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Panjab University, Chandigarh, India

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
as a pandemic has been validated as an extreme clinical calamity and has affected
several socio-economic activities globally. Proven transmission of this virus occurs
through airborne droplets from an infected person. The recent upsurge in the number of
infected individuals has already exceeded the number of intensive care beds available to
patients. These extraordinary circumstances have elicited the need for the development
of diagnostic tools for the detection of the virus and, hence, prevent the spread of the
disease. Early diagnosis and effective immediate treatment can reduce and prevent an
increase in the number of cases. Conventional methods of detection such as quantitative
real-time polymerase chain reaction and chest computed tomography scans have been
used extensively for diagnostic purposes. However, these present several challenges,
including prolonged assay requirements, labor-intensive testing, low sensitivity, and
unavailability of these resources in remote locations. Such challenges urgently require
fast, sensitive, and accurate diagnostic techniques for the timely detection and treatment
of coronavirus disease 2019 (COVID-19) infections. Point-of-care biosensors that include
paper- and chip-based diagnostic systems are rapid, cost-effective, and user friendly.
In this article nanotechnology-based potential biosensors for SARS-CoV-2 diagnosis
are discussed with particular emphasis on a lateral flow assay, a surface-enhanced
Raman scattering-based biosensor, a localized surface plasmon resonance-based
biosensor, Forster resonance energy transfer, an electrochemical biosensor, and
artificial intelligence-based biosensors. Several biomolecules, such as nucleic acids,
antibodies/enzymes, or aptamers, can serve as potential detection molecules on
an appropriate platform, such as graphene oxide, nanoparticles, or quantum dots.
An effective biosensor can be developed by using appropriate combinations of
nanomaterials and technologies.

Keywords: pandemic, diagnosis, SARS-CoV-2, COVID-19, RT-PCR, nanotechnology, point of care, aptamer

INTRODUCTION

Coronavirus is a spherical or pleomorphic (Dharmendra and Rishabha, 2020), single-stranded,
positive-sense, polyadenylated, 30 kb enveloped RNA virus covered with club-shaped glycoproteins
(Kahn and Mclntosh, 2005). Coronaviruses are related to outbreaks of severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS) that emerged in 2002 and 2012,
respectively. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the family
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Coronaviridae. It is a recently emerged coronavirus that is
responsible for coronavirus disease 2019 (COVID-19). Owing
to its worldwide spread across continents, it was declared
a pandemic by the World Health Organization (WHO)
(Rodriguez-Morales et al., 2020).

Coronavirus was first reported in 1960, and the recently
emerged COVID-19 has been reported as a global threat to
public health. Novel SARS-CoV-2 has been the third coronavirus
outbreak in humans in the past two decades, after SARS and
MERS (Munster et al., 2020). COVID infection is affecting a huge
population because of its high reproduction number (Ry), which
represents the rate of transmission of disease from an infected
person to a healthy population in a susceptible society. The value
of Ry depends on the type of study model chosen by a research
team and its value varies significantly from one research group to
another. Wu et al. (2020) gave a range for the Ry value for SARS-
CoV-2 0f 2.47-2.86. The Ry value was reported to be in the range
of 2.0-3.3 by Majumder and Mandl (2020) using an incidence
decay and exponential adjustment study model. The Ry value of
other B-coronaviruses is reported to be in the range of 2.2-3.6
(Lipsitch et al., 2003), while the Ry value of MERS is estimated to
be in the range of 2.0-6.7 (Majumder et al., 2014).

The novel coronavirus was first reported in December 2019
in Wuhan City, Hubei Province, China, and was regarded as
a pneumonia of unknown etiology (Harapan et al., 2020). It
spread through China and to other countries within 2 months.
Because of the seriousness of the disease, WHO recognized
COVID-19 as a global health emergency and further declared
it as a pandemic (WHO, 2020a). Initially, the coronavirus cases
were reported in patients who were working or living around
a seafood wholesale market in Hunan. WHO identified the
novel coronavirus from nasopharyngeal swabs from patients.
Previously, the name of the virus was abbreviated to 2019-
nCoV, but it was subsequently termed severe acute respiratory
syndrome 2 (SARS-CoV-2) (Gorbalenya et al., 2020) and became
known as coronavirus disease 2019 (COVID-19). At present,
several research organizations throughout the world are involved
in the development of antiviral drugs or vaccines against
coronavirus and governments are simultaneously implementing
preventive measures to restrict the spread of COVID-19.

Nearly 88% similarity was observed between the phylogeny
of SARS-CoV-2 and bat-derived SARS-like coronavirus (bat-SL-
CoVZC45 and bat-SL-CoVZXC21) that is found in east central
China, but SARS-CoV-2 was found to be genetically dissimilar
to MERS-CoV and SARS-CoV (Lu et al,, 2020). A comparison
of genomic sequences of SARS-CoV, RaTG13, and SARS-CoV-2
demonstrated nearly 96.2% genomic similarity between SARS-
CoV-2 and bat-CoV-RaTG13, which was formerly identified
in Rhinolophus affinis in Yunnan Province (Zhou et al,
2020). Studies have provided evidence that no further genetic
recombination occurred in SARS-CoV-2 from other viruses
originating from bats (SARS-CoV, bat-CoV-RaTG13, and SARS-
CoVr-CoVs) (Zhou et al., 2020). Collectively, different studies
have suggested that the original host of the coronavirus might
be bats, with the possibility of an unknown intermediate host.
Further research is needed, however, to fill the knowledge gap
in understanding the transmission of coronavirus to humans.

