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ARTICLE INFO ABSTRACT
Keywords: Coronavidae viruses, such as SARS-CoV, SARS-CoV-2, and MERS-CoV, cause severe lower respiratory tract
Nanodevices infection, acute respiratory distress syndrome and extrapulmonary manifestations, such as diarrhea and fever,

Genosensors and imunnosensors

eventually leading to death. Fast, accurate, reproductible, and cost-effective SARS-CoV-2 identification can be
Signal transducers, minimal sample

manipulation achieved employing nano-biosensors, reinforcing conventional methodologies to avoid the spread of COVID-19

Coronavirus detection within and across communities. Nano-biosensors built using gold, silver, graphene, In,O3 nanowire and iron

COVID-19 diagnosis oxide nanoparticles, Quantum Dots and carbon nanofibers have been successfully employed to detect specific
virus antigens — nucleic acid sequences and/or proteins —or host antibodies produced in response to viral
infection. Biorecognition counterpart molecules have been immobilized on the surface of these nanomaterials,
leading to selective virus detection by optical or electrochemical transducer systems. This systematic review
assessed studies on described and tested immunonsensors and genosensors designed from distinct nanomaterials
available at the Pubmed, Scopus, and Science Direct databases. Twenty-three nano biosensors were found
suitable for unequivocal coronavirus detection in clinical samples. Nano-biosensors coupled to RT-LAMP/RT-
PCR assays can optimize RNA extraction, reduce analysis times and/or eliminate sophisticated instrumenta-
tion. Although promising for the diagnosis of Coronavidae family members, further trials in large populations
must be adequately and rigorously conducted to address nano-biosensor applicability in the clinical practice for
early coronavirus infection detection.

1. Introduction Middle East respiratory syndrome infection, have brought the world to
attention in the last decades [1-4].
SARS-CoV, the virus that causes the severe acute respiratory coro- The genome of these viruses presents high homology, with SARS-

navirus syndrome SARS-CoV-2, and MERS-CoV, the causative agent of CoV-2 displaying a 79.5% homology to the SARS-CoV genome and
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50% homology to the MERS-CoV genome. Besides the pathogenicity
common to the members of this family, SARS-CoV-2, the etiologic agent
of COVID-19 may cause severe infection and overall inflammation sta-
tus, culminating with multiple organ failure, and is a highly trans-
missible virus. The SARS-CoV-2 genome comprises a 30 kb single
positive-stranded RNA encoding 10 genes [5-8], a spike (S) glycoprotein
with affinity to the host cell receptor, known as angiotensin-converting
enzyme 2 (ACE 2), the small envelope (E) and matrix (M) protein, both
essential for virus assembly, the nucleocapsid (N) protein, and several
other accessory proteins. SARS-CoV-2 can enter cells by recognizing the
angiotensin-converting enzyme 2 (ACE2) through a viral
receptor-binding domain located in the S protein [9,10]. The M protein
is responsible for transmembrane nutrient transport and virus envelope
formation, and N and E proteins, as well as other several accessory
proteins, obstruct the host immune response and present different
functions [11].

The S and N proteins are among the most valuable antigen bio-
markers for the diagnosis of COVID-19 [12-14]. The S protein displays
the lowest sequence homology rate among the SARS-CoV and MERS
virus genomes, indicating that it may be used as an antigen target in
SARS-CoV-2 identification [6,15-17].

Infected and asymptomatic individuals can quickly spread the dis-
ease, increasing the number of disease focal points and deaths [11,18].
In November 2002, SARS-CoV emerged and culminated in over 8,000
cases, followed by MERS-CoV in January 2018, resulting in 2,143
confirmed cases, while SARS-CoV-2 has led to the current COVID-19
pandemic that began in December 2019 [19-21]. It is estimated that
the number of confirmed COVID-19 cases and deaths have reached 167,
492,769 and 3,482,907, respectively, on 26th May, 2021, according to
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the World Health Organization (WHO) [22].

