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Abstract

With the threat of increasing SARS-CoV-2 cases looming in front of us and no effec-

tive and safest vaccine available to curb this pandemic disease due to its sprouting

variants, many countries have undergone a lockdown 2.0 or planning a lockdown 3.0.

This has upstretched an unprecedented demand to develop rapid, sensitive, and

highly selective diagnostic devices that can quickly detect coronavirus (COVID-19).

Traditional techniques like polymerase chain reaction have proven to be time-ineffi-

cient, expensive, labor intensive, and impracticable in remote settings. This shifts the

attention to alternative biosensing devices that can be successfully used to sense the

COVID-19 infection and curb the spread of coronavirus cases. Among these,

nanomaterial-based biosensors hold immense potential for rapid coronavirus detec-

tion because of their noninvasive and susceptible, as well as selective properties that

have the potential to give real-time results at an economical cost. These diagnostic

devices can be used for mass COVID-19 detection to understand the rapid progres-

sion of the infection and give better-suited therapies. This review provides an over-

view of existing and potential nanomaterial-based biosensors that can be used for

rapid SARS-CoV-2 diagnostics. Novel biosensors employing different detection

mechanisms are also highlighted in different sections of this review. Practical tools

and techniques required to develop such biosensors to make them reliable and porta-

ble have also been discussed in the article. Finally, the review is concluded by pre-

senting the current challenges and future perspectives of nanomaterial-based

biosensors in SARS-CoV-2 diagnostics.
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1 | INTRODUCTION

Coronavirus, COVID-19, is an RNA virus that causes respiratory dis-

tress with pneumonic symptoms in humans and is first reported in

Wuhan, a city in China, in December 2019. Since then, over 175 mil-

lion people have been afflicted with this disease. Zhou et al. first dis-

covered that an RNA virus is responsible for this infection. The

sequencing of RNA extracted from the fluid of broncho-alveoli of the

diseased patients1 showed that this virus is closely related to severe

acute respiratory syndrome (SARS).2 This virus infection results in a

disease condition called the COVID-19 infection. Now that we have

reached one and half year mark of the pandemic, many researchers

are still racing to find the most suitable and effective vaccine to treat

the disease completely. However, challenges persist, owing to the

growing number of mutations in the virus. The COVID-19 virus

remains inactive for 2–7 days, after which the infection further

spreads within the body. During this inactive phase, the virus spreads

rapidly from the infected patient to an uninfected individual and is

considered the most contagious period.3 Due to the inability to

analyze and quantify this viral infection rate, the degree of the pan-

demic remains uncertain.4 Apart from causing health distress, the

virus has also caused significant havoc in the financial and social lives

of millions of people around the globe.5 Therefore, the rapid diagnosis

is highly critical to reduce the rate at which the virus is transmitting.

The unprecedented time calls for more research to understand its epi-

demiology to create better-targeted diagnostics and therapeutics.

While the conventional molecular diagnostics and microscopy-

based detection of virus infections have existed for a long time, sens-

ing of analytes using electrochemical, colourimetric, or chemilumines-

cence methods are a great cost-effective alternative for rapid

detection of the SARS-CoV-2 with high sensitivity and selectivity.6

Several metal, nonmetal, and carbon-based materials can be used to

develop such biosensors.7 Among several materials available for their

biosensing applications, nanomaterials are highly promising as they

impart high selectivity and sensitivity to the sensor electrodes owing

to their larger surface area that presents a large number of active sites

for trapping or reacting with the analytes.8,9 Nanomaterials like

graphene and its derivatives,10 carbon nitrides,11 and gold12 can be

effectively employed to develop biosensors for coronavirus detection.

In addition, such sensors have the potential to be miniaturized and be

more user friendly. Therefore, nanomaterial-based sensors can serve

as beneficial point of care devices and give reliable results even out-

side laboratory settings, thus also benefiting people in secluded areas.

The National Institutes of Health strategic plan for COVID-19

research calls for the need “to improve the basic understanding of

SARS-CoV-2 and COVID 19 and develop the necessary tools and

approaches to diagnose, prevent, and treat this disease,” highlighting

the impetus on the rapid and reliable diagnosis of the coronavirus.13

Thus, in the past couple of years, a lot of work has been conducted on

rapidly detecting COVID-19 using novel biosensors.14–21 Likewise,

many prominent researchers have spent a lot of time compiling

several review articles about recent COVID diagnosis and treatment

using different sensing strategies.7,22–30 However, to the best of our

knowledge, there is no systematic review article that extensively sums

up the recent developments and research on nanomaterial-based

biosensors for rapid, sensitive, and selective detection of the SARS-

CoV-2. Thus, the purpose of the current article is to provide a com-

prehensive overview of the recent advances in nanomaterials-based

biosensors for the detection of COVID-19. First, a brief overview of

the impact of coronavirus across the different countries in the world

is discussed, followed by present testing methods for COVID-19 and

their shortcomings. We then discussed the recent studies on novel

biosensors for SARS-CoV-2 detection and other nanomaterials-based

sensors that can be used for virus detection. A comparison of

the nanomaterial-based sensors to other conventional sensors are

presented along with a brief section on other recent, relevant

discoveries in this field of COVID diagnostics. Finally, the review is

concluded with the present challenges and future perspectives of this

emerging field.

1.1 | Impact of COVID 19 across the world

On December 31, 2019, the first case of pneumonia with an

undetermined reason was recognized in Wuhan city of China and was

reported to the World Health Organization (WHO) office in China.

This was tracked to the vendors and dealers of Huanan Seafood mar-

ket of Hubei province in China and gained the attention of WHO offi-

cials who monitored the number of cases and prevailing conditions

persistent because of the coronavirus situation. Since then, hundreds

of scientific investigation and studies have been carried out in differ-

ent parts of the world—each racing to find a permanent solution to

end the COVID-19 pandemic situation.

Since December 2019, among the 175.2 million afflicted individ-

uals of COVID-19 from 222 countries worldwide, the lives of more

than 3.8 M people have been lost due to this COVID-19 pandemic.

The maximum confirmed COVID-19 cases had been diagnosed in

America (69,131,242), followed by Europe (54,828,356), and South-

East Asia (33,213,135). The Eastern Mediterranean, African, and

Western Pacific countries have shown the minimum number of diag-

nosed coronavirus cases. Likewise, the maximum number of deaths

was observed in the Americas (1,816,357) and then in Europe

(1,162,992), followed by South East Asia (443,539). Among the coun-

tries, the maximum number of confirmed cases has been discovered

in the United States (33,094,965), followed by India (29,274,823),

Brazil (17,122,877), France (5,621,275), Turkey (5,306,690), Russia

(5,167,949), United Kingdom (4,535,758), Italy (4,237,790), Argentina

(4,038,528), Spain (3,715,454), Germany (3,709,129), and Colombia

(3,635,835) (Figure 1).

1.2 | Test methods for COVID-19 detection and
their challenges

Considering the danger associated with the COVID-19 pandemic and

its contagious nature, the research on the detection and the cure for
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this dangerous disease has been gaining momentum. There are many

existing options available for the detection of viral infection, as shown

in Figure 2. Cell culture techniques are conventional methods that can

detect viruses; however, this method does not have high specificity

and involves several time-consuming steps.31 On the other hand, the

electron microscopy technique is an essential viral diagnostic tool and

helps overcome any inconsistencies observed during the virus detec-

tion process. However, drawbacks like relatively lower detection sen-

sitivity, extremely time consuming, and costly instrument dependence

make this option problematic for the detection of COVID-19. Like-

wise, due to similar drawbacks, methods like next-generation gene

sequencing and enzyme-linked immunosorbent assay have not gained

much popularity for virus detection.