There are reasons that strongly negate bats being the virus-
transmitting agent in humans. For example, close relatives of
the virus, i.e., bat-SL-CoVZXC21 and bat-SL-CoVZC45, possess
a genome identity of <90% with SARS-CoV-2, suggesting that
these viruses are not direct ancestors of SARS-CoV-2.

According to data from May 2020, globally there were
4,170,424 reported infections of COVID-19, with 287,399 deaths,
affecting more than 210 countries (WHO Situation Report).

Demographics

Men in the age group of 34-59 are more prone to being infected
by SARS-CoV-2 (Bai et al.,, 2020; Chang et al., 2020; Huang et al,,
2020a; Wang D. et al., 2020). Patients with heart disease (e.g.,
cardiovascular disease), cerebrovascular disease, and diabetes
are also more prone to SARS-CoV-2 infection (Chen N. et al.,
2020). The highest infection rate occurred in adults older than
60 years who have co-morbidities such as cardiovascular disease,
chronic respiratory disease, and cerebrovascular disease. Severe
manifestations may also be associated with bacterial or fungal
infections. A very few cases of SARS-CoV-2 have been reported
in children younger than 15 years (Bai et al., 2020; Chang et al.,
2020; Huang et al., 2020a; Wang D. et al., 2020). According to a
study of 425 COVID-19 patients in Wuhan, there was no report
of infection among children aged 15 years or younger. However,
another study suggested that pediatric patients’ symptoms vary,
with the majority showing minor symptoms with no fever or
pneumonia-like symptoms and with a good prognosis (Shen and
Yang, 2020). The majority of patients with COVID-19 infection
demonstrate respiratory illness of mild to moderate severity and
they recover without any medical intervention. In summary,
children are less prone to being infected or will have mild
symptoms if they are infected (Lee et al., 2020).

Transmission of the virus among humans is through close
contact with a person carrying the virus, which is mainly spread
through saliva droplets or discharge from the nose. In general, the
virus spreads via airborne droplets and replicates in the ciliated
epithelium, causing cellular damage and infection. Angiotensin-
converting enzyme 2 (ACE-2) is a receptor used by SARS-CoV-
2 to enter human cells (Letko and Munster, 2020). Previously,
ACE-2 was thought to be expressed by the epithelial cells of
blood vessels, the intestine, and kidneys (Hamming et al., 2004).
Recent investigations have demonstrated the presence of ACE-2
on the mucosa of the oral cavity, which aids the entry of the virus
into the host cell. All coronaviruses encode two types of protein,
that is, nucleocapsid protein (N-protein) and spike protein (S-
protein). N-protein is present on the outer shell of SARS-CoV-2,
enclosing the genetic material of the virus, which helps in virus
nucleic acid synthesis and interaction with the virus membrane
during assembly of the virus structure. S-protein helps in the
attachment of the virus to the cell surface receptor of the host
cell and allows entry of the virus particle into the host cell. S-
protein present on the SARS-CoV-2 envelope is cleaved into two
subunits, SI and S2, during infection (Kirchdoerfer et al., 2016).
SARS-CoV-2 infects the host cell by interacting with the receptor-
binding domain (RBD) of the S1 subunit by means of the ACE-2
peptidase domain (Turner et al., 2002; Li et al., 2003; Yan et al,,
2020), while the S2 subunit assists with the infusion of the virion
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particle into the membrane of the host cell. The RBDs of SARS-
CoV-2 and SARS-CoV are highly similar with few differences in
the amino acid sequence present in the binding domain, which
supports the reason for strong binding with ACE-2 (Wang Q.
etal., 2020; Yan et al., 2020). The clinical manifestations of SARS-
CoV-2 include symptoms such as fever, myalgia, dry cough,
fatigue, dyspnea, and chest pain (Zhu N. et al., 2020). Vomiting,
abdominal pain, headache, nausea, dizziness, and diarrhea are
less common symptoms (Dhama et al., 2020; Huang et al., 2020a).

Morbidity and Mortality

The early stages of coronavirus infection exhibited high mortality
and morbidity rates (Velavan and Meyer, 2020). With time
COVID-19 spread to Italy and Spain in Europe, and currently
the USA has the highest numbers of confirmed cases and
deaths. Recent increases in the number of COVID-19 cases have
surpassed the numbers of intensive care unit beds, which are
available only to critically ill patients. The limited numbers of
intensive care beds have progressively contributed to the high
mortality rate during the COVID-19 outbreak.

Several studies have suggested that blood plasma from
recovered patients can be an effective treatment for MERS and
SARS and can reduce the rate of mortality (Mair-Jenkins et al.,
2015; Arabi et al., 2016; Mustafa et al., 2018). Figure 1 shows
the statistics associated with infection and mortality in different
world zones. The numbers of cases and deaths keep on increasing
on a daily basis because of the relaxation of lockdown measures
and increasing testing per day. Even though the number of cases
is increasing at a rapid rate, compared with countries such as
Italy, Spain, the UK, and the USA, Indias health facilities are
not robust and have a poor infrastructure, but the number of
mortalities in India is less. Also, the recovery rate in India is
higher than in many other nations because of timely diagnosis
and treatment. As per the Statista 2020 data on September 4,
2020, India has a mortality rate of 1.74%, which is similar to the
mortality rate in Russia and much less than the mortality rate
in other countries like Italy (13.01%), the UK (12.2%), Belgium
(11.44%), Mexico (10.75%), Spain (5.98%), China (5.25%), and
the USA (3.05%) (Best, 2020). The low mortality rate in India is
due to a higher proportion of younger people in the population
(75% of the Indian population are younger than 45 years) and
exposure to other infectious disease might have built a stronger
innate immunity in the Indian population.

