compared with
COVID-19Ab immobilized screen-printed carbon electrode (SPCE). Fur-
ther, electrochemical performances of both types of immunosensors
were determined towards the specific COVID-19 antigen (spike pro-
tein) [COVID-19Ag]. The specific interaction between COVID-19 anti-
body(Ab) and COVID-19Ag led to the change in electrical conductivity
and therefore increase in current was measured for varying
6

concentrations of COVID-19Ag [1 f. to 1 μM]. The detection limit of
FTO/AuNPs/COVID-19Ab immunosensor was determined to be 10 f.
for COVID-19Ag detection. The interference study was also performed
in the presence of different viral antigen (Ag) including HIV, JEV, or
AIV and the observed results revealed that FTO/AuNPs/COVID-19Ab
immunosensor had good selectivity towards the COVID-19Ag (spike
protein). In addition, the repeatability test revealed that the FTO/
AuNPs/COVID-19Ab immunosensor could be used up to 3 times, and
could be utilized to detect COVID-19Ag concentration up to 120 fM.
This immunosensor was found to be stable up to 21 days. Apart from
this, the performance of the screen-printed carbon electrode (SPEC)
based biosensor [SPCE/COVID-19Ab] was investigated using COVID-
19Ag (spike protein) in spiked saliva sample. The SPCE/COVID-19Ab
electrode-based sensing device exhibited limit of detection as 90 f.
and the rapid response time of ~1 min. Thus, it could be used for the
rapid diagnosis of COVID-19 patient (Mahari et al., 2020). Similarly,
Xiang et al. in their study evaluated the biosensing efficiency of colloidal
gold-immuno-chromatographic (GICA) and enzyme-linked immunoas-
say (ELISA) kit for the detection SARS-CoV-2 infection (Xiang et al.,
2020). It was noticed that the GICA kit that relied on the combined de-
tection of GICA-IgM and GICA-IgG (IgM and IgG antibodies) was 82.4%
sensitive. On the other hand, ELISA kit showed a sensitivity of 87.3%.
Moreover, both the GICA and ELISA kits were 100% specific in case of
normal patients and no significant difference between these two kits
could be noticed. This study suggests the feasibility of colloidal gold



Fig. 5. Schematic representation for the Selective Naked-Eye Detection of SARS-CoV-2 RNA Mediated by the Suitably Designed ASO-Capped AuNPs [reproduced with permission from:
Moitra et al., 2020].
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NPs to prepare immuno-chromatographic kit that may assist to relieve
huge pressure of the clinical diagnosis of COVID-19 cases through rRT-
PCR based technique.
4.2. Lanthanide-doped polysterene NPs enabled biosensing

Lanthanides possess unique electronic configuration, enable
lanthanide-doped NPs numerous interesting optical characteristics in-
cluding long luminescence life-times, large and sharp emission bands.
Specially, owing to their long luminescence life-times, lanthanide-
doped NPs have been widely used for highly sensitive biosensing appli-
cations [Ma et al., 2019]. Using lanthanide-doped NPs, LFIA based bio-
sensor has been reported as the point of care diagnostic for infectious
agents [Banerjee and Jaiswal, 2018]. In a study, LFIA based biosensing
for the diagnosis of SARS-CoV-2 has been developed by Chen el al.
(Chen et al., 2020). The developed LFIA relies on the principle to detect
anti-SARS-CoV-2 IgG in human serum sample. This biosensing platform
was fabricated using lanthanide-doped polystyrene nanoparticles
(LNPs), prepared by mini-emulsion polymerization method. Further,
surface modifications of LNPs that acted as the fluorescent probe was
done using mouse anti-human IgG antibody (MH-IgG) and rabbit IgG
(R-IgG) following EDC/NHS chemical reaction. A nitrocellulose mem-
brane was used as the template to immobilize a recombinant nucleo-
capsid phospho-protein of SARS-CoV-2, responsible to confine the
specific IgG. Fig. 6 illustrates a schematic diagram, showing sequential
steps for the fabrication process of LFIA. The fabricated LIFA could detect
anti-SARV-CoV-2 IgG in human serum approximately in 10 min. Fur-
ther, to validate the clinical application of LIFA, these authors compared
results of the anti-SARS-CoV-2 IgG detection through the RT-PCR tech-
nique. It was noticed that the results through LIFA were the same as ob-
tained through RT-PCR technique except for one sample, which showed
the contrary result. Thus, the authors affirmed that though the devel-
oped LFIA did not yield accurate quantitative results due to non-
availability of any anti-SARS-CoV-2 IgG standard, it can be of high
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interest for rapid diagnosis of the suspicious COVID-19 cases (Chen
et al., 2020).