Among the molecular testing options, polymerase chain reac-

tion (PCR) micro devices and their testing methodologies have

become widely popular in the past two decades. Of these devices,

chamber PCR32,33 and continuous flow PCR34,35 have gained much

attention from the scientific community. The recent half-decade

has witnessed the development of PCR chips based on silicon

glass,36 SU-8,37 polymethylmethacrylate (PMMA),33,38 and pol-

ydimethylsiloxane (PDMS),39,40 among others. These devices are

rapid and possess the sample-in answer-out capability for COVID-

19 testing. However, there are inevitable disadvantages like the

lack of accuracy, long incubation time, and considerable scope

for errors.

One of the many challenges that this virus poses is the inability to

identify an asymptomatic yet infected person and measure the

amount of virus cast off from an infected body. Especially in a pan-

demic situation, it is crucial to understand the spread of infection for

making better diagnostic tests available immediately, such as the point

of care sensors with rapid detection capability. With the point of care

devices, the treatment options for the patients can be improved, and

effective therapies can be provided. In this sense, sensors have been

an enormous benefit in increasing the testing phase rate30 and sup-

port the testing of a large number of patients. Furthermore, with

thousands of global coronavirus cases detected daily, time-efficient

strategies for virus detection must be given more preference. Figure 3

shows a comparison of diagnosis time of various coronavirus testing

methods that points to a clear need for biosensors with rapid diagno-

sis capability.

F IGURE 1 Trends in the number of cases
and death due to coronavirus across different
countries and global regions (data collected
from WHO official website on June 11, 2021)

F IGURE 2 Diagram representing the options available for viral
diagnostics

F IGURE 3 The comparison of major COVID-19 diagnostic
methods
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A biosensor consists of three major components: the receptor

that interacts with the target analyte, a transducer that converts

the signals into physically quantifiable output, and an electronic

component that displays the output. The receptor ensures a strong

binding with the analyte, giving it the specificity to identify and

measure the target molecule. Depending upon the type of interac-

tion with the analyte of interest, the transducer provides electrical,

optical, or thermal signals that are recorded and displayed by the

digital processor. The current bio-sensing options allow the detec-

tion of biomolecules, including viral nucleic acids (DNA and RNA),

viral proteins, and antibodies (Figure 4), produced by the infected

individual's immune system to fight the virus.41 There are many

available options of biosensors that can be used in the detection of

viral-based respiratory infections. Coupled with the remarkable

physical, chemical, and mechanical properties of nanomaterials, bio-

sensors shall become a fundamental tool in the field of viral

theranostics.42–44

2 | CHALLENGES WITH PCR-BASED
METHODS FOR THE DETECTION OF
COVID-19

Currently, the nucleic acid test is the principal methodology employed

for coronavirus testing.45 RT-PCR is popular in the testing kits

currently available to diagnose coronavirus in suspected patients. The

basic process behind SARS-CoV-2 testing through this kit is the

reverse transcription of the virus RNA into its complementary DNA

using specific enzymes. After this, particular regions of the comple-

mentary DNA are amplified to detect the virus's existence. However,

the currently available PCR testing techniques require sophisticated

laboratory and apparatus that are usually not available everywhere.46

Consequently, the transportation of the nasal swab or other

COVID-19-related samples becomes necessary. Hence, in many

instances, it may take up to 3 or more days to produce results, even

though the actual testing of the sample may only take a few hours.

Moreover, due to the number of steps involved in sample handling

and transportation at various levels, there is a considerable risk of

sample contamination or accidental spread of the virus. Additionally,

the viral nucleic acid presence is not a direct indication of the severity

of the disease,47,48 an essential factor in the clinical diagnosis of a

patient needing further medical attention.

Another added challenge to micro-PCR testing is interfering mol-

ecules that sometimes give false-positive or false-negative results.

Since over 30% of confirmed cases had been observed to be

symptomless,49,50 a high false-negative rate will rapidly spread the

disease within the community. Such false results are mainly attributed

to unfavorable conditions of sample handling and transportation.51,52

The samples usually collected from the patients are in the form of

nasopharyngeal, anterior nasal, and midturbinate swabs.53 Recently,

there have also been reports54 that suggest the possibility of iatro-

genic CSF leakage due to nasal swab testing for COVID-19. These lim-

itations are the primary driving force toward finding other alternatives

for nasal screening, especially in individuals with a history of skull base

defects, surgery, or erosions, or even in patients with a history of

sinuses. Studies suggest a risk of about 5%–10% of tested individuals

who may have the case of epistaxis followed by a nasal swab test.55

Another study has reported an increased risk of epistaxis in nursing

home residents. As many as 50% of people were affected, they were

treated with oral anticoagulants.56 This triggers a significant attention

toward less invasive testing methods like saliva sampling or

midturbinate testing.

To reduce the severity of nasal swab testing for SARS-CoV-2

detection, saliva-based tests have also been encouraged.57 The saliva

collection process is noninvasive and does not produce aerosols.

Moreover, the testing does not require professionals, and the testing

can be done in simple and easy steps, even in remote areas. However,

studies also indicate that there may be lower detection rates of

COVID-19 from saliva samples (63%) when compared to the samples

of bronchoalveolar lavage fluid (93%).58 Hence, saliva-based testing

F IGURE 4 Schematic structure of SARS-Cov-2 and its possible target sites that can be used for biosensing and diagnosis
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for SARS-CoV-2 diagnosis will need further testing to confirm the

patient's infection status.

As discussed above, the currently popular RT-PCR and related

techniques provide delayed results and disallow on-site diagnosis.

Other shortcomings include their efficiency to diagnose cases in the

early stages, cumbersome sample preparation and purification process

that are time-consuming.59 Most of the procedures require many

complex apparatuses, skilled laboratory technicians, and additional

requirements that increase the overall expense of these methods.

Hence, better and more efficient methodologies are quickly needed to

detect and analyze the virus and its antibodies, taking the diversity

and the viral replication niches into account. Also, these diagnosis

methods must be user-friendly for early detection of the viral infec-

tion before the first signs of the symptoms set in to reduce the spread

of the viral infection. These issues can be overcome by biosensors-

based detection as they can be far more effective than traditional

methods due to their ability to give rapid results with high sensitivity,

selectivity, and specificity even in very low sample concentration.60

3 | NOVEL BIOSENSORS FOR THE
DETECTION OF COVID-19

Sensors can play a fundamental role in reducing the time taken to get

coronavirus testing results, especially during this pandemic. Biosen-

sors are devices that are integrated with the transducer and detector

recognize biomolecules like enzymes, nucleic acids, and antibodies.

Different types of biosensors are currently being researched to detect

the COVID-19 infection and are listed in Figure 5.

