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With the emergence of global pandemics such as the Black Death (Plague), 1918
influenza, smallpox, tuberculosis, HIV/AIDS, and currently the COVID-19 outbreak
caused by the SARS-CoV-2 virus, there is an urgent, pressing medical need to devise
methods of rapid testing and diagnostics to screen a large population of the planet. The
important considerations for any such diagnostic test include: 1) high sensitivity (to
maximize true positive rate of detection); 2) high specificity (to minimize false positives);
3) low cost of testing (to enable widespread adoption, even in resource-constrained
settings); 4) rapid turnaround time from sample collection to test result; and 5) test assay
without the need for specialized equipment. While existing testing methods for COVID-19
such as RT-PCR (real-time reverse transcriptase polymerase chain reaction) offer high
sensitivity and specificity, they are quite expensive – in terms of the reagents and
equipment required, the laboratory expertise needed to run and interpret the test data,
and the turnaround time. In this review, we summarize the recent advances made using
carbon nanotubes for sensors; as a nanotechnology-based approach for diagnostic
testing of viral pathogens; to improve the performance of the detection assays with
respect to sensitivity, specificity and cost. Carbon nanomaterials are an attractive platform
for designing biosensors due to their scalability, tunable functionality, photostability, and
unique opto-electronic properties. Two possible approaches for pathogen detection using
carbon nanomaterials are discussed here: 1) optical sensing, and 2) electrochemical
sensing. We explore the chemical modifications performed to add functionality to the
carbon nanotubes, and the physical, optical and/or electronic considerations used for
testing devices or sensors fabricated using these carbon nanomaterials. Given this
progress, it is reason to be cautiously optimistic that nanosensors based on carbon
nanotubes, graphene technology and plasmonic resonance effects can play an important
role towards the development of accurate, cost-effective, widespread testing capacity for
the world’s population, to help detect, monitor and mitigate the spread of disease
outbreaks.
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INTRODUCTION

From its emergence in December 2019, the world has been
battling a fierce outbreak of the coronavirus disease 2019
(COVID-19), caused by a viral infection of the human severe
acute respiratory syndrome (SARS-CoV-2) virus. Since the
declaration of the COVID-19 outbreak to be a “global
pandemic” by the World Health Organization (WHO) on
March 11, 2020, the infection has continued to rage on, with
record numbers of infection cases and high mortality rates
throughout many regions of the world. As of the end of June
2021, there have been over 180 million confirmed cases of
COVID-19 worldwide, including over 3.9 million deaths
(WHO Coronavirus (COVID-19) Dashboard. Geneva: World
Health Organization, 2020).

The mechanism of infection of the SARS-CoV-2 coronavirus
in human subjects has been well studied (V’kovski et al., 2021).
Briefly, the first step of infection is to bind to entry receptors on
the cell surface, such as angiotensin-converting enzyme 2
(ACE2). Therefore, the expression and tissue distribution of
ACE2 consequently influences the viral pathogenicity in the
host organism. For instance, it has been shown that ACE2 is
abundantly present in humans in the lung epithelia and small
intestine (Hamming et al., 2004), especially in type I and type II
pneumocytes of the lower respiratory tract. This explains the
possible routes of entry and infection of coronaviruses such as
SARS-CoV and SARS-CoV-2, and their pathogenesis particularly
in the lung. Post receptor-mediated endocytosis, the
coronaviruses replicate their genomic RNA inside the host cell
to produce full length copies, which are then incorporated into
newly produced viral particles. It is well known that viruses
constantly evolve through genetic mutation, and new variants
occur in different regions or populations of the world. The same is
true for the SARS-CoV-2 virus. Four of the named variants of
concern which are especially prevalent in mid 2021, which have
emerged over the past year are B.1.1.7 (Alpha variant, first
detected in the UK), B.1.351 (Beta variant, first detected in
South Africa in Dec. 2020), P.1 (Gamma variant, first
identified in travelers from Brazil), and B.1.617.2 (Delta
variant, originally identified in India in Dec. 2020). Of these
variants, the Alpha and Delta variants have been labeled as
“SARS-CoV-2 Variants of Concern” by the U.S. Centers for
Disease Control and Prevention (CDC) because of the evolved
virus’ increased transmission capability, and reduced
neutralization by antibodies in the serum post COVID
vaccination by currently available vaccines. Recent studies
have also reported that vaccine effectiveness against the Delta
variant is slightly lower, compared to the other variants. For
example, in a comparison study (Lopez Bernal et al., 2021) of the
BNT162b2 (Pfizer-BioNTech developed mRNA vaccine) and the
ChAdOx1 nCoV-19 (AstraZeneca developed replication-
deficient chimpanzee adenoviral vector, containing the SARS-
CoV-2 structural surface glycoprotein antigen (spike protein)), it
was found that one dose of either vaccine showed low efficacy in
preventing infection by the Delta variant. However, with two
doses, the BNT162b2 vaccine showed 93.7 and 88.0%
effectiveness, while the ChAdOx1 nCoV-19 vaccine showed

74.5 and 67.0% effectiveness against the Alpha and Delta
variants, respectively. The other concerning aspect about these
newly-emerged variants is the reduced sensitivity of these variants
to antibody neutralization from antibodies present in the serum.
Particularly, the Delta variant was found to be resistant to anti-
NTD antibodies and anti-RBD antibodies, including the
monoclonal antibody Bamlanivimab which lost the emergency
use authorization (EUA) issued by the United States FDA.
Furthermore, antibodies isolated from convalescent patients’
serum (at up to 12 mo post COVID-19 infection) were found
(Planas et al., 2021) to be 4-fold less potent against the Delta
variant, relative to the Alpha variant. Similar to the previous
study, it was found that one dose of either the Pfizer or
AstraZeneca vaccine barely inhibited the Delta variant. The
good news is that with two doses of the vaccine, a neutralizing
response was generated in up to 95% of the vaccinated
population, albeit with lower antibody titers which are three to
five-fold less effective against the Delta variant compared to the
Alpha variant.

Given the emergence of these more potent, highly
transmissible strains of SARS-CoV-2, there is a great, unmet
clinical need for the availability of large-scale, low-cost testing
platforms; both laboratory-based and point-of-care testing
(Tymm et al., 2020) of the virus responsible for the
coronavirus disease 2019 (COVID-19). By intelligently
designing testing systems based on a combination of ideas
borrowed from molecular biology, nanomaterials, analytical
chemistry, signal processing and instrumentation, these types
of tests offer significant promise for providing fast, accurate
testing for the diagnosis of viral and other pathogenic diseases
in a highly efficient, cost-effective and scalable manner to be
deployed globally on a massive scale (Choi, 2020).
Nanobiosensors, which are used to detect the presence of

FIGURE 1 | Nanosensors based on graphene, carbon nanotubes or
plasmonic nanomaterials and their application towards the detection of
COVID-19 in sample specimens from human subjects: concepts based on
optical, electrochemical or visual readout assays. Created with
BioRender.com.
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various biomolecules or microorganisms such as bacteria and
viruses, work by amplifying small amounts of signal, based on the
method of signal transduction (Sharma et al., 2021). Numerous
forms of biosensors have been explored based on the principle of
detection, such as resonant biosensors (coupled acoustic wave),
optical biosensors (light), thermal biosensors (heat), ion-sensitive
biosensors (change in surface potential), electrochemical
biosensors (change in electrical properties of the medium),
and amperometric or potentiometric biosensors (electron
activity, or redox potential). Along with the role of
nanotechnology in diagnostics and sensing, it is anticipated
that nanomaterials as carriers for “next-generation” vaccines
against diseases such as COVID-19 is an extremely important
and promising area of research (Varahachalam et al., 2021); given
the highly sophisticated and precious cargo (such as DNA,
mRNA, engineered antigen-presenting cells, proteins, etc.)
needed to be delivered to activate the immune system’s
defenses against pathogenic infection.