4.3. Graphene enabled-biosensing

Graphene, 2D hexagonally arranged carbon based single atom thick
layer has proven its worth towards the development of advanced bio-
sensing platforms (Li et al., 2020a). This is mainly because of numerous
exceptional properties such as high specific surface area, high electrical,
and ionic mobility; thus, it has the potential to develop ultrasensitive
biosensors (Peña-Bahamonde et al., 2018). By exploiting these proper-
ties of graphene, Seo et al. developed a field-effect transistor (FET)
based biosensing platform to detect SARS-CoV-2 in human nasopharyn-
geal swabs (Seo et al., 2020). The FET-based biosensing platform was
developed by transferring graphene onto the SiO2/Si substrate following
the wet-transfer method. Further, this graphene based-FET device was
possible to develop by using the photolithography technique. Subse-
quently, the graphene surface was coated with a specific antibody of
SARS-CoV-2 spike protein to finally prepare the FET-based biosensing
device. The clinical application of the FET-based biosensing device was
investigated using different sample analytes e.g. antigen protein, cul-
tured virus, and nasopharyngeal swab of COVID-19 patients. Detection
of SARS-CoV-2 spike protein was measured at the concentration of
1 fg/mL in phosphate-buffered saline whereas 100 fg/mL in case of the
universal transport medium. This graphene-based FET sensor exhibited
LOD, 1.6 × 101 pfu/mL, and 2.42 × 102 copies/mL in case of SARS-CoV-2
spiked culture and clinical samples, respectively [Fig. 7]. It may be noted
that there was no measurable interference that could be detected with
MERS-CoV antigen, suggesting practical application for diagnosis of
COVID-19 patients (Seo et al., 2020).

4.4. Magnetic nanoparticles enabled biosensing

Magnetic nanoparticles (MNPs) have emerged as promising candi-
dates to develop biosensors for the detection of the deadly respiratory



Fig. 6. Design and fabrication of the developed LFIA assay. (A) Lateral flow test strip. (B) Assay. [Reproduced with permission from: Chen et al., 2020].