SARS-CoV spread quickly and globally, resulting in large-scale out-
breaks in different countries on all continents [23]. Early diagnosis of
SARS-CoV-2-infected individuals is required to contain the COVID-19
pandemic and has been recognized as a successful strategy in several
countries [17]. In the future, quick and easy SARS-CoV-2 diagnoses will
represent the most powerful epidemiological tool and innovative
methods must be developed to test and ensure the health status of large
populations.

SARS-CoV-2 detection or quantification based on RNA sequences
coding for viral proteins has been applied in the detection of the virus in
clinical, biological, and environmental samples employing reverse
transcriptase PCR (RT-PCR) [24] and quantitative RT-PCR (qRT-PCR)
[25-27]. Immunological assays, such as lateral flow immunoassays
(LFIA), enzyme-linked immunosorbent assays (ELISA), and chem-
iluminescence enzyme immunoassays (CLIA).have also been used to
detect the presence of IgM and/or IgG immunoglobulins against
SARS-CoV-2 in blood samples [28],[10].

A breakthrough in PCR detection systems comprises loop-mediated
isothermal amplification (LAMP), allowing for coronavirus DNA detec-
tion in less than 60 min [29]. However, to prevent the transmission of
infectious diseases in large populations, comprehensive but unequivocal
and low-cost virus detection testing methods are required. In this sense,
biosensors comprise portable, less expensive, simpler, and faster systems
capable of detecting viruses in biological samples.

The possibilities concerning nano-analytical devices consisting of
biological recognition apparatuses for the identification of coronavirus
target molecules employing physical-chemical transducers to convert
viral recognition into analytical signals are displayed in Fig. 1.
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Fig. 1. Nanodevice design for coronavirus detection, (A) sampling, (B) DNA and protein targets, (C) physicochemical coronavirus detection methods, (D) nano-
materials used in biosensor manufacturing, and (E) schematic biosensor components and biosensor detection.
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Different nanomaterials can be used to manufacture nanodevices
displaying unique and novel features, functionalities, and applicabilities
[30]. The diagnosis and unequivocal biorecognition of COVID-19
employing virus biomarkers and biochemical indicators such as anti-
gens, RNA sequences, proteins, or the entire virus itself can be per-
formed by binding target molecules to these devices, and
nano-biosensors carrying these biomarkers provide accurate, fast, and
precise viral identification [31]. The combination of these elements
makes it possible to design highly sensitive and selective nano-biosensor
devices to detect SARS-CoV-2 in response to demands for early detection
of infected individuals within large populations.

The present review provides a systematic analysis of innovative
nano-biosensing systems applied or adapted to coronavirus detection.
Different sensing strategies based on DNA receptors, aptamers, or anti-
bodies immobilized onto nanoparticles coupled to transducers aiming at
the detection of coronaviruses in clinical samples are presented and
discussed. Nano-biosensors designed to detect SARS-CoV, SARS-CoV-2,
and MERS-CoV viruses are discussed in terms of their effectiveness,
simplicity, low costs, integration, and portability, allowing for their
operation near patients by untrained people, dispensing sophisticated or
expensive equipment.

2. Methodology

The search for studies concerning nano-biosensors was performed
through the evaluation of keywords, titles, and abstracts. Studies that
did not assess nano-biosensor applicability in the detection of corona-
viruses and those employing biosensors and nanomaterials or aimed at
the detection of other viruses that do not belong to the Coronavidae
family were excluded. Only articles published in English from 2000 to
2021 were considered. The systematic review search and preparation
followed the preferred reporting items for systematic review and meta-
analyses statement (PRISMA) [32]. All available data obtained from the
three scientific databases addressing biosensors employing nano-
particles for coronavirus detection were included.

2.1. Focus questions

Focus questions were prepared based on the problem, intervention,
comparison, and outcome (PICO) method, established as follows: Which
nanoparticle-based biosensors are used for coronavirus detection? What
strategies have been applied the most concerning DNA-based biosensors
or immuno-based biosensors for coronavirus detection? Which nano-
biosensor exhibits the lowest limit of detection (LOD)? Which coupled
transducers were used to build these biosensors?

2.2. Eligibility and selection criteria

Scientific data were collected from the PubMed, Scopus, and Science
Direct databases. followed four main steps: (i) guiding question formu-
lation; (ii) database searching; (iii); eligibility; and (iv) inclusion.