Viral biosensors recognize virus targets and can be categorized

into five types based on their ability to identify the recognition

element. These include immunosensor, DNA-based biosensor,

antigen-based biosensor, cell-based biosensor, and molecular

imprinting-derived biosensors.31,60–62 These biosensors are promising

entities against conventional therapeutics. Viral biosensors have spe-

cific advantages over conventional molecular diagnosis because of

their affordability, sensitivity, ability to generate quick results, small

size, and ease in carrying testing anywhere.63 Due to the recent pro-

gress in genetic engineering, transduction systems, and

nanobiotechnology, viral biosensors have seen an intense surge in

their diagnostic and therapeutic applications.44,64 Depending on the

kind of biosensing application, biosensors for respiratory illness can be

divided into four distinct types: optical, electrochemical, piezoelectric,

and thermal biosensors65,66 (Table 1). On several occasions,

researchers have combined traditional molecular-based methods with

nanotechnology or added an unconventional quantification technique

to the molecular methods for increasing the efficiency and speed of

detection. Monoclonal antibodies, nucleic acids, proteins, antibodies,

and aptamers can all be employed for the specific recognition of

SARS-CoV-2 infection (Figure 6). A further description of different

types of sensors in each category is provided in the following

sections.

3.1 | Loop-mediated isothermal amplification-
based sensors

The viral genomic RNA, spike glycoproteins, and membrane proteins,

when bound to the host ACE-2 receptors, elicit rapid humoral immune

response67 mediated by IgM and IgG antibodies. These antibodies can

be used to identify the foreign COVID-19 infection prevailing inside

the body.68 The drawbacks posed by the conventional qRT-PCR-

based assays are combated using the reverse transcription loop-

mediated isothermal amplification (RT-LAMP) method.69–71 This was

demonstrated in work put forward by Zhu et al. who studied the

single-step RT-LAMP-assisted nanoparticles-based biosensors (NBS),

creating the RT-LAMP-NBS assay for the specific and quick detection

of COVID-1972 using the F1ab LAMP primer sets. The nucleoproteins

of coronavirus were multiplied and analyzed in a single step through

the NBS. Their work demonstrated that the RT-LAMP-NBS detected

SARS CoV-2 with high specificity and selectivity. The assay's sensitiv-

ity was observed to be 12 copies per reaction, which made the ampli-

fication process far more efficient and reduced the chances of errors

during diagnosis. The authors also concluded that the assay had 100%

sensitivity against coronavirus detection in clinical samples and took

less than an hour for the results.72 Thus, this sensor has the transla-

tional potential for detecting and monitoring coronavirus in clinical

settings.

In another study by Amaral et al., developed a single tube test

based on RT-LAMP that allowed visual detection of less than

100 SARS-CoV-2 genome copies within 30 min.73 A comparison of

the tube test against RT-PCR test, commonly used for COVID-19

detection, using 177 nasopharyngeal RNA samples showed that the

tube test displayed 100% sensitivity with a specificity of 96.1%. The
F IGURE 5 Biosensors used for SARS-CoV-2 detection and
diagnosis
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same researchers also developed an RNA extraction-free RT-LAMP

test that allowed for virus detection from saliva by creating an alter-

nate pathway that used DNA extraction columns to reduce the

expenses associated with RNA extraction.

LAMP reaction thus provides a time-efficient pathway that suc-

cessfully overcomes the intricate and laborious processes in tradi-

tional detection techniques like PCR (Table 2). Under isothermal

conditions, this technique rapidly multiplies nucleic acid with high effi-

ciency and specificity and is more favorable for creating point-of-care

devices for COVID-19 detection.74 Thus, LAMP-based sensors can be

potentially applied for clinical applications toward the SARS-CoV-2

detection and monitoring.

3.2 | Clustered regularly interspaced short
palindromic repeats associated proteins-based
biosensors

The relatively new CRISPR system can also be used for SAR-CoV-2

detection and diagnosis.75 This method effectively spots bacteria, can-

cer mutations, and microRNAs by substituting target-specific crRNA/

sgRNA (the cas unit). Nanomaterials, because of their versatile proper-

ties, have been used alongside the system to create CRISPR-based

biosensors that can detect respiratory viruses. This was observed in

the work of Hajian et al.,76 who developed a CRISPR-chip biosensor

associated with the graphene-based field-effect transistor (FET) to

digitally detect a given target sequence present inside a genome. This

CRISPR chip made the use of deactivated CRISPR-Cas 9 complex

linked to a specific single-guide RNA and was attached to a transistor

resulting in a label-free nucleic acid sensing device whose signals

TABLE 1 Different types of available biosensors for virus detection and diagnosis

No. Types of biosensor

Types of

cirus Specific recognition site Detection of other viruses

1. Immuno-

electrochemical

Influenza A M1 protein Parainfluenza, Rhinovirus, MERS, SARS-CoV

2. Immuno-optical MERS Recombinant spike protein S1 SARS-CoV, H5N1 influenza virus, Human adenovirus,

Respiratory syncytial virus

3. Thermal SARS-CoV RNA dependent RNA

polymerase

MERS, SARS-CoV-2

4. Piezoelectric SARS-CoV Spike protein Influenza virus, Adenovirus, RSAV, MERS

F IGURE 6 Schematic diagram
representing the parts of a
biosensor for COVID-19 (analyte)
detection

TABLE 2 Comparison between PCR and LAMP techniques

Parameters PCR LAMP

Required

time

Need specific sample

concentration and

preparation step.

Hence, time-

consuming.

Simplified sample

preparation. Time-

efficient.

Protocol Complicated protocol

which requires a skilled

technician

Single protocol which

gives rapid results

Efficiency Inhibitor hinders the

reaction

Tolerate inhibitors and

more stable

Sensitivity Diagnostic sensitivity

<95%

Diagnostic sensitivity

>95%
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could be analyzed using a simple reader. This highly sensitive biosen-

sor could detect 1.7 fM of target nucleic acid within 15 min and with-

out any external amplification and boasts to spot the covid infection

in under 40 min. Based on the same principle, Broughton et al. created

a lateral flow assay based on the CRISPR-Cas-12 gene to selectively

detect the coronavirus protein in less than 40 min from clinical sam-

ples.77 The protein concentrations analyzed using this bioassay were

further cross-checked using respiratory RNA extract swabs of several

dozen virus-infected patients. This particular assay was reported to

show high sensitivity at shallow levels (10 copies/μl input) and could

exhibit a high selectivity of 95%–100% for noninfected individuals.

Called the DETECTR assay, this method also works similar to the qRT-

PCR technique and has shown to have high accuracy like the PCR

technique but at the same time has disadvantages synonymous with

the qRT-PCR such as availability of chemicals, reagents, and isolation

and extraction kits. Thus, the CRISPR-based assay using Cas-12 genes

allows high selectivity and can be used to successfully detect SARS-

CoV-2 particles in human clinical samples.