DIAGNOSIS OF SARS-CoV-2

Detection of SARS-CoV-2 is performed by reverse transcription
polymerase chain reaction (RT-PCR) or next-generation
sequencing (NGS), and computed tomography (CT) scan
(Gao, 2020; Wang W. et al,, 2020; Xiao et al., 2020; Xie et al,,
2020). Presently RT-PCR is recognized as the principal and
most effective method for coronavirus detection. Researchers
and multiple companies are engaged in developing effective
diagnostic kits that include detection of the virus by using nucleic
acid RT-PCR and a double-fluorescence PCR method for the
simultaneous detection of coronavirus and influenza (Flu A and
Flu B) by Jiangsu Shushi Biotechnology Co. Ltd. (Yu et al., 2020).

Twenty-two in vitro diagnostic methods were authorized by the
US Food and Drug Administration (FDA) under emergency
use authorization (EUA), which also includes RT-PCR for the
detection of SARS-CoV-2.

Current Methods of Detection

RT-PCR and CT scans are used extensively for diagnostic
purposes (Udugama et al., 2020; Waller et al., 2020). In addition,
several diagnostic techniques such as clustered regularly
interspaced short palindromic repeats (CRISPR)-specific
high-sensitivity enzymatic reporter unlocking (SHERLOCK),
reverse transcription loop-mediated isothermal amplification
(RT-LAMP), enzyme-linked immunosorbent assay (ELISA), and
sequencing are under development for enhanced detection of
the virus in a minimum amount of time (Carter et al., 2020).
However, RT-PCR remains the primary and highly specific mode
for diagnosis and quantification of SARS-CoV-2. Commonly
used diagnostic technique are represented schematically in
Figure 2.

Real-Time Polymerase Chain Reaction

The accessibility of SARS-CoV-2 genome sequences by means of
the Global Initiative on Sharing All Influenza Data (GISAID) has
proved beneficial in the development of specific test kits for its
detection (Forster et al., 2020). Presently, COVID-19 is diagnosed
by detecting the presence of SARS-CoV-2 RNA in oropharyngeal
and nasopharyngeal swabs (WHO, 2020b). Since its inception,
several RT-PCR-based kits have been developed that involve
reverse transcription of SARS-CoV-2 RNA to complementary
DNA (cDNA). The genes targeted so far in the detection kits
are the E gene (encodes for envelope protein), N gene (encodes
for N-protein), and RARP gene (encodes for RNA-dependent
RNA polymerase), where the E gene is used for initial screening,
the RARP gene for confirmation, and the N gene serves as an
additional confirmatory assay (Corman V. et al, 2020). The
technical limit of detection (LOD) for the RdRP and E genes is
3.8 and 5.2 RNA copies per reaction, respectively, while it is 8.3
for the N gene at the 95% confidence interval (Corman V. et al,,
2020). van Kasteren et al. (2020) compared seven RT-PCR Kkits
and found that all were equally efficient with LOD95 variation
within a 6-fold range. Each kit included either one of the E, N,
or RARP gene or all of them as a basic detection system, most
of which were CE-IVD approved. Chan et al. (2020) reported the
performance of an assay based on RT-PCR targeting nucleocapsid
(N), RdRP/Helicase (Hel), and spike (S) of SARS-CoV-2 in
comparison with RdRp-P2. They observed that COVID-19-
RdRp/Hel had more sensitivity than the other two assays as well
as RARP-2 (P < 0.001) in the clinical samples procured from
the respiratory tract as well as non-respiratory tract samples.
COVID-19-RdRp/Hel was able to detect 15.4% more samples
as positive that tested negative with RdRp-P2 and no cross-
reactivity was observed with other respiratory coronaviruses
(Chan et al., 2020). However, RT-PCR-based detection is also
associated with false-negative results, which might be due to the
low viral load in patients’ throats, improper handling of RNA
samples, or lack of adequate internal controls (Di Paolo et al.,
2020; Kelly et al., 2020). To improve this limitation of RT-PCR,
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FIGURE 1 | Coronavirus disease 2019 (COVID-19) pandemic statistics. (A) Total number of infections. (B) Mortality due to COVID-19 (Source: WHO data, July 19,
2020).
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FIGURE 2 | Conventional methods currently being used for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection. (A) Reverse transcription
polymerase chain reaction (RT-PCR). cDNA, complementary DNA. (B) Computed tomography scan. (C) Enzyme-linked immunosorbent assay.

Frontiers in Nanotechnology | www.frontiersin.org 4 December 2020 | Volume 2 | Article 589832


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles

Gupta et al.

Nanotechnology, COVID-2019, Aptamer, RTPCR

droplet digital PCR was optimized for the detection of SARS-
CoV-2 with a lower LOD than conventional RT-PCR (Suo et al.,
2020).