The selection and exclusion criteria listed in Table 1 are based on
studies using nanomaterials and biosensors for the detection of

Table 1
Inclusion/exclusion criteria presented in order of application.

Inclusion criteria Exclusion criterion

Articles in English
Biosensors using nanostructures
Biosensors and coronavirus

Non-English language articles
Short communications, reviews and thesis
Biosensors that do not employ

detection nanomaterials
Immunosensors using Biosensors that were not applied for
nanostructures coronavirus detection
Nanostructures functionalized with -
aptasensors

Genosensor using nanostructures -
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coronaviruses and assessments regarding their LOD. This review
considered only original research articles. The studies were selected
based on the reading of titles and abstracts independently identified and,
when these were not enough, the entire study was carefully read.

The flowchart of the study selection carried out herein is displayed in
Fig. 2.

2.3. Research strategy/database

This systematic review was conducted on November 23, 2020. A
search was performed for articles published between 2000 and 2021 at
the PubMed, Scopus, and Science Direct databases. The search strategy
focused on the type of nanoparticles used for building biosensors
designed for the detection of coronaviruses and was restricted to
English-language articles. The inclusion criteria were as follows: (i)
keyword identification; (ii) synonyms based on relevant studies on
nanoparticle-based biosensors and coronavirus; and (iii) use of boolean
operators, such as "AND", "OR" and " * ".

The search was performed using the following components for every
database:

Search component 1 (SC1), including the key terms: Nanoparticle
OR Nano OR Nanomaterial OR Nanocrystal AND Coronavirus.

Search component 2 (SC2), including the key terms: Biosensor OR
Biosensing OR Biosens AND diagnosis OR detection.

2.4. Information sources

2.4.1. Data extraction and study quality

Data concerning the LOD, type of nanoparticles and transducers,
coronavirus family member, linear range and type of clinical/biological
sample(s) and studies revised by two independent reviewers were
selected.

2.4.2. Risk of bias assessment

Bias sources may be related to the established study selection and
exclusion criteria, such as the choice of articles written only in English,
publication period, and the exclusion of reviews and editorials.

3. Results
3.1. Study selection

A total of 172 studies were found at the Science Direct database, 923
at the Scopus database, and 961 at the PubMed database, totaling 2,056
studies. After 22 duplicate or triplicate exclusions, a total of 2,034
studies remained. Study selection first comprised title and abstract
readings, and the studies were or were not included according to the
inclusion/exclusion criteria detailed in the methodology section. At the
end of this process, 23 studies were selected based on the priority in-
formation defined as the use of nanoparticles in biosensor development
and their use in coronaviruses detection. Other studies found outside the
searching platforms were also included, as they added information on
coronavirus biology and host transmission model. To better discuss the
data from the selected articles, 50 additional studies were included,
comprising both experimental and reviews, in order to provide theo-
retical and experimental support or complete information improving the
discussion of data presented in the eligible papers, totaling 73 articles
included in this review.

3.2. Conventional methods for coronavirus detection

Concerning COVID-19, the World Health Organization (WHO) rec-
ommends the collection of samples from the upper respiratory tract
through nasopharyngeal swabs or from the lower respiratory tract
employing endotracheal sputum aspiration [33]. Coronavirus mRNA
can be detected by the amplification of specific sequences through the
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Fig. 2. Flowchart concerning the selection of studies included in this systematic review following the PRISMA flow diagram.

transcriptase reverse-polymerase chain reaction (RT-PCR) method,
considered the gold standard for molecular diagnosis [34]. Although
several improvements have been made to this methodology to reduce
the analysis time, it can still take from 40 min to 3 h, and requires
thorough sample handling, trained technicians, certified laboratories
and mid-cost equipment. mRNA extraction is a crucial pre-analytical
step for RT-PCR application, as it may generate false-negative results
if not conducted appropriately. These limitations make it difficult to
develop this methodology into a field application or for the screening of
a significant number of samples as required during the current
COVID-19 pandemic, which necessitates a quick but unequivocal diag-
nosis [35].