3.3 | Surface plasmon resonance-based biosensors

SPR and localized SPR (LSPR)-based biological sensors have also

shown application in the detection of viral diseases41,78 by

detecting the viral nucleic acid particles and nucleocapsid anti-

bodies against coronavirus in undiluted human serum. The the-

rmoplasmonic SPR sensor is enveloped with a peptide monolayer,

and the surface of the probe is functionalized with a recombinant

protein of nucleocapsid present in SARS-CoV-2. The nucleocapsid

protein is found in nM concentration within the anti-SARS-CoV-2

antibodies. Djaileb et al., used a thermoplasmonic SPR sensor to

design an assay that was quick and can be used as a label-free assay

for the detection of coronavirus in the sample under 15 min,79

therefore proving to be an effective sensing methodology for coro-

navirus testing.80 In another interesting study, Ahmadivand et al.

developed a terahertz plasmonic meta sensor that can detect the

SARS-CoV-2 spike proteins in femtomolar concentrations.81 The

miniature sensor fabricated in this study was based on the toroidal

electrodynamics concept, allowing them to develop the plasmonic

modes in terahertz frequencies. Gold NPs functionalized with spe-

cific antibodies targeting the spike proteins on the surface of the

virus was used as the active sensor material. The sensor depicted a

LOD of �4.2 fM and thus demonstrates a significant promise in

translation of such sensors toward precise and rapid detection of

the COVID virus. In another unique yet promising study by Sharma

et al., a graphene oxide-based double interdigitated capacitive bio-

sensor was developed to detect the COVID spike proteins with

high sensitivity.14 This GO/EDC-NHS/anti-SARS-CoV-2Abs-based

electroactive immunosensor demonstrated a high sensitivity of

1 fg/ml, a wide linear range of 1 mg/ml to 1 fg/ml, and �3 s of

response time. This portable device was functional up to 10 days

when stored at 5�C and holds significant promise toward early

diagnosis of the COVID virus in clinical samples.

3.4 | Resistance-based sensor array

Shan et al. reported a nanomaterial-based sensor array showing multi-

plexed properties for detecting and monitoring COVID-19 from

exhaled breath.12 This sensor comprises of a sensing layer that could

expand or could contract in the presence of volatile organic com-

pounds (VOCs). This, in turn, causes a change in the electrical resis-

tance, which can be recorded. In this sensor, the inorganic

nanomaterials facilitate the electrical conductivity, while the organic

part of the film allows the adsorption of VOCs.42,82,83 When the ana-

lyte is exposed to this biosensor, the VOCs encounter the sensing

layer and interact with the organic element, the functional group pre-

sent in the inorganic nanomaterials. These interactions result in a

change in the volume of the nanomaterial layer and create a differ-

ence in conductivity. The authors developed an array of eight gold

nanoparticles based on the previously mentioned principle and inte-

grated them within an electronic circuit. Their apparatus could collect

a sample of exhaled breath when blown into the device for a couple

of seconds from a distance of 1–2 cm. The authors noted that when

the breath moved past the array, VOCs related to SARS-CoV-2

reacted with the sensors and released a set of electrical resistance sig-

nals as a function of time (Figure 7).

Several literature reviews reveal many such examples of sensors

that imitate the functioning of natural mammalian olfactory systems

and hence are of superior value in COVID-19 detection and

diagnosis.82–85 Often these sensors play such a significant role

because of their chemical diversity in terms of the functional groups

present on the nanoparticles and hold an array of cross-reactive semi-

selective sensory units. Another essential advantage of such arrays is

their flexibility and unique role in identifying “fingerprints” of similar

chemical patterns under varying conditions.85 The significant advan-

tages proposed by these sensors show their promise toward detection

of coronaviruses in clinical samples.

3.5 | Point-of-care lateral flow immunoassay

Serological tests like LFIA have been fabricated for anti-SARS-CoV-2

antibodies detection during COVID-19 diagnosis.86,87 These assays

F IGURE 7 Sensor response of three different breath samples12
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have several advantages, including low technical requirements,

reduced time of diagnosis, inexpensive, and increased sensitivity and

selectivity. This was observed in a rapid bioassay developed by Chen

et al. to detect anti-SARS-CoV-2 IgG for COVID-19 diagnosis in

human serum.88 The assay was based on a lanthanide-doped polysty-

rene nanosystem, with detection time within 10 min. The authors

used a nitrocellulose membrane to capture IgG via recombinant nucle-

ocapsid phosphoprotein of the virus. A nanosystem tagged with IgG

antibody of mouse plays the role of a fluorescent readout. This sens-

ing platform has shown promising results and can be used for COVID-

19 disease management owing to its high selectivity, mobility, and

inexpensiveness.

Lie et al. prepared AuNPs that could simultaneously spot IgM and

IgG antibodies of COVID-19.89 The authors developed a testing strip

by using an NC membrane on which anti-human-IgM, anti-human-

IgG, and anti-rabbit-IgG (control) were placed along three separate

test lines. Next, a conjugation pad was brought in contact with a mix-

ture containing AuNPs-SARS-CoV-2 recombinant antigen conjugate

and AuNPs rabbit IgG. This sensor could diagnose infection in under

15 min in any given human blood sample. The authors also reported

that this LFIA sensor could also analyze different stages of SARS-

CoV-2 disease in different patients. The sensor was shown to have a

sensitivity of 88.66% and a high specificity of 90.63%.

Lanthanide possesses unique optical properties like sharp emis-

sion bands, which allows its use in sensing applications.90 For

instance, Banerjee and Jaiswal reported an LFIA-based biosensor to

detect infectious agents.91 They used lanthanide-doped NPs (LNPs) to

develop the sensor. Chen et al. also developed a similar biosensor by

mini-emulsion polymerization to detect COVID-19 particles in human

serum samples.88 LNPs were functionalized via mouse antihuman IgG

and rabbit IgI after EDC/NHS chemical reactions. The recombinant

nucleocapsid phosphoprotein of COVID-19 was attached to a nitro-

cellulose membrane on the sensor, resulting in the confinement of

specific IgG. This LFIA method showed the potential to detect anti-

COVID-19 IgG in under 10 min in a given human serum sample. The

results of these studies conclude that they meet the necessary

requirements for the clinical diagnosis of the virus, including rapid and

accurate detection in less time; and thus can be used to monitor the

SARS-CoV-2 progression and their response to different treatment

options used.

3.6 | FET-based biosensor

In another study, Seo et al. used the graphene-based nanomaterial

and showed the effectiveness of FET-based biosensors in coronavirus

detection. The FET biosensors use graphene coating coupled with a

monoclonal antibody,10 which can spot the SARS-CoV-2 spike pro-

teins in nasopharyngeal swab with high sensitivity. The device could

detect up to 1 fg/ml of SARS-CoV-2 spike protein in phosphate-

buffered solution and up to 100 fg/ml in clinical transport mediums.

Additionally, this sensor showed a detection limit of 1.6 � 101 pfu/ml

for the virus proteins. Additionally, this sensor showed a detection

limit of 2.42 � 102 copies/ml for the virus proteins in clinical samples.

This device could detect the SARS-CoV-2 with high sensitivity with-

out any prior treatment or labeling and thus holds promising potential

toward the development of POC devices toward COVID-19 testing.