M. Srivastava, N. Srivastava, P.K. Mishra et al. Science of the Total Environment 754 (2021) 142363
viral infections [Islam and Ahsan, 2020; Barnett et al., 2020]. Using
MNPs different biosensing techniques have been developed such as
magnetic resonance (NMR/MRI) [Perez et al., 2003], fluorescence
[Zheng et al., 2020], electrochemical [Khan et al., 2020], and rolling circle
amplification [Tian et al., 2020a; Tian et al., 2020b]. Further, compared
to PCR-based DNA diagnosis, rolling circle amplification (RCA) is a sim-
ple and powerful technique. In case of RCA, amplification takes place in
the isothermal conditions, utilizing DNA or RNA polymerases and
thereby produces ssDNA or RNA molecules. Further, a typical RCA-
based cascade amplification known as circle to circle amplification
(C2CA) are employed for the analysis of nucleic acid and singlemolecule
detection [Tian et al., 2020a, 2020b]. Tian et al., reported a unique strat-
egy for the quantification of nucleic acid with the help of integrated ho-
mogeneous and isothermal C2CA and optomagnetic analysis of iron
oxide NPs (IONPs) assembly [Tian et al., 2020b]. In this approach, the
end amplicons (ssDNA) resulting from the homogeneous circle-to-
circle amplification (HC2CA) process hybridize with the detection
probeswhichwas grafted onto IONPs. This phenomenon leads to the as-
sembly of IONPs. Since an individual IONPs and the assembly of IONPs
exhibits the specific properties towards the scattering/absorption of
light, it varies with the rotation of such types of magnetic objects
under the influence of an external time varying magnetic field. By
exploiting this effect, an optomagnetic biosensing approach was
employed for the analysis of IONPs state in the HC2CA suspension,
and thus it was possible to establish a real-time volumetric sensing sys-
tem. Further, biosensing capability of this technique was investigated
towards the detection of RdRp sequence (synthetic complementary
DNA of SARS-CoV-2). This technique exhibited LOD 0.4 f. having total
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assay time ~100 min along with a dynamic detection range of 3 order
of magnitude. This technique was found to be specific to differentiate
SARS-CoV-2 and SARS-CoV viral sequences [Tian et al., 2020b]. Zhao
et al., synthesized carboxyl polymer coated magnetic NPs (pcMNPs)
and employed this nano-system for efficient RNA extraction to detect
COVID-19 infection [Zhao et al., 2020]. The pcMNPs based nano-
system exhibited the combined properties including virus lysis and
RNA binding in a single step. Thus, resulting pcMNPs-RNA complex
could be directly used for the subsequent RT-PCR reactions. Further,
with the identification of ORFlab and N gene of the viral RNA, the
pcMNPs enabled RT-PCR based biosensingwas found to be 10-copy sen-
sitive, and having a linearity of 10-105 copies of the SARS-CoV-2
pseudovirus particles. This study suggests that the pcMNPs-enabled
RNA extraction approach can be a promising alternative to overcome is-
sues in the rapid diagnosis of SARS-CoV-2 through RT-PCR based tech-
nique. Table 1 summarizes the characteristics of the nanomaterials-
based biosensors, reported for SARS-CoV-2 detection.

5. Conclusions and future prospects

The pandemic of COVID-19 has motivated researchers to make ef-
forts towards the development of an advanced approach that must be
highly efficient and should be capable of responding to the present de-
mandof early diagnosis tomanage this global issue. Since there is no ex-
plicit technique currently available for the treatment of COVID-19,
therefore the management of this pandemic is only possible through
detection, monitoring, and prevention of SARS-CoV-2 infection in
time. Moreover, the asymptomatic cases of COVID-19 have made this



Fig. 7. Detection of SARS-CoV-2 virus from clinical samples. (A) Schematic diagram for the COVID-19 FET sensor for detection of SARS-CoV-2 virus from COVID-19 patients. (B,
C) Comparison of response signal between normal samples and patient ones. (D) Real-time response of COVID-19 FET towards SARS-CoV-2 clinical sample and (C) related dose-
dependent response curve. [Reproduced with permission from: Seo et al., 2020].
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issue more complex and, therefore, it is necessary to invent a rapid and
low-cost technique for the early diagnosis of this suspicious infection at
mass levels to discriminate against the infected and non-infected cases.
In this context, since the nanomaterials-based biosensors have already
shown their potential towards the diagnosis of numerous viral infec-
tions and hence may perhaps fulfill the current demand for early diag-
nosis of COVID-19 cases. And it appears that different types of
nanostructures such as gold, lanthanide-doped polysterene NPs,
graphene and IONPs could be successfully employed for the develop-
ment of advanced biosensing techniques for the diagnosis of SARS-
CoV-2. Besides, using these NPs, a number ofmethods including amper-
ometric, impedimetric, colorimetric, magnetic and optomagnetic medi-
ated biosensing have been established. Thesemethods can be utilized to
detect the SARS-CoV-2 within 10min to 100min and therefore may as-
sist in the early and rapid diagnosis of COVID-19 cases. Though, limited
studies on the development of nanomaterials-based biosensors for
SARS-CoV-2 detection have been reported, these nanomaterials enabled
biosensing techniques offer alternative approaches to PCR-based testing
for COVID-19 infection. Moreover, under the outbreak of COVID-19,
these nanomaterials-based biosensing can be imperative to deliver the
requirement of easy, low-cost, rapid and real-time diagnosis technique.
Thus, the nanomaterials-based biosensing is likely to reduce the stress
on RT-PCR-based costly testing of COVID-19 cases. Further, by
employing nanomaterials based biosensing devices as plug-and-play di-
agnostics approach are expected to be highly useful to fight against this
pandemic.