Serological tests based on enzyme-linked immunosorbent assay
(ELISA) for IgM antibody detection can also be used for coronavirus
diagnosis, but the period between infection and seroconversion analysis
to carry out these tests make them unfeasible for early and large-scale
diagnoses [14,28,34,36]. Based on these considerations, the develop-
ment of highly sensitive screening tests able to detect lower IgM anti-
body levels or lower viral loads may be useful in diagnosing the early
stages of viral infection.

3.3. Nano-biosensor systems applied for coronavirus detection

Nanomaterials (NMs) less than 100 nm in size provide a greater
surface volume, enhancing their intrinsic physicochemical properties
and increasing their susceptibility to external influences when compared
to the bulk material. Depending on NM composition, morphology, and
size, these compounds may be used in very specialized applications,
such as in special nanostructures made from iron or transition metals
whose magnetic properties can be used for biosensing [30,38-40].

NMs improve the performance of biosensors by enhancing signal
amplification, thus increasing detection sensitivity. Nanostructured
materials such as carbon nanotubes (CNTs), graphene, metal nano-
materials, magnetic nanoparticles (MNPs) and quantum dots (QDs) can
be applied in biosensors combined to the electrochemical detection of
viruses present in different samples [30]. NMs such as gold or
lanthanide-doped polystyrene nanoparticles (NPs) and graphene iron
oxides carrying biological recognition elements immobilized onto their
surfaces and coupled to transducers can be used for coronavirus iden-
tification in clinical samples [13,21,41-43].

To this end, biorecognition must be attained in order to identify DNA
(genosensors), aptamers (aptasensors) or antibodies (immunosensors) in
viral particles. The detection of SARS-CoV-2 through different bio-
recognition molecules has been assessed, including sequences from ORF
1 ab, the nucleocapsid phosphoprotein gene (N gene), RNA-dependent
RNA polymerase, (RdRp gene), the E gene or E protein, and the spike
protein (S protein), or utilizing two targets, for example, protein N and
ORF 1 ab, or E and S proteins, or S and RdRp, as well as other combi-
nations [21,44-47].

The general design of nano-biosensors aimed at Coronavidae family
member identification displayed in Fig. 1 demonstrates the numerous
possibilities of nanobiosensors in detecting or measuring Coronavidade
family member viral loads.

Biosensing systems can be applied for coronavirus screening of
several clinical samples, such as saliva, nasopharyngeal swab specimens,
endotracheal sputum aspirates, and blood [13,35,44]. The most com-
mon transducers used in biosensor systems comprise the combined ef-
fect of plasmonic photothermal (PPT) and localized surface plasmon
resonance (LSPR), plasmonic effect based colorimetric biosensing,
colorimetric, fluorescence, field-effect transistor-based amperometric
and circle to circle amplification-based optomagnetics [13,21,35,42,43,
471].

3.4. Nano-biosensors for coronavirus screening and quantification in
clinical samples: Exploring biorecognition molecules, aptasensors,
genosensors and immunosensors

The results of this systematic review addressing nano-biosensors,
biorecognition elements, nanomaterials, sensitivity, and detected
Coronaviridae members family are presented in Table 2.

Nucleotide-based biosensors or genosensors are designed by immo-
bilizing a specific single-strand nucleotide employing a ligand, such as
thiol or biotin, to the biosensor matrix. When samples contain viral RNA,
hybridization occurs between the target sequence in the virus genome
and the ssDNA probe coupled to the biosensor matrix, where the double-
strand ssDNA probe forms a 3D double-strand nucleic molecule and
becomes stable, allowing for signal amplification by a transducer [31].
Since the hybridization is very stringent, DNA-based sensors can be
applied to detect SARS-CoV-2 in very complex microbiomes, as observed
in clinical samples.
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Table 2
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Nano-biosensor designs addressing the detection and quantification of Coronavidae family members considering types of clinical sample, nanomaterial, bioreceptor

molecules, and transducers.