With the recent advances (Hong et al., 2015; Bardhan, 2017) in
synthesis, sorting, purification, characterization and
functionalization techniques, these carbon nanomaterials are
emerging as promising candidates for a number of scalable
technologies; especially in the field of biosensors for rapid
diagnostics. These low-dimensional nanomaterials, such as

carbon nanotubes and graphene are exceptionally advantageous
for biomedical applications–because of their unique physical,
chemical, mechanical and opto-electronic properties and large
surface area, coupled with dimensions that are comparable with
those of biomolecules of interest such as DNA, proteins or viruses.
As a point of reference, each SARS-CoV-2 virion is estimated
(Chen N. et al., 2020) to be ∼50–200 nm in diameter; which is well-
suited for analyte capture along the longitudinal dimension of an
single-walled carbon nanotube (typical dimensions: ∼
500–1000 nm in length, ∼ 1 nm in diameter), or on a 2D
graphene sheet (which can range from 100 nm - a few microns
in lateral dimensions). In this report, we offer a perspective of the
recent advances in the field of rapid testing of SARS-CoV-2 using
carbon-based nanomaterials, including graphene and carbon
nanotubes, and plasmonic nanosensors, as depicted in Figure 1.
Graphene and its derivatives are particularly well-suited to be used
for designing nanobiosensors (Novoselov et al., 2012), as
summarized in Table 1. Since the focus of this article is to
discuss the application of these nanosensors for COVID-19
detection, we do not go into great detail about the numerous,
wide-ranging applications of carbon-based nanosensors, and the
reader is referred to three excellent reviews on this topic for further
exploration (Tîlmaciu and Morris, 2015; Banerjee, 2018; Shahdeo
et al., 2020).

TABLE 1 | Graphene and its derivative carbon-based nanomaterials: representative applications in nanobiosensing.

Carbon-based
Nanomaterial

Detection method (signal
transduction)

Functional modifications Analyte of interest
(applications)

Graphene/Graphene Oxide
(GO)/reduced Graphene
Oxide (rGO)

Electrochemical (Field Effect Transistor) N-doping, surface attachment of anti-
IgGs, Au nanoparticles on graphene
surface

Detection of VEGF and other cancer
biomarkers, in situ sensing of biomolecules,
DNA detection, DNA hybridization, in vivo
imaging in living cells and in animals, protein
detection, sensing of pathogens, detection of
enzymes and small molecules such as H2O2,
NAD+, dopamine, glucose etc.

Graphene/Graphene
quantum dots (GQDs)

Optical (fluorescence, photoluminescence,
luminescence, FRET, surface plasmon
resonance (SPR), surface-enhanced Raman
spectroscopy (SERS) etc.)

ssDNA, gold on GO, aptamer with
graphene composite

Detection of Hepatitis C virus helicase
inhibitors, inhibitors of the SARS CoV
coronavirus, detection of circulating tumor cells
(CTCs), human IgG, proteins, toxins such as
cholera, thrombin detection

Carbon nanotubes Electrochemical (amperometric, potentiometric,
voltametric, piezoelectric)

Enzyme coupling on working electrode,
DNA wrapping

DNA detection (such as TP53 mutation),
detection of biomarkers, volatile organic
compounds (VOCs) in breath for cancer
detection, early detection of PSA in serum for
prostate cancer, glucose biosensor for
diabetes monitoring, cholesterol biosensor,
detecting cellular nitric oxide, H2O2 production
in the cancer microenvironment etc.

Carbon nanotubes Immunosensing Antibodies/antibody fragments,
peptides such as RGDS

Detection of HIV virus, hepatitis, test for drugs
and undesirable toxic compounds in the
environment, detection of cancers such as
head-and-neck cancer, breast cancer, etc.

Carbon nanotubes Optical (fluorescence, phosphorescence,
absorbance, reflectance, surface plasmon
resonance, quenching, lifetime,
photoacoustic etc.)

Peptide modification, stabilization with
biomolecules such as ssDNA, M13
phage, or oligonucleotides

Studying spatio-temporal process and
biomolecules in living organisms and in cells,
detection of ATP in living cells, in vivo deep
tissue imaging, early detection of cancers by
fluorescence quenching or enhancement upon
binding to up- or down-regulated cell surface
markers, etc.

For details on the various types and applications of these nanosensors, refer to (Tîlmaciu and Morris, 2015; Banerjee, 2018; Shahdeo et al., 2020).
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Before we jump into the discussion of some of the COVID-19
nanosensors using carbon-based nanomaterials reported in the
literature, it is important to get a brief overview of the surface
functionalization techniques used for these materials. Broadly
speaking, there are two classes of functionalization methods: 1)
non-covalent surface interactions (through methods such as
supramolecular π-π stacking and hydrophobic interactions),
and 2) covalent surface modification with other functional
groups. Examples of the former include methods used to wrap
SWNTs and graphene sheets using surfactants (O’Connell et al.,
2002), polymers (Liu et al., 2009; Welsher et al., 2009; Bardhan
and Belcher, 2020), DNA (Zheng et al., 2003), proteins and other
biological templates such as M13 viruses (Dang et al., 2011;

Bardhan et al., 2014; Ghosh et al., 2014; Ceppi et al., 2019) to
achieve good dispersion and additional functionality such as
targeting moieties to biomolecules of interest. In recent times,
viruses have been exploited by engineering the surface of the viral
capsid through genetic and other chemical methods, with the
resulting virus-like particles (VLPs) and viral nanoparticles
having important implications in drug delivery, chemotherapy,
vaccine production, immunotherapy, and molecular imaging, to
name a few (Aljabali et al., 2021). On the contrary, covalent
functionalization techniques also present their unique set of
advantages due to the high stability of covalent bonding
mechanisms. For example, the high surface area and large
number of oxygen-rich functional groups (Kumar et al., 2014,