3.7 | Dual functionalized gene-based biosensor

Qui et al. designed and developed a dual function plasmonic SARS-

CoV-2 gene-based biosensor.92 The sensor involved the combined

features of the plasmonic photothermal (PPT) effect in addition to

LSPR-based transduction. This unique biosensing approach gave

enhanced sensitivity, which is highly favorable for COVID-19 diagnos-

tics. This research also made the use of a 2D nanostructure of gold

nanoislands (AuNIs) as the plasmonic platform that was modified

using complementary DNA to identify a fixed SARS-CoV-2 sequence

employing gene hybridization. The AuNIs were altered after the self-

assembly of thermally de-wetted gold nanofilm on a BK7 glass sur-

face. The gold nanofilm was prepared by magnetron sputtering. The

authors noted thermoplastic heat generation when gold was illumi-

nated at a specific frequency during the sensing process. The sensing

properties were enhanced by allowing the laser beam to fall at two

different angles, which caused the plasmonic resonances of PPT and

LSPR to excite at two unique wavelengths.80 This is because it entails

in situ hybridization that allows for the specific identification of gene

sequences. The in situ PPT enhancement results revealed that the

hybridization kinetics was significantly improved and allowed for spe-

cific detection of nucleic acids, and could distinctly discriminate

between the separate gene sequences. The authors further elaborated

that this sensor showed a low detection limit of 0.22 pM and showed

a high selectivity in SARS-CoV-2 detection, even in heterogeneous

mixtures involving multiple genes. Also, the authors tested different

receptor binding domains using monoclonal antibodies specific to

SARS-CoV and concluded that the Abs did not have a solid attach-

ment to the spike proteins of the virus suggesting the superiority of

this LSPR technique for clinical COVID diagnosis and monitoring.

3.8 | Electrochemical sensors

Electrochemical sensors have proven to be a highly suitable diagnostic

tool for SARS-CoV-2 detection.44 These devices can analyze target

molecules at picomolar concentrations.93 Electrochemical sensors can

be used in many configurations for the detection of a molecule, such

as a three-electrode configuration depicted in Figure 8. At present,

disposable immune-sensing chips can be used in electrochemical bio-

sensors to cut down the total cost of biosensors. Nanoparticles modi-

fied substrate and interdigitated electrodes can enhance the

efficiency of the biosensors for coronavirus detection.44 These

functionalized biosensors also amplify signals to allow room for a low

detection limit and enable a more comprehensive biosensing range.

Such a biosensing chip can be linked to a small potentiostat interfaced

to a smartphone to give rapid, on-site coronavirus results.
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Mahari et al. employed a nanoparticle-based electrochemical sen-

sor to create an in-house built sensor device, the eCovSens.94 The

potentiostat-based sensor uses a fluorine-doped tin oxide (FTO) elec-

trode attached to gold nanoparticles and nCOVID-19 antibodies that

could detect any changes in the electrical conductivity upon interac-

tion with the virus antigens. In addition, a second set of carbon elec-

trodes were developed by screen printing followed by the attachment

of nCOVID-19 antibodies to measure the changes in the conductivity.

The activity of both the sensors was analyzed upon the interaction of

nCOVID-19 Ab with nCOVID-19 Ags. Both immunosensors were

observed to be very specific in detecting the nCOVID-19 spike anti-

gen and could detect the antigen within 1 fM to 1 μM concentrations.

The device could quantify the results in saliva samples within 10–30 s

with a LOD of 90 fM using the eCovSens and 120 fM using the

potentiostat sensor.

Gold nanosystems have exceptional physicochemical properties that

enable them to play a wide variety of roles, primarily as signal trans-

ducers in biosensors.95 Mahari et al. reported an electrochemical biosen-

sor to detect spike S1 protein antigen of COVID-19.94 The sensor was

based on a fluorine-doped tin oxide substrate containing a 29 nm AuNPs

drop casted film as the signal amplifier. Monoclonal antibodies of SARS-

CoV-2 were attached to the drop cast to give rise to an FTO/AuNPs/

COVID-19Ab immunosensor. Due to the interaction between COVID-

19 Ab and COVID-19 Ag, the authors observed a change in the electrical

conductivity that resulted in the enhancement of current measured for

different concentrations (1 fM to 1 μM) COVID-19 Ag. The detection

limit of the sensor was observed to be 10 fM and showed excellent

selectivity toward COVID-19 Ag. The sensor was noted to be highly sta-

ble for up to 3 weeks.

3.9 | Colorimetric biosensors

Colorimetric assays are also used for the diagnosis of infectious

viral diseases. They are reliable and straightforward because of the

ability to detect the infection through the naked eyes. Moitra et al.

prepared AuNPs linked to thiol modified antisense oligonucleotides

(ASOs) to identify and detect SARS-CoV-2.96 Through this

approach, the authors observed that the sensing was limited only

to identify the nucleocapsid phosphor protein (N-gene) from RNA

sample present in an oropharyngeal swab, resulting in giving early

results in under 10 min. The principle behind the colorimetric

detection was the agglomeration of AuNPS-ASOs nanostructures

in the presence of target coronavirus RNA sequences, which cau-

sed a redshift in the UV-absorbance due to the SPR effect. The

authors also recorded that the strands in RNA–DNA hybrid sepa-

rated upon the addition of RNaseH into the solution and resulted in

their precipitation from the mixture, which was visible by naked

eyes (Figure 9). The detection limit was noted to be 0.18 ng/μl for

SARS-CoV-2 RNA, and the dynamic range was recorded as 0.2–

3 ng/μl. Compared to all previously discussed studies, colorimetric

assays are an excellent alternative for quick detection of the virus

because of the ability to notice the changes in clinical samples even

with naked eyes.

3.10 | Magnetic nanoparticles-based detection

Many types of MNPs have been employed to create biosensors for

the diagnosis of different respiratory viruses.97,98 These include tech-

niques like magnetic resonance,99 fluorescence,100 rolling circle101

and electrochemical amplification.102 For example, Zhao et al. devel-

oped carboxyl polymer-coated magnetic NPs (pcMNPs) and used this

setup to extract viral RNA for accurate SARS-CoV-2 diagnosis.103 This

system showed simultaneous properties like the lysis of viral particles

and the binding of RNA in one step. Hence, the resultant pcMNPs-

RNA complexes are further employed in RT-PCR reactions. The

authors reported that this sensor could identify the ORFlab and R

gene of the virus and perform RT-PCR-linked sensing. The sensor was

also noted to be 10-copy sensitive and showed linearity with the

F IGURE 8 Schematic diagram
representing the electrochemical
sensor in a three-electrode
configuration
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pseudovirus particles. Hence, the pcMNPs-based RNA extraction

approach is a better option for quick diagnosis of SARS-CoV-2 in clini-

cal samples than the RT-PCR-based method.

4 | OTHER NANOPARTICLE-BASED
SENSORS THAT CAN POTENTIALLY BE USED
FOR COVID-19 DETECTION

The introduction of miniaturization and nanotechnology has enabled

biosensors to achieve a fine structure and exhibit more sensitivity and

selectivity against the target antigens/proteins, even when they are

present in minute quantities. These possibilities allowed to meet many

target features of a biosensor that are equally important in detecting

Covid-19 infection. Several factors have to be considered for the

design and development of biosensors, as shown in Figure 10. These

factors can be satisfied by using nanotechnology-enabled tools that

have been developed over the past few years in areas other than the

detection of SARS-CoV-2. Especially, smart sensors enabled by nano-

technology are cost-effective and exhibit rapid diagnosis of the respi-

ratory virus, including SARS and MERS infections. The knowledge

generated from this can be transferred for the development of smart

diagnostic tools for quick and specific diagnosis of coronavirus pro-

teins, antibodies and nucleic acids. This section will discuss the exis-

ting sensors for detecting other respiratory viruses, which can be

potentially used to diagnose coronaviruses.