Nano-material Linear Range Immobilized Viral LOD Transducer References
Element
IMMUNOSENSOR  MERS- AuNPs 0.001-100ng/ Recombinant protein S 1.0 pg/mL Voltametric [15]
CoV mL
SARS- In,03 nanowire nd Antibody mimic proteins <1nM FET [54]
CoV (AMPs) to detect N protein
Gold binding nd Fusion of polypetpides to 200ng/mL SPR [51]
polypeptides coronavirus surphace
antigen
SARS- Graphene nd Specific antibody against S 1.6 x 10" pfu/mL and 2.42 x FET [13]
CoV-2 protein 102 copies/mL
AuNPs 1fM-1pM Monoclonal antibody 0.09 pM Electrochemical [44]
AuNPs nd Anti-human IgM and IgG nd Colorimetric [35]
antibodies
LNPs nd Recombinant N protein nd Optical [42]
AuNPs nd Antibodies against surface Positive if C; <35 at real-time Colorimetric [53]
proteins - S, E and M PCR< -
AuNPs nd N protein monoclonal 10%-10* virus copies/0.1mL Colorimetric [55]
antibodies corresponding to 1078 M of N
protein
Carbon 0.1 pg/mL -1 N protein 0.8 pg/mL Electrochemical [14]
nanofiber- pg/mL
modified
Graphene nd S antibodies 0.02 mg/mL S recombinant Electrochemical [17]
protein
AuNRs nd Recombinant N protein F10 4E; F11 8.5E°, and SPP [56]
AuNRs. S antibodies BK7-prism 7E® RIU* SPR [57]
GENOSENSOR MERS- AuNPs nd 30 bp dsDNA fromupEand 1 pmol/pL Colorimetric- [58]
CoV ORFla LSPR ¢
AgNPs nd acpcDNA 1.53 nM Colorimetric [59]
SARS- QDs nd RNA aptamer 0.1 pg/mL Optical [48]
CoV AuNPs 2.5 - 50 pmol/L ssDNA 2.5 pmol/L Electrochemical [49]
SARS- AuNPs 1pM-1nM Synthetic cDNA 0.22 pM PPT + LSPR [47]
CoV-2 SPCnAuE 2.5 -50 pM 30-mer oligonucleotide 2.5pM Voltametric [60]
NPs nd FITC-labeled primers from 12 copies/reaction mRT-LAMP [61]
ORFlab and N gene coupled toLFB !
PcMNPs (iron) 10 - 10° copies/ ORF l ab and N gene 10 copies/reaction RT-PCR ! [62]
reaction
Au-colloid cDNA - RdRp gene 0.05 ng RNA Colorimetric [46]
AuNPs 0.2 -3 ng pL! ASOS 0.18 ng/pL SPR-colorimetric [21]
Iron oxide NPs 10 - 100 pM cDNA - RdRp gene 0.4 fM Optomagnetic [43]
AuNPs nd ssDNA against N gene 6.9 copies/puL Electrochemical [63]

sequence

LOD - minimum limit of detection (as included in the original articles); AuNPs - gold nanoparticles; FET - field-effect transistors; SPR - surface plasmon resonance; SPP -
surface plasmon polaritons;; LSPR - surface plasmon resonance; PPT -plasmonic photothermal; mRT-LAMP - transcription loop-mediated isothermal amplification; LBF
- lateral flow biosensor; RT-PCR - real-time reverse-transcription; C2CA - circle-to-circle amplification; ssDNA - single strand DNA; IgM - immunoglobulin M; IgG —
immunoglobulin G; LNPs -lanthanide-doped polystirene nanoparticles; AuNRs - gold nanorods; Ct — cycle threshold; upE - E gene; ORF - open reading frames; RdRp -
RNA-dependent RNA 34 polymerase; SA-DNPs -streptavidin-coated nanoparticles; pcMNPs — carboxil-coated magnetic nanoparticles; acpcDNA: pyrrolidinyl peptide
nucleic acid; QDs -quantum dots; RNA aptamer — synthetic RNA probe from N protein gene; ssDNA: 45-nucleotide sequence from N protein gene; cDNA synthetized
from RdRp and ORF1 ab; SPCnAuE: nanogold structured-screen-printed carbon electrode; 30-mer oligonucleotide; synthetic sequence from SARS genome comprising
the 29218-29247 region; FITC (fluorescein)-/digoxin- and biotin-labeled primers; pcMNPs - poly (amino ester) with carboxyl groups (PC)-coated magnetic nano-
particles; ASOS - thiol-modified antisense oligonucleotides specific for N-gene; cDNA - complementary DNA synthetized from RNA sequence