FIGURE 2 | An overview of the numerous possibilities for the use of graphene, carbon nanotubes and plasmonic nanosensors for COVID-19 sensing, diagnostics
and treatment. (A) Graphene and its derivative materials (G, graphene; GO, graphene oxide; and rGO, reduced graphene oxide) can be used to selectively bind to the
SARS-CoV-2 virus through chemical functionalization with specific functional groups, and this can be harnessed to detect, capture and even neutralize the viral
pathogen. Reprinted (adapted) with permission from (Reina et al., 2021). (B) Molecular docking simulations showing the binding interaction between multi-walled
carbon nanotubes (CNTs) and targets of interest: the receptor-binding domain, ssRNA, or the ACE2 receptor corresponding to the SARS-CoV-2 virus. The binding
affinity can be tuned depending on CNT tube structure, diameter, chirality, and other factors. Reprinted (adapted) from (Patel et al., 2021), CC BY 3.0 license. (C)
Representative conceptual structure of a plasmonic immuno-assay based on a “sandwich-type” structure, demonstrating the concept of using gold nanorods to
enhance the electric field, and tuning the angle of reflection of the surface plasmon resonance. Reprinted (adapted) from (Das et al., 2020). Copyright Wiley-VCH GmbH.
Reproduced with permission.
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2016) in graphene oxide (GO) and reduced graphene oxide (rGO)
make them ideally suited as substrates for immobilizing
biomolecules of interest (Reina et al., 2021), as illustrated in
Figure 2A, which can then be used to capture cells (Chen et al.,
2015; Bardhan et al., 2017) or analytes of interest (Pumera, 2011)
for pathogen detection. These 2D materials can also be further
developed with special properties, such as an antibacterial surface
coating designed by incorporating cobalt ferrite into GO as a
“magnetic paint” (Arun et al., 2019), with induced generation of
reactive oxygen species used as the anti-bacterial mechanism. In
contrast to two-dimensional (2D) materials such as graphene and
its derivatives, one-dimensional (1D) materials such as carbon
nanotubes come with their own set of unique challenges and
opportunities. For example, single-walled carbon nanotubes
(SWNTs) are an attractive candidate for biosensing, due to
their photoluminescence in the 900–1,400 nm range, large
Stokes’ shift (separation between excitation and emission
wavelengths), low-autofluorescence background, relative
insensitivity to photobleaching compared with organic dyes,
the ability to be functionalized with targeting/drug delivery
agents for virucidal action. CNTs can also be tailored to have
binding affinity towards different receptors or molecules on the
surface of the target of interest - in this case, the SARS-CoV-2
virus as depicted in Figure 2B, and the binding strength can be
tuned by adjusting parameters such as the tube diameter,
chirality, and surface functionalization, as predicted through
molecular docking simulation studies (Patel et al., 2021).
Given these promising attributes, the logical extension of the
use of carbon-based nanomaterials for the purpose of designing
rapid, low-cost, point-of-care diagnostic solutions for COVID-19
detection has been explored in the past year, and we review the
recent advances in Section 2 and Section 3 below, with a special
focus on optical and electrochemical sensors.

While sensors based on carbon-based nanomaterials such as
graphene and CNTs are relatively new, appearingmainly in the last
10–20 yr, plasmonic nanosensors for biosensing applications have
been under development for nearly 40 yr. In a very simplistic
explanation, the phenomenon of plasmon resonance refers to the
changes in electric field brought about by the oscillation of the free
electrons of a metallic nanoparticle (typically Au or Ag), which is
influenced by the wavelength of incident light, the dielectric
medium, as well as the proximity to other metal particles
(plasmonic coupling), resulting in strong amplification of the
electric field. Plasmonic nanoparticles are strong absorbers and
scatterers of light, and the optical response can be tuned by change
the nanoparticle shape, size and composition, the wavelength and
angle of the excitation light source, as well as the configuration of
the nanoparticle and its interaction with the target biomolecule of
interest, as demonstrated in the simulation studies (Das et al., 2020)
in Figure 2C. Compared to other sensing modalities for virus
detection such as gene sequencing, polymerase chain reaction,
enzyme-linked immunosorbent assay (ELISA) which all require
expensive sophisticated instrumentation, expert sample handling
and long time for detection, sensors based on plasmonic
phenomena such as surface plasmon resonance, localized
surface plasmon resonance, surface-enhanced Raman scattering,
surface-enhanced fluorescence or IR absorption spectroscopy can

offer significant advantages (Anker et al., 2008): high sensitivity,
low cost, minimal sample pre-treatment, rapid turnaround time from
sample collection to assay result, and simple instrumentation, to name
a few. There have beennumerous comprehensive reviews covering the
use of plasmonic biosensors for detection of viral (Dengue virus, Zika,
Ebola, HIV, Hepatitis B, Avian influenza, Norovirus, etc.) pathogens,
and the reader is referred to two such recent manuscripts for further
learning (Hassan et al., 2021; Shrivastav et al., 2021). Given the focus of
the present review, however, we choose to highlight the recent reports
on the use of plasmonic nanosensors for detection of the SARS-CoV-2
virus. Numerous innovative techniques have been tried in the wake of
the COVID-19 pandemic to enhance the sensitivity of these
plasmonic nanosensors, such as in situ hybridization of the target
gene of the virus, dual-mode sensing, colorimetric readout with RNA
amplification, and others, as discussed in Section 2 and Section
3 below.

OPTICAL SENSING OF COVID-19

One important class of biosensors being developed for rapid,
accurate detection of the SARS-CoV-2 virus is optical
nanosensors (Maddali et al., 2021). Out of the various types
of optical sensors, those based on the phenomenon of localized
surface plasmon resonance (LSPR) are suitable for detecting
various kinds of analytes. Typically, metal nanoparticles are
optimally placed near fluorophores to enhance the fluorophore
excitation rate via local enhancement of the electric field (Halas
et al., 2011). This can also impact the radiative decay rate of the
excited state of the fluorophore, and open up new non-radiative
channels of decay, resulting in changes in the quantum yield
and the lifetime of the fluorophore. For example, using an
M13 virus-based framework, a 24-fold enhancement in the
fluorescence of Cy3 dye was reported (Huang et al., 2019), by
controlling the distance between the dye and silver
nanoparticles (AgNPs) and the PEG spacer layer. Building on
this approach, surface plasmon-enhanced fluorescence imaging in
the short-wave infrared (SWIR) wavelength region has been
successfully deployed for other areas of interest in bioimaging,
such as in the imaging of cancers. For instance, high brightness
fluorescence probes based on a combination of gold nanorods
decorated with an SWIR dye, IR-E1050, was shown (Huang et al.,
2021) to enable in vivo imaging of sub-millimeter sized tumors, in a
mouse model of ovarian cancer. In addition to the numerous
advances made in the field of nanosensors for molecular
diagnostics, a suite of technological innovations in optics
hardware and image processing algorithms, such as
hyperspectral imaging (Dang et al., 2019) and plasmonic
metamaterials (Lee et al., 2019) to name a few, has played an
instrumental role in pushing the limits of opto-electronic detection
capabilities. Therefore, when faced with the challenging
circumstances in the COVID-19 pandemic, it has been naturally
useful to come up with ways to adapt these known techniques of
optical nanosensors used in other fields (such as cancer imaging)
and make them suitable for the purposes of rapid detection
(Shrivastav et al., 2021) of the SARS-CoV-2 viral pathogen. A
summary of these methods is reported in Table 2.
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More recently, in the context of the COVID-19 pandemic,
various research groups have worked on the idea of adapting
plasmonic resonance as a method of detection for the SARS-
CoV-2 viral pathogen. In one of the first reported applications
of the use of this technology, a lateral flow immunoassay (LFIA)
chip was developed (Li et al., 2020) as fast, rapid (<15min) point-
of-care diagnostic chip for the detection of the presence of IgM and
IgG antibodies against the SARS-CoV-2 virus in blood serum,
shown in Figure 3A. As the patient sample flows through the
device, the antibodies, if present (indicating COVID-19 infection)
undergo a binding event with the Au-COVID-19 antigen
conjugates placed on the conjugate pad. This binding results in
a change in color of the bound complex due to localized surface
plasmon resonance with the Au nanoparticles, and can be visually
detected as the appearance of a line on the diagnostic strip. This
assay requires only about 20 µl of whole blood sample, or 10 µl of
serum/plasma from the patient, and can return a test result within
15min, with a reported overall sensitivity of ∼88.66% and a
specificity ∼90.63%. Similar LFIA platforms have been
subsequently reported (Chen Z. et al., 2020), with slight
variations in the readout signal by modifying the optical agent
(using lanthanide-doped nanoparticles instead of Au
nanoparticles, for example).