4.1 | Nanoparticles-based paper biosensors

Fluorescent and colorimetric assays are used to identify and diagnose

viral nucleic acids in point-of-care applications. This was observed in

F IGURE 9 The selective naked-eye detection of SARS-CoV-2 using modified gold nanoparticles72

F IGURE 10 Factors to consider for biosensor development for
early-stage COVID-19 diagnostics
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the study carried out by Teengram et al., who developed a paper-

based colorimetric assay to detect DNA linked with MERS-CoV,

Mycobacterium tuberculosis (MTB), and Human papillomavirus

(HPV).104 The team employed pyrrolidinyl peptide nucleic acid

(acpcPNA) with a positive charge which linked itself to the C-terminal

of lysine as a probe and silver nanoparticles. The presence or absence

of the target DNA and differences in Ag nanoparticle dispersion cau-

ses observable color changes in the sensor. This paper-based colori-

metric DNA multiplex sensor showed high selectivity against any

single-base mismatch, two-base mismatch, and any change in non-

complementary target DNA. The sensor was reported to offer a low

detection limit of 1.53, 1.27, and 1.03 nM against MERS-CoV, MTB,

and HPV, respectively.

In another study, Crooks et al. designed a hybrid microfluidic

device using a disposable paper electrode and a 3D printed plastic

chip.105 This device could perform electrochemical detection of mag-

netic bead-silver nanoparticles bio conjugates exhibiting a LOD of

12 pM. These biosensors can perform quantitative and qualitative

detection of viruses and their biomarkers. For quick immunomagnetic

detection of myeloperoxidase (MPO) (a biomarker indicating viral

infection), an electrochemical lateral flow device has been devel-

oped.106 It used the antibody-modified magnetic beads and antibodies

tagged with horseradish peroxidase. The biological sample is added to

magnetic beads and detection antibodies for 5 min, after which the

complex is added to a nitrocellulose strip. The authors noted that bio-

markers could be detected with a LOD of 0.18 ng ml�1 within 15 min.

As noted from the studies mentioned above, such paper-based assays

can detect respiratory viruses. Therefore, these paper-based biosen-

sors can be potentially used to detect COVID-19 viruses. More details

about the paper-based biosensors for detection of coronaviruses is

covered in a recent review.107 As noted from the studies mentioned

above, such paper-based assays can detect respiratory viruses. There-

fore, these paper-based biosensors can be potentially used to detect

COVID-19 viruses.

4.2 | Nanoparticles-based electrochemical
biosensors

In electrochemical biosensors, the substance used for making the

electrode surface plays a key role because it determines the sensor's

performance. For instance, the double-layered capacitance deter-

mines the detection limit of the sensor, while the electron transfer

rate influences its sensitivity and time lag before the results. The con-

ventional materials used for the fabrication of biosensors include

carbon,105,108,109 silicon, graphene. and fluorine-doped tin oxide.

Nanomaterials and nanocomposites are better preferred in biosensors'

development because of their contribution in enhancing the surface

area of the biosensors.42 This causes more bio receptors to link to

the analyte, which will give the sensor a better detection range

and improve its sensitivity. This was clearly realized in the study of

Han et al. who used this technique to detect H1N1, H5N1, and

H7N9 viruses110 using ZnO nanorods grown in polydimethylsiloxane

solution. The ZnO nanorods gave an immobilization density of the

antibodies owing to their high surface area. This biosensor showed a

LOD of 1 pg/ml and could distinguish between the different viruses.

4.2.1 | Immunosensors

Electrochemical immunosensors can also be used to detect the

COVID-19 respiratory viruses. Studies have been conducted to evalu-

ate other kinds of respiratory viruses using immunosensors including

COVID-19.111 Fu et al created a self-sacrificial label that could detect

the virus, H5N1.112 It could immobilize secondary antibody on mag-

netic nanoparticles—which would be further used in a sandwich

immunoassay-based sensor. The magnetic nanoparticles were electro-

chemically changed into electroactive Prussian blue by producing

electrons from water, which released Fe3+ ions from the magnetic

nanoparticles. In the next step, Fe3+ is reduced to Fe2+ at a lower

voltage. This method creates a porous Prussian blue analogue that

uses low reactant concentration compared to traditional methods.

This process even shows a high sensitivity with LOD = 0.0022 hem-

agglutination units.

In a study by Zhou et al., an immunosensor was created to detect

HIV-1 p24 antigen.113 They employed a novel nanocomposite based

on [Ru(bpy)3]
2+-SiO2 compound and gold nanoparticles. This was

attached to an anti-p24 antibody placed on graphene. This composite

also holds a large amount of ruthenium electro-chemiluminescent

activity that enhances the sensor's sensitivity. The LOD was observed

to be 1 pg/ml and the sensor showed high selectivity against diverse

proteins. However, this device needs a long incubation time of

150 min and takes a comparatively longer time than the currently

used PCR-based methods.

Layqah et al. developed an immunosensor that used the

voltammetric detection method to diagnose MERS-CoV.114 This bio-

sensor uses disposable carbon microarray electrodes that are modified

using gold nanoparticles. These nanoparticles increase the sensor's

sensitivity and can be deposited easily on the carbon through electro-

chemical cycling. The surface of the electrode was modified with

MERS-CoV or HCoV antigens and a competition assay was used to

detect the presence of the virus by addition of a foxed concentration

of antibody that competes for the free virus and the antigen

immobilized on the electrode surfaces. The sensor response was

obtained by measuring the change in peak current using ferro/

ferricyanide chemistry as a probe in square wave voltammetry

(Figure 11). The detection limit was observed to be 0.4 for HCoV and

1.0 pg/ml for MERS-CoV. The best aspect of this assay is that it takes

under 20 min for detection.

Fluorescent immunosensors have also proven to be highly effec-

tive for the detection of several viruses. Weng et al. developed a

nanostructured fluorescent immunosensor for the detection of infec-

tious bronchitis virus (IBV) using a 2D nanosheet of molybdenum dis-

ulphide (MoS2).
115 This biosensor was found to be inexpensive and

could function based on FRET. The FRET was observed between

the nanosystem and fluorescent dye when the Ab-antigen immune
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complex was formed. As recorded by the authors, the sensitivity of

the sensor was 4.6 � 102 EID50/ml (median embryo infectious dose).

At the same time, the detection limit was found to be between 102

and 106 EID50/ml.

5 | NANOMATERIALS-BASED SENSORS
AND THEIR COMPARISON WITH THE
CONVENTIONAL SENSORS

The recent nanobiotechnology developments have resulted in better

methodologies and sensing techniques for diagnosing SARS-CoV-2

infection.116–119 The unique properties of nanoparticles, like their high

surface area-to-volume ratio, increased reactivity, and high adsorp-

tion, are essential for creating efficient biosensing techniques. Fur-

thermore, the diameter and morphology of nanoparticles can be

efficiently modified through covalent or noncovalent interactions to

give distinct sensing properties, including low detection limit,

increased sensitivity, selectivity, and rapid response.93 These attri-

butes make nanomaterials-based biosensors significantly different

from conventional sensors.

One of the significant challenges for designing a highly sensitive

and selective biosensor is to confer them to capture signals even with

minute amounts. For this, the sensor must be susceptible to meager

quantities of the target analytes. Nanomaterials are capable of ampli-

fying signals at concentrations that are significantly low but are high

enough to be detected and recorded owing to a large number of

active sites on the surface of nanomaterials.42 Additionally, many

metal nanoparticles like AuNPs, AgNPs or quantum dots like Cd, Pb

label the target analyte by attaching to them.65,120 With nano-label-

ing, any electrochemical biosensor transforms into a highly selective

labeled biosensor (Table 3).65

Thus, in comparison to conventional biosensors, nanoparticle-

based biosensors present various advantages as noted in Table 4.