Computed Tomography Scans

Chest CT scans have also been used for the diagnosis and
management of COVID-19 (Pascarella et al., 2020; Udugama
et al,, 2020; Waller et al., 2020). Chest CT scanning for the
detection of COVID-19 involves X-ray imaging of a patient’s
chest at different angles (Meng et al., 2020). Any anomalous
features on the CT scan image, as per radiological reports,
may be due to COVID-19 infestation. Commonly observed
features on a chest scan of a patient with COVID-19 are
ground-glass opacification (GGO), consolidations (increase in
the opacity of the parenchyma, which results in shrouding of the
underlying vessels), crazy-paving pattern (GGO with intralobular
and interlobular septal thickening), and linear opacities (Ding
et al, 2020; Huang et al., 2020a; Li and Xia, 2020). In a
radiological assay by Song F. et al. (2020), the CT findings of
51 patients were analyzed. Nearly 86% of patients exhibited
bilateral-type pneumonia affecting both lungs. Patients aged 50
or younger showed more GGO whereas elderly patients had
organized pneumonia-like features with enhanced consolidations
(Song F. et al., 2020). However, these features may vary in
different stages of the disease and various age groups; hence, it
is not suggested as a primary detection method for SARS-CoV-
2 (Abbasi-Oshaghi et al., 2020). Pan et al. (2020) reported four
stages of COVID pneumonia progression from 0 to 26 days,
based on CT scans and the degree of lung involvement in patients
with COVID-19. During days 0-4 days (stage 1), they observed a
low CT score of 2 & 2 with the appearance of GGO and a slight
crazy-paving pattern. As the disease progressed, during days 5-8
days (stage 2), the CT score increased and a crazy-paving pattern
was observed that further increased during the late stage at days
9-13 (stage 3) with the appearance of consolidation and a CT
score of 7 & 4. At the later stage of 14 days or more (stage 4), the
CT score and crazy-paving pattern started to decrease, along with
a reduction in the consolidations (Pan et al., 2020). Use of high-
resolution CT could aid in the detection of GGOs in the early
stages of infection (Wei et al., 2020). Current techniques used for
the detection of SARS-CoV-2 are given in Table 1.

Other Detection Techniques

Other than RT-PCR and CT scans, various other detection
systems have also been designed for the purpose of SARS-CoV-
2 diagnosis. Zhang et al. (2020) have developed a technique
named SHERLOCK to detect RNA fragments of SARS-CoV-
2 with 10-100 copies/p] of the input. The basic principle of
SHERLOCK-based diagnosis is CRISPR-based detection. This
test can be performed in < 60 min, without requiring specific
instruments. They chose two targets, the S gene and Orflab gene,
from the SARS-CoV-2 genome. To minimize cross-reactivity
with other respiratory virus genomes, they also selected specific
guide sequences. Another group developed a rapid, low-cost,
and accurate test, SARS-CoV-2 DETECTR (~30 min), which is
based on a CRISPR/Casl12 lateral flow assay (LFA) (Broughton

et al, 2020). An alternative for COVID-19 diagnosis is RT-
LAMP. An optimized RT-LAMP-based detection technique
has more sensitivity than conventional RT-PCR methods and
requires less time. This technique can be utilized for the rapid
diagnosis of coronavirus and increases the testing capacity
by 2-2.5-fold (Jiang et al., 2020; Park et al., 2020). Chen
et al. (2020b) developed a rapid and sensitive lateral flow
immunoassay using nanoparticles prepared from lanthanide-
doped polystyrene, known as LNPs, for the detection of anti-
sSARS-Cov-2 immunoglobulin G (IgG) in serum samples. A
specific N phosphoprotein of SARS-CoV-2 was used for the
detection of specific antibodies in serum. The detection time for
the assay was only 10 min (Chen et al., 2020b). Another study by
Phan et al. (2020) utilized an in silico and serological approach to
detect specific antibodies of SARS-CoV-2 in serum. In a recent
development, the FDA has allowed the use of [llumina’s NGS test
for COVID-19 as an EUA. By using 98 DNA fragments, which
cover nearly 30 kb in the genome of SARS-CoV-2, this technology
can run ~3,000 test samples in a single 24h turnaround. The
minimum amount of sample required is 1,000 copies/mL, but the
strategy is yet to receive approval from the FDA.

Emerging Tools and Technologies

The quick spread of the SARS-CoV-2 virus with an increased
number of infected individuals worldwide makes it an absolute
necessity to develop rapid and accurate detection technologies
that will help to prevent illness and contain the disease (Green
et al, 2019). The specificity and accuracy of RT-PCR-based
detection of SARS-CoV-2 is not absolute owing to the genetic
diversity and rapid evolution of the virus and technical skills
(Ai et al., 2020). In this regard, sample collection, transport, and
kit sensitivity are important hallmarks for the accuracy of the
test. In developing countries, the problem is more pronounced
because of minimal medical facilities and services. Moreover,
the extended time required to obtain results makes it futile for
public health emergencies such as the COVID-19 pandemic, in
which rapid, easy, and accurate detection is required. Meanwhile,
CT scan-based diagnosis has a low specificity, as other viral
phenomena cannot be distinguished from SARS-CoV-2 by means
of the scanned image. Therefore, there is an urgent need for
the development of low-cost, efficient, and point-of-care (PoC)
devices that are capable of providing fast and reliable detection
results. The sensor platform should be simple enough to be used
without the requirement for trained specialists for its operation.