In another instance, a dual-functional plasmonic biosensor
was designed (Qiu et al., 2020), combining the detection
capability of LSPR resonance signal with the heat generation
capability of plasmon-induced photothermal effect for highly
specific detection, as shown in Figure 3B. In this approach,
the authors took advantage of the large optical cross-section of
the plasmonic nanoparticles, namely two-dimensional Au “nano
islands,” which results in partial non-radiative decay of the
excited light, causing large photothermal heating. This local
photothermal heating was employed to induce in situ
hybridization of the RNA-dependent RNA polymerase
sequence, and the complementary DNA, for highly sensitive,
accurate and label-free detection of the SARS-CoV-2 virus.
Importantly, given the similarity between the genetic targets of
the SARS-CoV-2 and SARS-CoV viruses, this method was able to
successfully distinguish between the two by improving the

specificity of hybridization at the elevated temperature of 41°C,
achieved using the plasmonic photothermal heating. This dual-
functional biosensor was shown to have a range from 0.1 pM to
1 µM for detecting oligonucleotides, with the lower limit of
detection reported to be ∼0.22 ± 0.08 pM. In terms of the
applicability of this biosensor for clinical detection, it was
projected that the sensor could be capable of detecting as few
as 2.26 × 104 copies; which is significantly smaller than the viral
load after the onset of COVID infection, estimated to be >1 × 106

copies per ml from respiratory samples of infected individuals.
Another unique approach to the detection of SARS-Cov-2 using a

“naked-eye” diagnostic test was reported (Moitra et al., 2020) using
plasmonic nanoparticles. Gold nanoparticles, or AuNPs, which were
thiolated and capped with suitable anti-sense oligonucleotides which
are specific to the N-gene (the nucleocapsid phosphoprotein) of the
SARS-CoV-2 virus. These AuNPs agglomerate only in the presence
of the target RNA sequence of the SARS-CoV-2 RNA, and this
causes a change in its surface plasmon resonance, with an ∼40 nm
red shift in the absorption spectrum. Upon addition of RNaseH, this
is further amplified, resulting in the precipitation of AuNPs which is
visually detectable as a colorimetric assay, as illustrated in Figure 3C.
For this approach, the dynamic range is 0.2–3 ng/μl, and the lower
limit of detection is 0.18 ng/μl of RNA. This method enables a visual
naked-eye detection of the COVID-19 virus in <10min from viral
RNA, and according to the researchers, this diagnostic nanosensor
passes the World Health Organization’s (WHO’s) ASSURED
criteria; having the characteristics of being Affordable, Sensitive,
Specific, User-friendly, Rapid and robust, sophisticated Equipment-
free, and Delivered to the end-users. It should be noted here,
however, that diagnostic assays based on the N-protein of the
SARS-CoV-2 virus are generally less reliable compared to those
relying on the detection of the spike or S-protein of the virus.
Furthermore, it is interesting to consider how the choice of the
diagnostic assay makes a remarkable difference in the sensitivity,
specificity and accuracy. As discussed in the following section, the
same group of researchers had previously reported (Alafeef et al.,
2020) an electrochemical sensing using almost identical chemistry of
anti-sense oligonucleotides, but arranged in the form of an
electrochemical biosensor on a graphene platform. While the

TABLE 2 | Summary of reported methods for detecting SARS-CoV-2 using optical biosensors based on carbon and plasmonic nanomaterials.

Analyte for
SARS-CoV-2
detection

Detection
method

Type
of Sample
required

Time
for

Detection

Limit
of detection

(LoD)

Working
Range

Tested
on human
samples?

Sensitivity Specificity Reference

IgM and IgG
antibodies

LFIA, visual line on
strip

Whole blood ∼15 min Not determined Not
known

Yes,
n � 128

88.66% 90.63% Li et al. (2020)

N-gene Colorimetric
(visual)

RNA isolated from
oropharyngeal
swab

∼10 min 0.18 ng/μl
of RNA

0.2–3
ng/μl

Yes, n � 1 8.3 copies
per reaction

Not
reported

Moitra et al.
(2020)

Viral
oligonucleotides

LSPR, plasmonic
photothermal
heating (dual
sensor)

Not specified ∼30 min 0.22 ± 0.08 pM
(2.26 × 104

copies of
viral RNA)

0.1
pM–1 µM

No Not reported Not
reported

Qiu et al.
(2020)

Spike protein Terahertz
plasmonic sensor

Not specified ∼80 min 4.2 fM 2–20 fM No Not reported Not
reported

Ahmadivand
et al. (2021)

Spike
protein RBD

Fluorescence Not specified ∼90 min 12.6 nM of
spike RBD

1
nM–1 µM

No Not reported Not
reported

Pinals et al.
(2021)

Frontiers in Nanotechnology | www.frontiersin.org August 2021 | Volume 3 | Article 7331266

Bardhan et al. COVID-19 Diagnostics: Graphene, Plasmonic Nanosensors

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


latter has been reported to have nearly 100% sensitivity, accuracy and
specificity, the colorimetric assay described here does suffer from
relatively lower sensitivity.

More recently, there has been tremendous progress in
femtomolar-level detection capability (Ahmadivand et al.,
2021) of the SARS-CoV-2 virus spike protein, using terahertz
plasmonic metasensors. For this technique, the Spike S1 antibody
reacting to the SARS-CoV-2 virus spike protein was conjugated
with gold nanoparticles, and then dispersed onto the platform
surface of a toroidal-shaped Terahertz metamolecule. The
presence of the analyte of interest (in this case, the captured

spike proteins) is then measured by the shift in the position of the
toroidal dipole moment. Based on a signal-to-noise ratio (SNR)
cutoff of 4, the authors report a lower limit of detection of ∼4.2 fM
of the spike protein; about two orders-of-magnitude better than
the LoD of the aforementioned dual-functional biosensor.
Another advantage of this technique is the relatively rapid
analysis; requiring only about 80 min from sample to result.
This kind of an immunobiosensor has the potential to be
deployed on a wide scale as a low-cost, selective, rapid and
highly sensitive point-of-care diagnostic to meet the challenges
of a global pandemic.