Conventional biosensors have been used to detect viral infections

through the virus nucleic acid, antibody, aptamer, or antigen depen-

dence.136 However, they lack the unique physicochemical properties

of nanomaterials like their magnetic, optical, electrical, and optom-

agnetic properties. Traditional biosensors often require extensive spe-

cialized instruments for their fabrication and application, posing a

challenge to its portability. Moreover, technologies involved in con-

ventional biosensors require further steps for the samples to be

processed at several levels before being analyzed. This thereby makes

the whole process a little cumbersome and slower as compared to

detection using nanomaterials-based biosensors.42

The impressive reduction in the size of the electrodes since the

advent of nanotechnology has not only improved the biosensing prop-

erties but has also significantly increased their clinical applicability. In

contrast to conventional technologies, nanoparticle-based biosensors

are time efficient and inexpensive. However, further work can be

done to create nanomaterial-based sensors such that analytes like a

complementary single-stranded nucleic acid aptamer can be linked.

Aptamer-based bifunctional biosensors are highly specific in targeting

viral surface spike proteins S1, influencing the enzymatic processes to

give electrochemical signals.137,138

6 | OTHER LATEST DISCOVERIES IN THE
AREA OF COVID-19 DIAGNOSTICS

6.1 | CRISPR-gene editing tool

Recently, many devices have been developed for rapid SARS-CoV-2

diagnostics. For instance, the Abbott COVID-19 test was recently

F IGURE 11 SEM images of Au nanoparticles (a, b) 20 CV scans and (c, d) 30 CV scans, and (e). Square wave voltammetry of MERS-CoV
immunosensor114
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introduced and it gives results within 15 min and costs 1/20th

of other test kits.139 Another California-based team led by

Dr Jennifer Doudna developed a test kit that can detect the SARS-

CoV-2 in 5 min.140 This device uses a CRISPR-gene editing tech-

nology that is linked to the cell phone camera. This is a revolution-

ary breakthrough in COVID-19 diagnostics. This device could

potentially reduce the period of COVID-19 detection from several

days to few minutes, thus making coronavirus testing possible

even at homes. One of the biggest challenges this device faces is

its reliability. However, as we discussed earlier, even techniques

like PCR are prone to giving inaccurate results. Studies reveal that

almost 30% of PCR tests may give false results.141 This new device

uses portable additions like cheap laser illumination and collection

optics and hence avoids the requirement of enormous laboratory

apparatus used by conventional methods for COVID-19 diagnos-

tics. The presence of many CRISPR strands present in the device

enhances its sensitivity to evaluate not just the status of the

sample. Still, it can also reveal the amount of viral matter present

in the sample.

6.2 | Breath test

A research company, Imec, revealed that it developed a novel corona-

virus testing kit that can detect SARS-CoV-2 particles in a patient's

exhaled breath in less than 5 minutes. Therefore, this testing will

prove to be a more superior, faster, and entirely noninvasive diagnos-

tic measure that will help detect the coronavirus in large-scale

populations. The device comprises a sample collector that collects the

aerosol containing the virus particles and an analytical unit. The sam-

ple collector has also been said to allow for RT qPCR function. Very

recently, The National University of Singapore researchers have

developed another breath test to give rapid coronavirus test results in

under a minute with 90% accuracy. The device contains high precision

breath sampler that can detect volatile organic compounds in the

patient's exhaled breath. The breath is then passed into a mass

spectrometer that is attached to a machine learning software. The

software then gives an overview of the VOC profile of the breath,

followed by the final results. The entire process takes less than a

minute. Because of its ability to give real-time results, this device

TABLE 3 Recently developed biosensors for the detection of coronavirus

Sensor electrode/sensor material selection Concentration range of the sample Detection limit Time taken (sec) Ref.

PMMA/graphene - 1.6 � 101 pfu/ml - 10

FTO/AuNP 1 fM to 1 μM 90 fM 10–30 94

AuNI 0.01 pM to 50 μM 0.22 pM - 92

ASO/AuNPs 0.2 to 3 ng/μl 0.18 ng/μl 900 96

Au-SPE/PDSM 10 fg to 1 μg/ml 1 fg/ml 180 121

mRT-LAMP-LFB 12 copies/reaction 3600 72

ssDNA-conjugated AuNPs 585.4 copies/μl to 5.854 � 107 copies/μl 6.9 copies/μl 300 122

PMMA 0.100 pg/ml to 1.00 ng/ml 1.00 pg/ml - 123

Quantum dots-conjugated RNA aptamer 0.1 to 50 pg/ml 0.100 pg/ml - 124

Si3N4/SiO2 102 to 103 viruses/ml - 1800 125

SiNPs/Si-PAA-PSS 1 to 1 � 109 copies/μl 1 copy/μl 3600 15

MNPs 0.1 to 10 fM 0.4 fM 5400 126

AuNPs 0.01 to 10,000 ng/ml 0.4 pg/ml 1200 114

Au-TiO2-Au 0 to 107 vp/ml 370 vp/ml 900 127

Rutile prism/BK7/ITO

film/tellurene/MoS2–COOH

�0 to 301.67 nM 8.4069 � 104 deg/RIU - 128

AuNPs - 4.2 fmol - 81

AuNPs 93.3 pg/ml to 25.7 ng/ml 26.7 ± 7.7 pg/ml 1800 129

AuNPs - 0.08 ng/ml 1800 130

Graphene 1 fg/ml 131

Graphene/Cu - 0.2 pM - 132

Graphene 20 to 40 μg/ml (S1-IgG) 600 133

TiO2 14 to 1400 nM 0.7 nM 30 134

CP/Au@Fe3O4 200 copies/ml 21

In2O3 nanowire 44 μM 600 135

Note: AuNI, two-dimensional gold nanoislands; AuNP, gold nanoparticle; ASO, antisense oligonucleotides; FTO, fluorine-doped tin oxide electrode; LFB,

lateral flow biosensor; MNPs, magnetic nanoparticles; PDMS, polydimethylsiloxane; PMMA, Poly (methyl methacrylate); SPE, screen printed electrodes;

vp, virus particles.
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shows promising advantages over other existing coronavirus testing

options.