It is predicted that the reported nanomaterials-enabled biosensors
mainly rely on nucleic acid (RNA/DNA) and protein (antigen/antibody)
mediated detection of SARS-CoV-2. Nevertheless, these techniques
have not yet yielded 100% accuracy owing to the contamination of
these highly sensitive bioreceptors. And even a single false result
would be highly challenging and can spoil the efforts to overcome this
pandemic. Thus, other alternatives including nanomaterials-mediated
biosensing technique based on CRISPR can perhaps be explored to
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detect SARS-CoV-2 should be investigated (Lucia et al., 2020). In partic-
ular, nanomaterials -based biosensors that rely on the aerosol mediated
diagnosis approach can be significant and are likely to offer numerous
advantages e.g. fast response, sensitivity, as well as lack in sampler per-
turbation (Huffman et al., 2020). Besides, this, at lab-scale it is possible
to achieve a low detection limit, good stability, and fast response time,
mainly because of surface modification of sensing electrodes following
several complex approaches. Nevertheless, this may differ in case of
the real sample analysis and the parameters including LOD, stability,
and response time may not be as much promising. The sensitivity and
selectivity of the biosensing platform are highly dependent upon vari-
ous factors like characteristics of the antigen, antibody, protein, types
of nanomaterials, and other biomolecules. These factors actively partic-
ipate and, therefore, can significantly influence the overall performance
of the nanomaterials based biosensing devices. Therefore, a deep theo-
retical and experimental knowledge about these factors is highly de-
manding and is needed to be rigorously researched for the
development of advanced nanomaterials enabled biosensing devices
for SARS-CoV-2 detection. Moreover, technically it should be beneficial
to develop universal nanomaterials-based biosensors that can be highly
efficient to detect SARS-CoV-2 infection in different clinical samples e.g.
urine, blood, saliva, and nasopharyngeal swabs. Finally, since only a few
studies have been performed on the applications of nanomaterials-
enabled biosensing for SARS-CoV-2, we are at very early stage of the
nanomaterials-enabled biosensing technology. Therefore, efforts
should be made to advance this approach to harvest the rich dividend
in the near future to combat the battle against COVID-19 pandemic.
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Table 1
Characteristics of nanomaterials enabled biosensing for SARS-CoV-2 virus detection.

Core
nanomaterials

Biomarker Principle Sample analytes/type
of sample

Characteristics/remarks Ref.

Gold NPs Thiol-c-DNA
receptors/nucleic acid

Combined effect of plasmonic
photothermal (PPT) and localized
surface plasmon resonance (LSPR)
mediated biosensing

ORF1ab-COVID, and E
genes from
SARS-CoV-2; viral
sequences including
RdRp-COVID

Low detection limit: 0.22 ± 0.08 pM
[2.26 × 107 copies of the RdRp-COVID
sequence whereas ~2.26 × 104 copies of the
entire RNA strands from SARS-CoV-2];
detection range: 0.1 pM to 1 μM

[Qiu
et al.,
2020]

Gold NPs Thiol-modified antisense
oligonucleotides (ASOs)
specific forN-gene
(nucleocapsid
phosphoprotein) of
SARS-CoV-2

Plasmonic effect based colorimetric
biosensing

RNA [N-gene
(nucleocapsid
phosphoprotein)of
SARS-CoV-2];
oropharyngeal swab

Detection limit: 0.18 ng/μL; detection range:
0.2–3 ng/μL; assay time was found to be
10 min