FIGURE 3 | Representative examples of optical nanosensors for COVID-19 detection. (A) A lateral flow immuno-assay (LFIA) test strip, combined testing for both
IgM and IgG antibodies against SARS-CoV-2. The bottom photo shows sample results from human patients. Credit: Reprinted (adapted) from (Li et al., 2020), CCBY 4.0
license. (B) Schematic of the dual-functional (plasmonic photothermal + localized surface plasmon resonance) biosensor, with the hybridization of the two
complementary strands of the RdRp gene of SARS-CoV-2. Laser-activated plasmonic photothermal enhancement enables distinguishing between two similar viral
sequences, SARS-CoV (responsible for the SARS epidemic in 2003) and SARS-CoV-2 (responsible for COVID-19). Reprinted (adapted) with permission from (Qiu et al.,
2020). Request for further permissions to reuse should be directed to American Chemical Society. (C) Protocol for selective naked-eye detection of SARS-CoV-2 RNA,
mediated by antisense oligonucleotides-capped Au nanoparticles. Plot shows relative change in absorbance at 660 nm, upon incubation with RNase H at 65°C for
5 min. Photo shows precipitation of the AuNPs, indicating a positive test visual indication. Credit: Reprinted (adapted) from (Moitra et al., 2020), part of the ACS COVID-
19 subset. Copyright © 2020, American Chemical Society. (D) Conceptual visualization of the SARS-CoV-2 spike protein binding to single-walled carbon nanotubes
(SWNTs) functionalized with the ACE2 protein. Plot showing the change in fluorescence of SWNTs upon binding of the SARS-CoV-2 spike protein, and improved
nanosensor performance achieved by mitigating biofouling by passivation with a phospholipid-PEG polymer. Reprinted (adapted) with permission from (Pinals et al.,
2021). Copyright © 2021, American Chemical Society.
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For a more direct approach to optical sensing, it is appealing to
consider the use of the intrinsic near-infrared fluorescence
properties of single-walled carbon nanotubes (SWNTs). In a
recent report (Pinals et al., 2021), an innovative approach was
used comprising of a protein-SWNT nanosensor construct,
which can bind to the spike protein’s receptor binding domain
on the SARS-CoV-2 virus particle. By using a non-covalent
functionalization strategy to immobilize the ACE2 proteins on
the surface of the SWNT, the researchers were able to retain the
fluorescence properties of the SWNT, as shown in Figure 3D.
These nanosensors were shown to have impressive binding
capability to the SARS-CoV-2 spike protein, with a lower limit
of detection of 12.6 nM of spike protein. While this nanosensor is
less sensitive than what is required for the detection of realistic
viral loads in clinical samples of COVID-19 (typically in the range
of ∼10–104 viral copies per µl, corresponding to ∼5 fM–5 pM of
the spike protein), there are ways in which the performance of the
nanosensor could be improved further to reduce the bio-fouling
problem which affects the sensor’s fluorescence response. This
type of optical diagnostic nanosensor could lead the way for
rapid, point-of-care testing for SARS-CoV-2 and other
pathogens, which could be helpful in management of
pandemics such as COVID-19 and other emerging diseases.

ELECTROCHEMICAL SENSING OF
COVID-19

Graphene and its derivatives (such as graphene oxide, GO, or
reduced graphene oxide, rGO) have been explored in versatile
ways (Jiang et al., 2020) for the detection of viral pathogens,
including the Zika, Ebola, MERS and HIV viruses, to name a few.
More recently, there has been significant progress made towards
the use of techniques such as CRISPR-associated nuclease (Cas)
proteins, in the form of a CRISPR-enhanced graphene-based
field-effect transistor fabricated as a “CRISPR-Chip” (Hajian
et al., 2019), to enable rapid and selective detection of a target
sequence contained within genomic DNA. Using the selective
binding event of the target DNA to the deactivated Cas9 CRISPR
complex, it is possible to obtain a readout signal from the
graphene FET in as little as 15 min without amplification, with
a limit of detection of ∼1.7 fM of the target gene. A summary of
these methods is reported in Table 3.

In one of the earliest reports (Seo et al., 2020) of the use of
electrochemical sensors for the detection of the SARS-CoV-2
virus, a graphene-based field effect transistor (FET) was used,
coated with an antibody against the spike protein of the virus, as
illustrated in Figure 4A. Graphene, which is a two-dimensional
material of hexagonal sp2 carbon, offers unique advantages for
biosensing due to its properties such as high electronic
conductivity, high carrier mobility, and large exposed surface
area. Through a 1-step coupling process using 1-pyrenebutyric
acid N-hydroxysuccinimide ester (PBASE) which is an efficient
interface coupling agent, the SARS-CoV-2 spike antibody was
conjugated on the surface of the graphene sheet. This study
reported a lower limit of detection of 1 fg/ml of the spike
protein. This FET sensor was demonstrated to be able to

detect the antigen from cultured virus samples, as well as from
nasopharyngeal swabs from n � 3 human patients, and clinically-
relevant samples diluted down by a factor of 105 (as few as 242
copies/ml). Importantly, the FET sensor was able to distinguish
the spike protein of the SARS-CoV-2 virus from the protein of the
MERS-CoV virus.

Yet another interesting implementation of a rapid (<5min),
low-cost electrochemical sensor was reported (Alafeef et al., 2020)
based on a graphene sensor platform decorated with Au
nanoparticles, resulting in surface-enhanced Raman scattering.
By using antisense oligonucleotides specific to the N-gene of the
SARS-CoV-2 virus, the authors designed a combination nanosensor
to simultaneously target 2 separate regions within the N-gene,
which increased the sensor performance compared to other
electrochemical assays, as shown in Figure 4B. The authors
reported that this test was successful in distinguishing SARS-
CoV-2 from related viral infections, caused by the SARS-CoV
and MERS-CoV pathogens, and the output signal could be
obtained in as little as 5 min of incubation, with a sensitivity of
231 copies/µl and a limit of detection ∼6.9 copies/µl, with a linear
response in the range of 585.4–5.854 × 107 copies of viral RNA per
µl. In a clinical test sample of n � 48, the sensor was able to identify
COVID-19 positive and negative samples with a sensitivity,
specificity and accuracy of 100% (as verified with an FDA EUA-
approved RT-PCR diagnostic kit). Finally, it is worth highlighting
that the authors estimated that these electrochemical sensors could
be deployed very inexpensively, at a cost of ∼ $10 per sensor, which
makes them relatively affordable for use on a wide scale to combat
the global pandemic of COVID-19.

Rapid, portable, low-cost diagnostics of COVID-19 are
strongly needed in order to manage and mitigate the spread of
the coronavirus pandemic in large population areas; especially
under resource-constrained settings. Researchers in India have
devised a novel biosensor, which is a printed circuit board-based
electrochemical device, dubbed “eCovSens” (Mahari et al., 2020)
for ultra-sensitive detection of the spike protein domain I of the
SARS-CoV-2 virus, as depicted in Figure 4C. This device works
on the principle of detecting changes in the electrical conductivity
upon binding of the analyte of interest (the SARS-CoV-2 virion)
to its antibody, immobilized on to the surface of a screen printed
carbon electrode. The working range of this device was reported
to be ∼10 fM–1 μM, under optimal conditions; which is similar to
the performance of a more complex, expensive potentiostat-based
immunosensor. In spiked saliva samples, the eCovSens sensor
had a limit of detection ∼90 fM, and can be used as a rapid
diagnostic tool for detection of COVID-19 within 10–30 s. This
low-cost, portable instrument is very suitable for point-of-care
diagnostics, as it can be battery operated, and is stable up to 4 wk
with no change in voltage, compared to the need for expensive
equipment such as a potentiostat which can only be run in a
laboratory setting.

Similar to the previous approach, another case of a flex
printed circuit board (FPCB) DNA sensor for the detection
of SARS-CoV-2 was reported (Damiati et al., 2021) using
graphene as a working electrode, based on the hybridization
of the captured DNA molecule using a simple streptavidin-
biotin interaction platform. The functionalized electrode was
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then used to test the detection capability against a synthetic
strand of ssDNA, which is similar to the ORF1ab sequence of the
SARS-CoV-2 virus. After capture, the hybridization reaction
was performed at 37°C for 30 min; followed by differential pulse

voltammetry measurements to analyze the captured ssDNA
sequence versus the target sequence. This sensor enabled
label-free, rapid and sensitive detection of the target DNA
sequence in a working range of 0.1–106 pg/ml. The calculated

TABLE 3 | Summary of reported methods for detecting SARS-CoV-2 using electrochemical biosensors based on carbon nanomaterials.