NANOTECHNOLOGY-BASED
BIOSENSORS FOR COVID-19

A biosensor is a device that is used to diagnose analytes
within liquids, solutions, and body fluids on combination with
a biorecognition element and a physical transducer. When an
analyte interacts with a biological element, a signal is produced
that is converted into a measurable and quantifiable entity
by the physical transducer. Physical transducers are mostly
optical, electrochemical, and piezoelectric systems, whereas the
biorecognition element includes nucleic acids such as DNA
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TABLE 1 | Current techniques used for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection.

Detection technique for Procedure Salient features References
SARS-COV-2
Chest CT scan Patient’s chest exposed to different e Non-invasive Ai et al., 2020
angles of X-rays e Imaging features overlap with viral
pneumonia. Inconclusive for SARS-COV-2
RT-PCR Amplification of viral genomic RNA e |ess sample volume Corman V. M. et al.,
* Gold standard 2020
RT-LAMP Amplification with the help of four e Cost effective Jiang et al., 2020;

specific primer systems at a single
temperature

Transcription-mediated
amplification

Amplification of specific regions of
RNA/DNA

CRISPR-based assay Excision of reporter RNA sequences on

SHERLOCK activation of SARS-COV-2-specific
guide RNA

Metagenomic sequencing Sequence-independent single primer
amplification

ELISA Antiviral antibodies bind to viral proteins
coated in microwell plates
Colorimetric/fluorimetric signal produced

by secondary antibody

Lateral flow immunoassay Sample flows past immobilized viral
antigen. In the presence of anti-CoV
antibodies, color develops along with

tracer antibodies

Park et al., 2020

Rapid (13 min or less)
Heating block/bath required in place of a
heating cycler

Produces RNA amplicon Carter et al., 2020
Rapid kinetics

10 billion-fold increase in 15-30 min

Low cost
Processing time of 1h
No complex instrumentation

Assesses rate of mutation of SARS-COV-2

Zhang et al., 2020

Hardick et al., 2018

* Rapid
High-throughput detection
e Point-of-care testing

Chen et al., 2020b;
Phan et al., 2020

Rapid (10-30 min)

e Small, portable

Cost-effective

No requirement for trained personnel

Lietal, 2020

CRISPR, clustered regularly interspaced short palindromic repeats;, CT, computed tomography; ELISA, enzyme-linked immunosorbent assay; RT-LAMPE reverse transcription
loop-mediated isothermal amplification; RT-PCR, reverse transcription polymerase chain reaction; SHERLOCK, specific high-sensitivity enzymatic reporter unlocking.

or RNA, proteins such as enzymes or antibodies, organic
and biological receptors, whole cells, and tissues (Rocchitta
et al,, 2016). Large quantities of biosensor components can be
manufactured according to requirements. Nanomaterials can
be selected and used as transductors because of their highly
stable nature in various media and their biocompatibility with
physiological fluids. In addition, nanomaterials provide surface
chemistry, which can be advantageous for the bioconjugation
of molecules, as well as high surface energy and a strong
amplification effect on signals. Because of their advantages,
metallic nanoparticles such as gold and silver nanoparticles,
nanomaterials based on carbon (nanotubes and graphene),
photonic crystals, nanogels, and microgels are being used
for biosensor applications. Nano-carbon-based particles have
already been proven to provide a good platform for bacterial
detection using various techniques such as electrochemistry and
piezoelectric and also for the preparation of microfluidic-based
kits (Sharma et al., 2020).

Developments in Nanotechnology-Based
COVID-19 Detection

Point-of-Care Testing

PoC testing is defined as testing done using a kit or strip at
home or at a place where the patient is being cared for. The most
critical component of PoC testing is the biosensor, which is used

to perform a biochemical assay to detect the pathogen (Vashist,
2017). The advantages of using PoC testing are: (i) minimal space
requirement for testing and storage; (ii) wide-scale analysis; (iii)
testing can be performed in a variety of locations; and (iv) flexible
in meeting diverse medical needs.

PoC tests enable diagnosis without sending samples to
specialized laboratories. An LFA for SARS-CoV-2 detection
is one such PoC method that is under development for the
diagnosis of COVID-19 (Xiang et al., 2020). An LFA conjugated
with nanoparticles makes the device more reliable and sensitive.
Lateral flow strips consist of a paper-like membrane, generally
made up of nitrocellulose coated with two lines: the first line is
the nanoparticle-conjugated antibody, which is known as the test
line; the second is to capture antibodies, known as the control
line. The sample is deposited on the membrane, also known as
the sample pad, and analytes travel across the strip until they
reach the first line by capillary action. As the analytes move
further through the first test line, antigens in the analyte bind
to the conjugate and this complex moves forward through the
membrane. When it reaches the second line, it binds with the
capture antibodies and a colored line appears. An LFA has shown
a clinical sensitivity, specificity, and accuracy of 81, 100, and 86%
for IgG and 57, 100, and 69% for immunoglobulin M (IgM),
respectively (Xiang et al., 2020). This test detects IgM and IgG
with a sensitivity of 82% (Xiang et al., 2020). Nucleic acid testing
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with DNA or RNA strands or aptamer, which is a single-stranded
DNA (ssDNA) or RNA strand, can also be used for LFAs.