[Moitra
et al.,
2020]

Gold NPs Oligo probe Plasmonic effect based colorimetric
biosensing

RNA [RdRp gene of
SARS-CoV-2];human
nasopharyngeal
sample

Detection limit: 0.5 ng; total assay time was
found to be ~30 min

[Kumar
et al.,
2020]

Gold NPs(colloid) Recombinant antigen of
SARS-CoV-2 and rabbit-IgG

Colorimetric dependent lateral flow
immunoassay based biosensing

IgM and IgG
antibodies; human
blood sample

Assay time was found to be 15 min [Li et al.,
2020b]

Lanthanide-doped
polysterene NPs

Protein [mouse anti-human
IgG antibody]

Lateral flow immunoassay based on
fluorescence biosensing

anti-SARS-CoV-2 IgG
in positive sample,
human serum sample

Assay time was determined to be 10 min;
assay was reproducible

[Chen
et al.,
2020]

Graphene Spike protein antibody Field-effect transistor-based
amperometric biosensing

SARS-CoV-2 antigen
protein and
MERS-CoV protein;
nasopharyngeal
swabs

FET based biosensing device could detect the
SARSCoV-2 spike protein at concentrations
of 1 fg/mL in phosphate-buffered saline and
100 fg/mL in clinical transport medium;
limit of detection: 1.6 × 101 pfu/mL in
culture medium whereas 2.42 × 102

copies/mL in clinical samples

[Seo
et al.,
2020]

Gold NPs nCOVID-19 monoclonal
antibody

Amperometric biosensing COVID-19 spike
antigen in saliva
samples

Limit of detection: 10 fM; sensitive for the
detection of COVID-19Ag, ranging from 1 f.
to 1 μM; fabricated Au NPs based
immunosensor could be used up to 3 times
without major changes in peak current and
could detect concentration up to 120 fM;
stability up to 21 days

[Mahari
et al.,
2020]

Screen printed
carbon electrode
(SPCE) based
sensing device

nCOVID-19 monoclonal
antibody

Amperometric biosensing COVID-19Ag spiked
saliva sample

Detection of COVID-19Ag at 10 f.
concentration in standard buffer sample;
limit of detection was found to be 90fM in
case of spiked saliva samples using SPCE
mediated homemade biosensor device;
detection of COVID-19Ag traces in patient
saliva within 1 min; stability up to 28 days

[Mahari
et al.,
2020]

Iron oxide NPs Biotinylated probe Circle to circle amplification based
optomagnetic biosensing

RdRp sequence
(synthetic
complementary DNA
of SARS-CoV-2)

Limit of detection was found to be 0.4 fM;
total assay time ~100 min; dynamic
detection range having 3 order of magnitude

[Tian
et al.,
2020b]

Polymer
nanoparticles
coated with dye
streptavidin
(Crimson red)

Rabbit anti-fluorescein
antibody, sheep
anti-digoxigenin antibody,
and biotinylated bovine
serum albumin

Multiplex reverse transcription loop
mediated isothermal amplification
(mRT-LAMP) coupled with a NPs-based
lateral flow biosensor (LFB) assay
[mRT-LAMP-LFB]

ORF1ab and N genes
of SARS-CoV-2;
oropharynx swab

Limit of detection was found to be 12 copies
(for each detection target) per reaction; total
assay time ~60 min; analytical sensitivity
100%; specificity 100%

[Zhu
et al.,
2020]

Iron oxide NPs Poly (amino ester) with
carboxyl groups (PC)-coated
MNPs (pcMNPs)

pcMNPs enabled improved RNA
extraction and RT-PCR based biosensing

SARS-CoV-2 virus
RNA

10 copies sensitive; linear correlation 10 to
105 copies of SARS-CoV-2 pseudovirus
particles

[Zhao
et al.,
2020]
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