Analyte
for SARS-
CoV-2
detection

Detection
method

Type
of Sample
required

Time
for

Detection

Limit
of detection

(LoD)

Working
Range

Tested
on human
samples?

Sensitivity Specificity Reference

Spike protein FET sensor,
transfer curve
shift

Naso-
pharyngeal
swabs

∼1 min 242 copies/ml in
clinical samples

100 fg/
ml–100 pg/ml

Yes, n � 3 Not reported Not
reported

Seo et al. (2020)

N-gene Change in
output voltage

Naso-
pharyngeal
swabs in
viral
transport
medium
(VTM)

<5 min 6.9 copies/µl of
viral RNA

585.4–5.854
× 107 copies/
µl of viral RNA

Yes, n � 48 100% 100% Alafeef et al. (2020)

Spike S1
protein

Change in
electrical
conductivity

Not
specified

10–30 s 90 fM ∼10 fM–1 µM
of the spike

protein

No Not reported Not
reported

Mahari et al. (2020)

Multiplexed:
nucleocapsid
protein, S1-
IgM and S1-
IgG
antibodies,
and C-reactive
protein

Amperometric
readings

Serum or
saliva

∼30 min Not reported 0–5000 pg/ml
NP, 0–50 ng/

ml CRP,
0–500 ng/ml
IgM or IgG

Yes, n � 17
serum

samples,
n � 8 saliva
samples

Not reported Not
reported

Torrente-Rodríguez
et al. (2020); Zhang
et al. (2020)

RNA-
dependent
RNA
polymerase
(RdRp) gene

FET sensor,
transfer curve
shift

Throat
swab/
serum

∼1 h 2.29 fM–3.99 fM 10 fM–10 pM Yes, n � 30
throat swab
samples

100% ∼90% Li et al. (2021)

Spike
glycoproteins,
S1 and S2

Differential
pulse
voltammetry/
cyclic
voltammetry

Blood,
saliva or
naso-
pharyngeal
swab

∼1 min 1.68 ×
10−22 μg/ml

Not reported Yes, n �
100 naso-
pharyngeal

swab
samples

∼95% ∼60% Hashemi et al.
(2021)

Viral RNA,
ORF1ab target

Differential
pulse
voltammetry/
cyclic
voltammetry

Sputum/
throat
swab/urine/
plasma/
feces/oral
swab/
whole
blood/
saliva

∼1 h 200 copies/ml of
viral RNA

10 aM–1 pM Yes, n � 88
(mixed
sample
types)

∼20–100%,
depending
on type of
sample and
stage of
infection

Not
reported

Zhao et al. (2021)

RNA-
dependent
RNA
polymerase
(RdRp) gene

Change in
current
response

Not
specified

∼10–30 min,
depending on
concentration

10 fM 10 pM–1 nM
of target
sequence

(SARS-CoV-2
RdRp)

No Not reported Not
reported

Thanihaichelvan
et al. (2021)

Spike protein,
nucleocapsid
protein (NP)

FET sensor,
transfer curve
shift

Naso-
pharyngeal
swab

∼5 min 0.55 fg/ml for
spike, 0.016 fg/

ml for NP
antigen

5.5 fg/
ml–5.5 pg/ml
for spike,
16 fg/

ml–16 pg/ml
for NP

Yes, n � 38 ∼82% for
spike

protein, ∼
54% for NP

protein

∼70% for
both

Shao et al. (2021)

Reactive
oxygen
species (ROS)

Peak current in
cyclic
voltammetry

Sputum ∼30 s Not reported Not reported Yes,
n � 172

∼92–97% ∼91–94% Miripour et al. (2020)
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limit of detection of the sensor was estimated to be ∼32.88 fg/ml,
corresponding to about 5 × 105 copies/µl, and in a similar range
of sensitivity comparable to that achieved by nucleic acid tests
such as loop-mediated isothermal amplification (LAMP).
Further investigation of this highly sensitive sensor needs to

be done, to determine its performance with viral RNA from
human clinical samples.

Given the need for large-scale, low-cost deployment of
Point-of-care diagnostic solutions for COVID-19, the next
innovation is particularly intriguing. Dubbed as RapidPlex,

FIGURE 4 | Representative examples of electrochemical nanosensors for COVID-19 detection. (A) Graphene-based field effect transistor (FET), conjugated
with an antibody against the spike protein of SARS-CoV-2. Plots show response signal from normal v. COVID-19 positive patient, and dose-dependent response
curve. Credit: Reprinted (adapted) from (Seo et al., 2020), part of the ACS COVID-19 subset. Copyright © 2020, American Chemical Society. (B) Paper-based
electrochemical sensor based on Au nanoparticles capped with antisense oligonucleotides targeting the N-gene of SARS-CoV-2, on a graphene substrate.
Protocol shows workflow from human sample to RNA extraction, 5 min incubation and sensor readout. Plots show sensor response difference between COVID-19
positive and healthy samples, the ability to distinguish between SARS-CoV-2 and related coronaviruses (MERS-CoV or SARS-CoV), and confusion matrix of the
classification results of the sensor on n � 48 clinical samples, compared to the standard RT-PCR assay results. Credit: Reprinted (adapted) from (Alafeef et al., 2020),
part of the ACS COVID-19 subset. Copyright © 2020, American Chemical Society. (C) eCovSens device, based on a screen printed carbon electrode with an
nCovid-19 antibody immobilized on a graphene surface. Plots show sensor response to the nCovid-19 antigen at different concentrations (1 fM–1 µM), and saliva-
spiked samples. Reprinted (adapted) with permission from (Mahari et al., 2020). (D) Liquid-gated single-walled carbon-nanotube FET for detection of the spike
protein or nucleocapsid protein of SARS-CoV-2 virus. Response of spike antibody-functionalized FET sensor to clinical samples, containing both COVID-19 positive
and negative cases, and blank viral transport medium (VTM). Sensitivity of detection was 82% (23 out of 28 COVID-19 positive detected), compared to the
standard nucleic acid amplification test results. Credit: Reprinted (adapted) from (Shao et al., 2021), part of the ACS COVID-19 subset. Copyright © 2021, American
Chemical Society.
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it is a graphene-based, multiplexed wireless telemedicine
platform (Zhang et al., 2020), designed by researchers at
CalTech. Using a mass-produced laser-engraved graphene
platform with four working electrodes (Torrente-Rodríguez
et al., 2020), the method can quantitatively detect biomarkers
in blood and saliva of human subjects, including those of the
SARS-CoV-2 nucleocapsid protein, antibodies against the
spike protein (S1-IgM and S1-IgG), and C-reactive protein;
which can then be used to diagnose aspects of the disease, viz.
viral infection (NP), immune response (IgG and IgM), and
disease severity (CRP). Upon testing in human serum samples
from n � 17 subjects, (10 COVID-19 positive and seven
negative by RT-PCR test results), and human saliva samples
from n � 8 subjects, (5 COVID-19 positive and three negative
by RT-PCR test results), the authors observed that the
biosensors showed much higher signals in COVID-19
positive patients’ serum and saliva; with target capture in as
little as 1 min, which shows the potential of this platform to be
used for monitoring population-level spread of the viral
infection.