6.3 | Internet of medical things integrated
biosensors

The SARS-CoV-2 pandemic has proven that this infection creates sev-

eral complications in the body and affects the function of many

organs. Though a lot of effort has been put recently toward develop-

ing rapid COVID testing kits, studies are still under process to better

understand the possible therapeutic options to treat the condition.142

To combat any challenges posed during sensing and therapies, artifi-

cial intelligence (AI) and internet of medical things integrated sensors

(IoMT) can prove to be very beneficial to detect SARS-CoV-2 and to

study the individual data and compare with a more extensive profile

for a better and intelligent healthcare management system.131,143 AI

has proven helpful in analysis of medical imaging modalities such as

ultrasound, X-ray, and computed tomography. The rapid analysis

powered by AI has helped in early diagnosis of the disease and has

been reviewed in detail.25 Even though IoMTs are not directly capable

of detecting an infection, the continuous monitoring of individual

health data facilitates the detection of unfamiliar flare-ups in body

temperature, heart rate, and breathing patterns that are not possible

to diagnose in infrequent doctor visits. The changes in the routine

body patterns could be useful in alerting the individuals to perform a

covid test. This may help in detecting asymptomatic yet contagious

individuals and prevent the spread of the disease. In addition, IoMT

will help establish better sensing alternatives that could allow wireless

communication similar to “telemedicine.” For instance, in a recent

study by Rodriguez et al., an IoT-based biosensor was developed to

detect SARS-CoV-2 biomarkers rapidly.133 This device, “RapidPlex,” is
an electrochemical platform that can detect and monitor four SARS-

CoV-2 antigens, including IgM, IgG, inflammatory C-reactive protein,

and the nucleocapsid protein in a given sample using laser engraved

graphene electrodes. The integrated device could relay the test results

to a smart phone and can be shared with health professionals that

allows better management of the disease and prevent its further

spread. Such integrated devices hold promise for the development of

large platforms that can help in personalized pandemic management.

7 | CONCLUSIONS AND FUTURE
PERSPECTIVE

The asymptomatic cases and the complex epidemiology of SARS-

CoV-2 have prompted researchers worldwide to create quick, selec-

tive, sensitive, inexpensive, portable, and highly reliable sensors for

coronavirus diagnosis.144 The primary consideration is identifying the

analyte without involving signal-reporting agents, extraction, or incu-

bation steps. Most of the biosensors developed for COVID-19 detec-

tion require highly specific surface nucleoproteins attached to host

angiotensin-converting enzyme 2 (ACE-2) receptors.67 Several such

biomarkers from human hosts are used to develop effective biosen-

sors. These include hematological biomarkers like lymphocyte count

and neutrophil count, inflammatory biomarkers like procalcitonin or

C-reactive protein, immunological biomarkers like interleukin-6 bio-

chemical biomarkers like creatine kinase, aspartate aminotransferase

(AST), among others.

As discussed in this review, sensors are a viable option for SARS-

COV-2 detection. The conventional methods of detection are time-

consuming and are not very sensitive, thus may give false-positive

results. Furthermore, challenges like the rapid mutation rate of coro-

navirus and mass population testing, demand a quick and accurate

SARS-CoV-2 diagnosis. Nanomaterial-based biosensors show a con-

siderable advantage in such a scenario. Sensors employing elements

like gold- and carbon-based nanomaterials have proven to be far more

efficient than conventional sensors, as discussed in this review. Elec-

trochemical biosensors are also popular in COVID-19 detection based

on the type of antibodies, aptamers, and imprinted polymers.116 Bio-

sensors based on aptamers have also shown high sensitivity toward

viral particles, like the spike protein S1 and have led to the regulation

of the enzymatic action in electrochemical sensors.137 However,

TABLE 4 Different core nanoparticles used to develop biosensors
based on different principles for SARS-CoV-2 virus detection

Core NPs Biomarker Principle

Gold NPs Thiol-c-DNA receptor/

nucleic acid

Plasmonic

photothermal and

localized surface

plasmon resonance

mediated biosensing

Thiol-mediated

antisense

oligonucleotides

specific N-gene of

SARS-CoV-2

Plasmonic effect-based

colorimetric

biosensing

Oligo probe Plasmonic effect-based

colorimetric

biosensing

Recombinant antigen

of SARS-CoV-2 and

rabbit-IgG

lateral flow

immunoassay-based

biosensing—
colorimetric

dependent

nCOVID-19

monoclonal antibody

Amperometric

biosensing

Lanthanide doped

polystyrene NPs

Anti-human IgG

antibody of mouse

Fluorescence

biosensing—Lateral

flow immunoassay

Graphene Spike protein antibody Amperometric

biosensing—FET

Iron oxide NPs Biotinylated probe Optomagnetic

biosensing

Polymer NPs

coated with

streptavidin

Rabbit anti-fluorescein

antibody, sheep anti-

digoxigenin antibody,

and biotinylated BSA

mRT-LAMP integrated

with a nanoparticles-

based lateral flow

biosensor assay
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contamination of bioreceptors is a critical factor that hinders the sen-

sor sensitivity, thereby yielding false results. Characteristic features of

antigen, protein, antibody, nanomaterial type, and other factors can

also affect the sensitivity and selectivity of the biosensor.

Hence, alternatives like CRISPR can be coupled with nanomaterial-

based biosensors to increase their selectivity in all kinds of samples like

urine, blood, sputum, and nasopharyngeal swab.145 However, a plethora

of false positive results from the improper nasopharyngeal swab testing

calls for an effective and reliable sampling of the swabs. For starters,

only synthetic fiber swabs with a flexible shaft must be used for speci-

men collection. The nasopharyngeal swab must be taken with utmost

precaution. The non-toxic synthetic fiber swab must be put deep inside

the nasal cavity to obtain the clean samples. Then necessary safety pre-

cautions must be taken to process the samples accurately during the

testing.146 Nanostructures like plasmonics have shown promising poten-

tial to be used in electrochemical biosensors to produce reliable and

reproducible results during such assessments for COVID-19 detec-

tion.61,80 Such nanomaterials and nucleic acid molecules could be devel-

oped to detect viral particles in biological samples. Nonlabeling

methodologies like SPR, Surface-Enhanced Raman Scattering (SERS),

and Quartz-Crystal Microbalance (QCM) employing nanoparticles are

promising techniques for creating biosensors for COVID-19 detec-

tion.147 The Ag-NPs hybridization techniques in quartz crystal microbal-

ance DNA-QCM sensing system can also be used to spot the

coronavirus.148 Besides, techniques like localized surface plasmon-

coupled fluorescence (LSPCF) fiber optic biosensors can be used to

detect SARS-CoV-2.123 Unique thiolated DNA capture probe sequences

can be immobilized on screen-printed electrodes surfaces and further

linked to biotinylated target strand DNA. This was previously seen in

the work of Ilkhani and the team for Ebola virus detection,149 and a sim-

ilar strategy can be applied for COVID-19 detection.

Thus it is clear that nanomaterial-based biosensors offer several

advantages for the detection of viral infections as opposed to the conven-

tional testing methods. As discussed in this review, biosensors make the

detection process more effective by increasing the sensitivity and selec-

tivity of the sensors, reducing the response time, and can be easily minia-

turized in the form of a portable point of care devices.150 Despite these

unique advantages, nanomaterial-based sensors for COVID-19 detection

have to address a few shortcomings before being available and acceptable

at a commercial scale. More work needs to be done to increase the accu-

racy of the SARS-CoV-2 detection and reduce the rate of false positives.

Similarly, unique advantages of the POC sensors enabled by nanotechnol-

ogy should be supplemented with innovative options like integrating with

artificial intelligence and the Internet of Things can also increase the pre-

dictability of false-positive results and enhance the reproducibility of

results.142,151 In addition, machine learning-based programs can aid in

rapid signal processing during the detection process and help in obtaining

direct and more accurate results. It is also important to increase the basic

understanding of the interaction of nanomaterials with various functional-

ities to enhance their detection abilities using different spectroscopy and

electronic tools. A combination of the knowledge derived from both the-

ory and experiments will be required for pushing the frontier of advanced

nanomaterials-based biosensors for COVID-19 detection.
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