A gold nanoparticle-based lateral flow (AuNP-LF) assay for
the rapid detection of the antibody IgM generated against SARS-
CoV-2 was developed by Huang et al. (2020b). AuNP-LF strips
were prepared using an analytical membrane coated with the
SARS-CoV-2 N-protein for capturing the sample and an anti-
human IgM-AuNP conjugate was used as the detector. AuNP-
LF assay applicability was confirmed using blood serum samples
from infected patients and uninfected healthy controls. The
results obtained were compared with the gold standard RT-PCR
method. The sensitivity and specificity of the AuNP-LF assay
were found to be 100 and 93.3%, respectively (Huang et al.,
2020b). The process of an LFA is explained schematically in
Figure 3.

The FDA has approved the BD Veritor System for SARS-CoV-
2 rapid PoC detection under an EUA (FDA newsroom, 2020).
This was the second antigen-based assay approved by the FDA,
with the first being the Sofia 2 SARS Antigen FIA test (Shuren,
2020).

Colorimetric Assay

An easy, fast, and specific “naked-eye” colorimetric SARS-CoV-2
detection test is an urgent requirement at this time. Colorimetric
assays exploit the optical properties of AuNPs, and specific
antisense oligonucleotides (ASOs) for the N phosphoprotein
of SARS-CoV-2 were modified by thiol for its conjugation.
Detection was performed within 10 min after RNA isolation.
When the target RNA sequence from SARS-CoV-2 was present,
thiol-modified ASOs capped the AuNP (ASO) aggregate and a
change in surface plasmon resonance was observed, as shown in
Figure 4. On adding RNaseH, the RNA strand is cleaved from
the RNA-DNA hybrid, which leads to the formation of a visually
detectable precipitate facilitated by the agglomeration among
AuNPs. The LOD using this method was 0.18 ng/pL of RNA
having a SARS-CoV-2 viral load in the presence of MERS-CoV
viral RNA (Moitra et al., 2020).

Microfluidic Devices

Microfluidic devices constitute another approach for use as a
PoC test. These are palm-sized chips imprinted with micrometer-
sized channels and reaction chambers made from a material such
as poly-dimethylsulfoxide, paper, or glass, providing advantages
such as miniaturized size and requiring only a small sample
volume and a short detection time. The basic principle of these
microfluidic chips is that they mix and segregate liquid samples
using capillary action and electrokinetic properties (Foudeh
et al, 2012). Microfluidic devices along with a smartphone
application attachment can detect different antibodies against
three sexually transmitted infections. In Rwanda, when tested
in 96 patients, the platform showed specificity and sensitivity
of 87 and 100%, respectively (Laksanasopin et al., 2015).
Because of the ease and reliability of microfluidic devices,
they can be modified to detect SARS-CoV-2 RNA or proteins.
Different modes of detection using a microfluidic channel are
shown in Figure 5.

Magnetic Nanoparticle-Based Separation
Nucleic acid extraction from a clinical sample is the first
step in the molecular diagnosis of SARS-CoV-2. This is labor
intensive and time consuming. To extract viral RNA, magnetic
nanoparticles coated with carboxyl polymer (pcMNPs) were
developed to simplify the extraction for the sensitive detection
of SARS-CoV-2 RNA (Zhao et al., 2020). Also, pcMNP-RNA
complexes can be used for an RT-PCR protocol. pcMNPs have
several advantages over a conventional column-based extraction
method, such as showing good viral RNA binding performance.
They also result in a 10-fold increase in sensitivity. Further,
the pcMNP-RNA complexes obtained by the MNP separation
method can be conveniently used with various isothermal
amplification methods, such as LAMP. Thus, this method can be
used for the development of PoC devices (Zhao et al., 2020).
Apart from the emerging technologies discussed above,
Table 2 provides a few more nanotechnology-based techniques
for detecting viruses. Multiple platforms such as paper-
based systems, microfluidics, surface-enhanced Raman
scattering, colorimetric systems, smartphone-based systems, and
electrochemical sensors are being developed. Such approaches
are in their early stages and are currently difficult to use for
diagnosing COVID-19.

Detection Based on Biomolecules

A biosensor contains biorecognition elements, which are also
known as biomolecules. They are used to detect the target
depending upon the type of assay employed. Biomolecules can
be antibodies that are traditionally used for ELISAs. Other than
antibodies, enzymes and nucleic acids can be used. Nucleic
acids are generally used in RT-PCR and LAMPS. Other than
the existing biorecognition elements, nowadays, aptamers are
gaining popularity. Different assays and detection kits are
being developed using these biomolecules. Aptamer-based
detection assays comprise optical, electrochemical, impedance,
fluorescence, ELISA (also known as enzyme-linked aptamer
assays), and other nanoparticle-conjugated assays (Zou et al.,
2019). The properties and roles of these biomolecules are
explained in the following sections. Moreover, common
biomolecules and their roles in different techniques using
nanoparticles are summarized in Figure 6.