Another detection technique is based on reduced graphene
oxide-based FET nanosensors designed by using Au
nanoparticles, functionalized with a peptide nucleic acid,
phosphorodiamidate morpholino oligos (PMO) (Li et al.,
2021). By hybridization of the PMO with the SARS-CoV-2
RdRp gene, the sensor shift can be detected rapidly within
2 min, without the need for amplification. The lower limit of
detection of this sensor was in the femtomolar range, with LoD
∼0.37 fM in PBS, ∼ 2.29 fM in throat swab samples, and ∼3.99 fM
in serum. In tests with n � 30 clinical throat swab samples, the
sensor demonstrated outstanding accuracy, with the area under
the ROC curve found to be ∼0.995. A Kappa test comparison of
the sensor’s performance with the RT-PCR results yielded a
Kappa index ∼0.92, showing near perfect agreement with the
gold standard detection test. One of the unique aspects of this
nanosensor is the re-usability, which offers the potential for cost
savings: after denaturing the PMO-RNA hybrid duplex, it is
possible to reintroduce the RdRp sequence to the nanosensor’s
surface, and the signal output was very similar after three such
cycles of hybridization and denaturing. This PCR-free, direct
detection technique can be used for a quick, rapid screening tool
in a sensitive, reliable and accurate manner for large-scale testing
in COVID-19 hotspots.

While the next electrochemical detection system is based on
using the same classes of materials, viz. graphene oxide (GO)
with gold nanostars (Au NS), this one differs from the previous
ones by detecting traces of viral glycoproteins in biological
media; instead of relying on the detection of biomarkers or
other molecules such as RNA obtained through extraction
from viral particles. The active part of the “NanoSystem”
biosensor (Hashemi et al., 2021) consists of GO coated
with 8-hydroxyquinoline, 1-ethyl-3-(3-dimethylaminopropyl
carbodiimide) (EDC) and N-hydroxysuccinimide (NHS)
coupled with Au NS. The main mechanism of detection is
hypothesized to be the adsorption of viral glycoprotein-based
structures, which is enhanced by the Au NS hybridization with
the GO-8H-EDC-NHS surface, which provides an increase in

the active surface area and a larger number of reactive hydroxyl
functional groups for protein binding. The sensor was shown to
be able to distinguish between various strains of human or
animal viruses, including the SARS-CoV-2 virus, infectious
bronchitis virus (IBV), avian influenza and Newcastle Disease
Virus (LaSota and V4 strains). The limit of detection of this
nanosensor was reported to be ∼1.68 × 10−22 μg/ml, for the
detection of the SARS-CoV-2 virus in spiked biological media.
Upon further testing for SARS-CoV-2 detection with n � 100
clinical samples of nasopharyngeal swab specimens, the
performance of this sensor was compared with test results
from the standard RT-PCR assay. The sensor was reported to
have a sensitivity of ∼95%, with a somewhat lower specificity of
∼60% due to a large number of false positives. However, this
nanosensor-based platform shows promising potential for the
rapid detection (<1 min) of a number of different viral diseases;
even in trace amounts.

Smartphone-based diagnostics are certainly worth exploring
further, for the purposes of making wide-scale, low-cost, point-
of-care diagnostics more accessible to the population. Towards
this end, it is worth discussing the electrochemical sensor based
on a supersandwich-type recognition strategy (Zhao et al., 2021),
based on sulfocalixarene (SCX8)-functionalized reduced
graphene oxide, and decorated with the capture probe CP/
Au@Fe3O4 nanocomposites for targeting the RNA of SARS-
CoV-2. In spiked samples with the target for detection of the
ORF1ab gene of SARS-CoV-2, the sensor demonstrated
outstanding performance, with a limit of detection of 3 aM.
Further, in n � 88 RNA samples taken from 25 clinically COVID-
positive and eight recovered patients, the sensor performance was
tested, with the samples ranging in different forms such as
sputum, throat swabs, urine, feces, plasma, oral swabs, serum,
whole blood and saliva. Comparing with the ground truth
through RT-PCR assay results, this nanosensor performed
superior in detecting upper respiratory samples with 100%
accuracy, and performed better than or similar to RT-PCR for
the other types of samples. Moreover, the minimum limit of
detection of viral RNA for this nanosensor was reported to be
∼200 copies/ml, which is superior to most of the other reported
assays in the literature, including the commercially available RT-
PCR tests which have a limit of detection of the order of
∼500–100 copies/ml. Thus, through the use of electrochemical
detection using a smartphone readout, this point-of-care
diagnostic can be used without the need for expensive
laboratory equipment; such as those needed for amplification-
based tests.

Although the bulk of research has focused on the
development of FET nanosensors based on 2D materials
such as graphene and its derivatives (graphene oxide or
reduced graphene oxide), there have been some efforts
towards the use of carbon nanotube (CNT)-based field effect
transistors (FETs). In one such instance, CNT FETs were
fabricated on a polymer substrate, and the sensor is made by
immobilizing the complementary sequence of the RdRp gene of
the SARS-CoV-2 virus on the CNT channel (Thanihaichelvan
et al., 2021). Using synthetic target sequences, the authors
showed a limit of detection of ∼10 fM. More work needs to
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be done to develop this sensor, and tests on real human clinical
samples need to validate the detection performance relative to
the gold standard RT-PCR assay. In another instance,
researchers used high-purity semiconducting single-walled
carbon nanotubes-based field effect transistors (FETs),
decorated with binding antibodies against the SARS-CoV-2
spike protein and against the nucleocapsid protein (Shao et al.,
2021). Based on calibration test results, these nanosensors were
shown to have a dynamic range of 5.5 fg/ml–5.5 ng/ml for the
spike protein antigen, and 16 fg/ml–16 pg/ml for the
nucleocapsid protein antigen. The limit of detection was
reported to be ∼0.55 fg/ml for the spike antigen detection,
and ∼0.016 fg/ml for the nucleocapsid antigen. However, in
clinical testing with n � 38 subjects (nasopharyngeal swab
specimens in viral transport medium), the FET biosensors
did not perform as well as some of the other FET
nanosensors described above in this review, as shown in
Figure 4D. For the spike antibody-based test, there was a
17.8% false negative rate compared to the standard nucleic
acid amplification test, and was even worse still for the
nucleocapsid antibody-based test; suggesting potential issues
with fouling of the biosensor or cross-reactivity with other
proteins in the sample. These issues highlight some of the
challenges involved in designing nanosensors which can offer a
combination of high sensitivity, specificity and accuracy at low
cost, without the need for amplification of viral genetic
material, and with a rapid readout time. Interestingly, multi-
walled carbon nanotubes have also been used to design
nanosensors for indirect detection of COVID-19. In a novel
approach, researchers built a COVID-19-induced reactive
oxygen species (ROS) detector system, comprised of multi-
walled carbon nanotubes (MWCNTs) grown on the tips of steel
needles to form three electrodes in a specific geometric
configuration (Miripour et al., 2020). Upon connecting the
probe sensor and incubating the working electrode in fresh
human sputum samples, the researchers generated a calibration
curve of sputum ROS levels, correlated with the diagnostic
ranges of COVID detection. The ranges for negative, suspicious
and positive COVID-19 detection were determined to be
<190 μA, between 190–230 μA, and >230 µA peak current,
respectively. In clinical testing on n � 172 patients, the test
showed 97% sensitivity, 91% specificity, and 97% accuracy on
142 known subjects (COVID-19 test status already determined
by clinical testing), and 92% sensitivity, 94% specificity and
94% accuracy on 30 candidates who were recommended for CT
scan. The main benefit of this diagnostic sensor-based
technique is the ability to offer a rapid screening tool for
assessing the health of suspected infectious people, with test
results in under 30 s.