Nucleic Acid-Based Biosensors

A double functional plasmonic biosensor was developed for the
sensitive diagnosis of SARS-CoV-2 nucleic acid. This biosensor
is a dual platform that combines the plasmonic photothermal
(PPT) effect and localized surface plasmon resonance sensing
transduction. The device consists of an integrated chip of two-
dimensional gold nano-islands (AuNIs) on which a cDNA
receptor for RARp, ORF1lab, or the E gene have been immobilized
by gold-thiol linkage. Detection of SARS-CoV-2 nucleic acid
using this method utilizes the principle of nucleic acid
hybridization with an LOD of 0.22 pM. The enhanced sensitivity
of the device is the result of enhancement in the hybridization
kinetics of the complementary strands, which is the result of
the local PPT heat-generating capacity of AuNI plasmonic chips.
The performance of this biosensor in clinical samples is yet to
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FIGURE 3 | Lateral flow assay (LFA) using gold nanoparticles. (i) Model representation of an LFA strip. (i) Conjugation of antigen and antibody on the LFA strip. (i)
Appearance of the test and control lines in a positive sample. (iv) Appearance of a single control line in a negative sample. NC, nitrocellulose; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.
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FIGURE 4 | Aggregation assay using gold nanoparticles (AuNPs) for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) detection in a swab sample.

be analyzed (Qiu et al., 2020). Another assay used an integrated =~ immunoassay biosensor (COVID-19 RT-LAMP-LFB) (Zhu X.
approach combining LAMP amplification, multiplex analysis, et al., 2020). The LOD of this platform was observed to be
and reverse transcription with a nanoparticle-based lateral flow 12 copies per reaction with no cross-reactivity. ORF1 antibody,
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TABLE 2 | Nanotechnology-based virus detection methods.

Nanoparticle carrier Method of detection

Sensitivity References

QDs QD fluorescence-based sandwich reaction

Polystyrene
nanoparticles

Lateral flow immunoassay with
lanthanide-doped polystyrene
nanoparticles (fluorescent reporter)
Gold nanoparticles Aggregation/color change-based assay
Lateral flow immunoassay

Lateral flow immunoassay

Plasmonic photothermal effect and
localized surface plasmonic
resonance-based sensing

Gold nanoislands

Sensitive RNA extraction method for
SARS-CoV-2 detection by
poly-carboxyl-functionalized MNPs

MNPs

Ahmed et al., 2018
Chen et al., 2020b

LOD 79.15 EID/50 pl

0.18 ng/pL Moitra et al., 2020
69.1% Wen et al., 2020
100% Huang et al., 2020b
LOD 0.22 pM Qiu et al., 2020

10 copies of Zhao et al., 2020
SARS-CoV-2

EID, embryo infection dose; LOD, limit of detection; MINF, magnetic nanoparticle; QD, quantum dot.

two LAMP primer sets, and the N gene of SARS-CoV-2 were
amplified simultaneously and detected with streptavidin-coated
polymer nanoparticles.

Antibody-Based Biosensors

Spike protein of SARS-CoV-2 was reportedly detected using a
novel antibody-based biosensor. Here, SARS-CoV-2 antibody
was coated on graphene sheets of a field-effect transistor (FET)
using nasopharyngeal swab samples from clinical patients as
antigens. The LOD of the developed biosensor in a universal
transport medium and phosphate-buffered saline was found to
be 100 and 1 fg/mL, respectively. This sensor also detected the

virus in culture medium with a detection limit of 1.6 x 10!
pfu/mL. The COVID-19 FET sensor can differentiate between
infected and healthy individuals with a detection limit of 2.42 x
102 copies/mL (Seo et al., 2020).

IgG and IgM antibodies were detected using an ELISA kit
based on recombinant N- and S-protein that was developed
and tested on patients. Among 214 patients, 146 (68.2%) and
150 (70.1%) were diagnosed with N-protein-based IgM and IgG
ELISAs, respectively, whereas 165 (77.1%) and 159 (74.3%) were
diagnosed using spike protein-based ELISAs. The positive rate for
both kits was 82.2 and 80.4% for S- and N-protein, respectively
(Liu et al., 2020).
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Aptamer-Based Biosensors

Recently, aptamers have gained popularity in virus diagnosis.
These consist of ssRNA or ssDNA that binds conformationally
and detects multiple targets with high sensitivity and specificity.
Owing to a robust screening method, aptamers are able to
detect viral genes, proteins, or any other viral infection markers.
By modifying the designed assays, aptamer-based sensors can
differentiate between infected and uninfected host cells or
between active and inactive viral forms (Wandtke et al,
2015). Because of their properties, aptamer-based detection
has considerable advantages over antibodies, including high
stability at a vast range of temperatures and conditions,
easy synthesis through a systematic evolution of ligands by
exponential enrichment (SELEX) method, and easy modification
according to the requirements of the assay. Here we describe
some diagnostic approaches by aptamers. Very few research
articles are published that describe the use of aptamers for
detecting coronaviruses (Table 3). One study showed that N-
protein of SARS-CoV can be detected in blood serum using an
aptamer-based approach. The SELEX method was used to screen
RNA aptamer 1 and RNA aptamer 2, which bind specifically
to the C-terminal region of SARS-CoV N-protein with a low
dissociation constant of 0.81nM, and 3.35nM, respectively.
Using a short palindromic repeat technique, binding association
was determined that confirmed that aptamer 1 has higher binding
affinity than aptamer 2 (Kp 1.65 nM for aptamer 1 vs. Kp 2.1 uM
for aptamer 2) and also aptamer binds with higher affinity than
antibody. To detect N-protein, an ELISA was designed in which

a streptavidin-coated plate was used for aptamer immobilization.
After incubating N-protein, polyclonal antibody and a labeled
monoclonal antibody were engaged to produce detectable signals.
The LOD of this method was 20 pg/mL (420 fM) for N-protein
(Ahn et al,, 2009), which is similar to that of ELISA using
both polyclonal and monoclonal antibodies (He et al., 2005).
Further, a nanoarray chip was designed using an antibody, and
the fluorescently labeled secondary antibody was proved to be 10
times more sensitive than the chemiluminescence assay, which
had a lower detection limit of 42 fM (Ahn et al., 2009).