OUTLOOK AND FUTURE RESEARCH
DIRECTIONS

Upon surveying the landscape for the development of optical and
electrochemical-based nanosensors for the detection of COVID-
19, it becomes immediately apparent that the amount of

innovation in the last 18 mo driven by the urgency of the
pandemic situation has been truly remarkable, and mind-
boggling. Where does the field go from here? Some areas of
research are worth investigating for future improvements, as
suggested below:

• Human specimen testing: Given the global nature of the
pandemic, which continues to wreak havoc in many parts
of the world in mid-2021 despite the emergency use
authorization (EUA) of multiple, effective and safe
vaccines (albeit with a slow global rollout, with only
∼2.7 billion total vaccine doses administered as of the
end of June 2021 (WHO Coronavirus (COVID-19)
Dashboard. Geneva: World Health Organization, 2020),
out of a population of ∼7.7 billion) – there remains a
strong need for the availability of low-cost, rapid, point-
of-care diagnostic solutions to better manage population-
level spread and mitigate the impacts of COVID-19.
Therefore, it is of utmost importance that researchers
coming up with new designs of biosensors and assays
for SARS-CoV-2 detection should actually test and report
the performance of these sensors with clinical samples
(such as sputum, saliva, naso-pharyngeal swab, blood,
serum or plasma) from both COVID-19 infected and
healthy human subjects, and cross-validate their results
with the gold standard RT-PCR assay. Many of the novel
sensors reported here have already reported clinical data
with remarkable levels of Sensitivity and Specificity of
detection (see Table 2 and Table 3), however, merely
testing the nanosensors on artificially spiked samples
with the target molecule of interest does not guarantee
faithful reproduction in clinical samples which may have
other confounding factors or biofouling issues to
negatively impact sensor performance. It is imperative
for researchers to test their nanosensors on clinical
samples and report the relevant statistical metrics (True
Positive, True Negative, False Positive, False Negative,
Sensitivity or Recall, Specificity, Accuracy, Precision,
Area under the Receiver Operating Characteristic, or
ROC curve) benchmarked against the ground truth
(RT-PCR test results), for other researchers to compare
and improve their own designs. Furthermore, with the
worldwide deployment of vaccines against SARS-CoV-2
well underway, it becomes extremely important to ensure
that the nanobiosensors being designed for COVID-19 detection
do not produce false positive results of infection, or confound
results generated due to immunity provided by COVID-19
vaccination. This is particularly of concern for those
diagnostic tests which rely on the detection of the spike
protein, or IgM/IgG antibodies, and the U.S. FDA currently
does not recommend antibody testing either for diagnostic
purposes or for assessing one’s immunity post COVID-19
vaccination. In the future, it is worth channeling the research
community’s efforts to design new diagnostic nanosensors based
on the detection of viral RNA, or the RdRp gene, or some
multiplexed assay (presence of multiple analytes such as
antibodies against the SARS-CoV-2 nucleocapsid and spike
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proteins) to conclusively differentiate viral infection from an
immune response to vaccination.

• Machine Learning (ML) in nanosensor design: While many
of the nanosensors discussed in the above review show great
performance when designed with the right affinity ligand to
capture and bind the target of interest, often the sensors are
faced with detection challenges owing to low amounts of
target molecules, or noisy background. This is where
applying ML to “intelligent” biosensors can provide a
boost to the sensor performance, in various ways (Cui
et al., 2020): categorization of the signal, anomaly
detection, noise reduction, and object/pattern recognition,
to name a few. As an example, researchers have recently
reported (Yan et al., 2020) a high performance plasmonic
nanosensor by combining a particle swarm optimization
model with a multi-layer perceptron artificial neural
network to design the optimized nanostructure with the
highest sensitivity, ∼142,500 nm/RIU (refractive index
unit); which is about three orders-of-magnitude higher
than the sensitivity of recently reported optical
nanosensors. However, as mentioned by the researchers,
ML results cannot be standalone solutions, and need to be
reconciled with the challenges of actually being able to
fabricate and synthesize these materials in the real world.
Towards this goal, another advantage of these ML models is
the ability to rapidly tweak the design of the nanosensor (to
make them somewhat easier to fabricate), and use the model
to predict sensor performance, which is about four orders-of-
magnitude faster than using traditional methods based on
calculation of electromagnetic fields. In another example of
an immunoinformatics approach (Panda et al., 2020), virtual
drug screening of existing antiviral compounds with the goal
of “repurposing” current pharmaceutical drugs enabled the
rapid identification of an polymerase inhibitor, PC786, with
the mechanism of binding illustrated by the molecular
docking simulations performed in silico, and could then
be used to guide the design of T-cell and B-cell epitopes
against SARS-CoV-2 for vaccine production. Recently,
efforts have been made to compile databases (Sahoo et al.,
2021) of the structural glycoproteins of beta coronaviruses
(such as SARS-CoV-2) and the T-cell and B-cell epitopes for
each protein, with built-in tools to help researchers perform
similarity search, cross genome comparison, phylogenetic
analysis and multiple sequence alignment to help speed up
vaccine research and development. Using such techniques, it
is now possible to rapidly design a multi-epitope construct
(Mahapatra et al., 2020) for the purpose of designing
peptide-based vaccines against pathogens such as SARS-
CoV-2, without having to rely on expensive, time-
consuming traditional methods such as mouse models of
infection.

• Point-of-care diagnostics at low cost: Researchers working
on developing new nanobiosensors for COVID-19 need to
take into account the World Health Organization’s
ASSURED criteria (Affordable, Sensitive, Specific, User-
friendly, Rapid, Equipment-free, Delivered). While these

criteria were originally laid out by theWHO for the sexually
transmitted disease diagnostics initiative, these guidelines
are broadly applicable to a wide array of disease conditions
(Drain et al., 2014), and can be adopted for evaluating new
point-of-care nanosensors being designed for COVID-19. It
is not a coincidence that “affordability” is listed at the top of
the ASSURED criteria, as a large fraction of the world’s
population lives in resource-constrained settings with
limited access to healthcare. What is considered
affordable? Typically (Land et al., 2019), a lateral flow
immuno-assay (LFIA) type diagnostic is considered “low-
cost” if it is ∼US $1, while a molecular test is considered
“low-cost” if it costs < US $10. Besides cost, it is also
important to try and meet the other objectives to the
extent possible: high sensitivity and specificity compared
to a laboratory-based reference standard assay (in the case
of COVID-19: the RT-PCR nucleic acid test), user-friendly
(very few steps required, minimal or no sample preparation
before assay results), rapid turnaround from sample
collection to result (ideally < 1–2 h), equipment-free
(without the need for specialized analysis equipment),
and deliverable, i.e. to the point-of-care. Out of the
many nanosensors discussed in this review, only one
claims (Moitra et al., 2020) to meet the ASSURED
criteria; most of the others fall short in some aspect. To
their credit, some of the nanosensors in this review are low-
cost (Alafeef et al., 2020; Moitra et al., 2020), simple
equipment-free paper-based diagnostics (Li et al., 2020)
or portable smartphone-based detection systems (Mahari
et al., 2020; Zhao et al., 2021); all of which offer
promising potential to expand the coverage of these
diagnostic tests in resource-constrained settings. In this
direction, researchers are encouraged to think about
iterating and improving upon their nanosensor designs
to objectively satisfy the ASSURED criteria, towards
making a real positive impact on society by helping
mitigate the scourge of COVID-19.
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