In another study, an ssDNA aptamer was isolated that
specifically binds to N-protein of SARS-CoV with an efficient
binding affinity and Kp of 4.93 £ 0.30nM (Cho et al., 2011).
SARS-CoV-2 N-protein was immobilized on an ELISA plate,
followed by the addition of modified aptamer with biotin at
its 5 terminal. The avidin labeled with horseradish peroxidase
was added to produce a colored signal that was quantified
using tetramethylbenzidine and measured by recording the
absorbance. The above assay provided results that prove that all
aptamers could specifically and sensitively detect SARS-CoV-2
N-protein (Chen et al., 2020a).

Recently, a novel aptamer against the RBD (anti-RBD-
SARS-CoV-2) was screened using a SELEX and ACE-2
competition-based selection strategy. This development also
utilized a machine learning screening algorithm. To measure
the enrichment of interacted aptamers with SARS-CoV-2-RBD,
histidine-tagged RBD-modified nickel beads were used for flow
cytometry. Finally, two aptamers were selected with a high
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TABLE 3 | Detection of SARS-CoV and SARS-CoV-2 using aptamer-based biosensors.

Technique

Objectives

References

RNA aptamer-based sensitive detection of SARS
coronavirus nucleocapsid protein

Quantitative and sensitive detection of SARS
coronavirus nucleocapsid protein using quantum
dot-conjugated RNA aptamer on a chip

A DNA aptamer-based method for detection of
SARS-CoV-2 nucleocapsid protein

Discovery of aptamers targeting the RBD of the
SARS-CoV-2 spike glycoprotein

Novel system for detecting SARS coronavirus
nucleocapsid protein using an ssDNA aptamer

Generation of RNA aptamer against SARS-CoV
nucleocapsid protein

Verified by chemiluminescence immunosorbent
assay and nanoarray aptamer chip

QD-bound RNA aptamer was hybridized on a glass
chip immobilized with SARS-CoV N-protein

Identification of aptamers that could bind to
SARS-CoV-2 N-protein

RBD of SARS-CoV-2 spike glycoprotein was used
as the target for identification of aptamers using an
angiotensin-converting enzyme 2
competition-based selection strategy

Specific binding to SARS-CoV N-protein was used
as the selection strategy for identifying ssDNA
ELISA technique was used to recognize aptamers

Ahn et al., 2009

Roh and Jo, 2011

Chen et al., 2020a

Song Y. et al., 2020

Cho et al., 2011

with high binding affinity

ELISA, enzyme-linked immunosorbent assay; QD, quantum dot; RBD, receptor-binding domain; SARS-CoV, severe acute respiratory syndrome coronavirus, ssDNA, single-

stranded DNA.

affinity for binding with Kp values of 19.9 nM and 5.8 nM (Song
Y. et al., 2020).

Other Detection Systems

Since the outbreak of COVID-19, efforts have been made to
develop various detection systems that are portable, reliable,
sensitive, rapid, and user friendly. One such option is the
serology-based test (SBT). This is a blood-based method where
the immune response to viral infection is monitored. This test
measures antibodies and protein present in the blood of an
infected person when the body reacts to SARS-CoV-2 antigens.
A reliable SBT is highly recommended as the study of immune
response provides significant and important details related to
the prevalence of COVID-19. This information would help
considerably in determining the immunity level attained within
a community. In this regard, out of 33 kits approved by the FDA,
one is a rapid SBT for the presence of the antibodies IgM and IgG
in blood samples. However, SBTs are less sensitive (86.66%) than
the highly sensitive qRT-PCR and LAMP methods (Nguyen et al.,
2020).

CONCLUSION AND FUTURE PROSPECTS

The containment of epidemics requires widespread
communication, surveillance, data sharing, monitoring of
patients, and availability of resources (Smith, 2006). To
achieve this purpose, smartphones have been considered
very useful because of their properties such as computational
power, hardware to improve electronic reporting, PoC testing,
preparation of epidemiological databases (Wood et al., 2019),
and most importantly connectivity. Pre-existing diagnostic
tests can be linked with smartphones, providing real-time
information that helps global agencies to incorporate and
implement control strategies. Smartphones not only provide
risk-free direct contact between patients and clinicians but also
sharing of field data with public health databases to control

and monitor outbreaks becomes possible and easy. Cameras,
flashlights, audio jacks, and other smartphone components can
be used in surveillance along with the statistics and databasing
of diagnostic experiments (Malekjahani et al., 2019). Use of
smartphones with forward-looking infrared radar for thermal
scanning and body temperature monitoring due to inflammation
for diagnosing fever as a common coronavirus symptom has
been developed (Kanazawa et al., 2016).

The availability of modern techniques has contributed toward
diagnosing SARS-CoV-2 with high accuracy. These techniques
have further increased the daily number of tests globally,
providing information related to the severity of the infection.
RT-PCR is currently the most widely used technique but it takes
4-6h to get results. To simplify and increase testing, the use
of nanotechnology in PoC testing and microfluidics should be
thoroughly used. These technologies should be further developed
so that they can be rapidly implemented during unforeseen
medical emergencies.
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