In nanodevices, DNA or RNA aptamer and nucleic acid sequences
comprise biorecognition elements that bind to DNA or RNA targets with
high specificity and affinity. Some advantages are noted for aptamer-
based biosensors, such as full clinical applications in the detection of
distinct pathogens and viruses due to the uniformity of different batches,
allied to high stability and the possibility of adjusting the sequence to be
synthesized according to the target. Aptamers comprise promising bio-
recognition effectiveness and are becoming increasingly important for
coronavirus detection due to the superior stability of aptamer molecules,
as well as their rapid response, low labor requirements and low cost,
thus becoming superior to antibody detection [31,48]. The broad use of
aptamers for virus detection lies in the fact that they can be designed to
target any virus molecule, such as genes, proteins, antigens, or even host
antibodies synthesized during viral infection [37,49].

Antibodies are highly versatile concerning immunobiosensor anti-
body antigen-binding interactions onto surfaces, and are, thus, capable
of diagnosing SARS-CoV-2 in clinical samples. Immunosensors,

genosensors or aptasensors can be classified according to the type of
coupled transducer, although most are electrochemical or optical [44,
50].

3.5. Nanometric-scale immnunobiosensors for the screening and
quantification of Coronaviridae family members

When employed in biosensors, NMs display the advantage of a high
signal-to-noise ratio aimed at highly sensitive and selective diagnoses, as
noted for the nanodevices included in Table 2. Some nano-biosensors
have been developed for the analysis of clinical samples with no pre-
treatment and results are obtained after only a few minutes. For
example, in one special nanodevice, sample collection and detection
tools have been joined into a single platform.

Immunobiosensors can detect the immunocomplex (Ab-Ag) with
high specificity, where the antibodies are able recognize the entire
SARS-CoV-2 virus or virus molecules such as protein or other viral
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compounds [51]. The recognition mechanism involves the bioaffinity
between a monoclonal or polyclonal antibody (depending on the
epitope) and the antigen, with very high affinity represented by an as-
sociation constant (Ka = [Ab-Agl/[Ab][Ag]) of up to 10'° [51]. A
monoclonal antibody should be preferred for SARS-CoV-2, privileging a
single epitope in order to decrease cross-reactivity and false-positives
[51].

A carbon nanofiber-modified screen-printed electrode was func-
tionalized with diazonium electrografting combined to the N protein
coated with absorbing cotton-padding for swabbing the nasopharyngeal
cavity of patients and tested against three positive RT-PCR samples. The
quantification of the viral antigen was performed using a competitive
assay with a fixed amount of N protein antibody, with an LOD of
0.8 pg mL™L. In addition to displaying high efficiency, the nanodevice
was also highly selective, as no significant cross-reactivities were
observed against influenza A and HCoV antigens [14].

An electrochemical immunosensor used for MERS-CoV diagnoses in
artificially contaminated nasal samples was prepared from an array of
carbon electrodes modified by the electrodeposition of gold nano-
particles functionalized with cysteamine to create a SAM and incubation
with glutaraldehyde. A multiplex detection system was created by
immobilizing both MERS-CoV S and human coronavirus (HCoV) re-
combinant protein antigens at 10 pg mL 1. The analytical performance
of the immunobiosensor was conducted by square wave voltammetry
(SWV), monitoring changes in the peak current at — 0.05 V vs. the Ag/
AgCl electrode work potential and electrochemical measurements per-
formed using a ferrocyanide/ferricyanide probe for 20 min, with linear
responses from 0.001 to 100 ng.mL~! for MERS-CoV and from 0.01 to
10,000 ng.mL ! for HCoV detection in artificial nasal fluid samples.
[15].

A combination of an optical surface plasmon resonance (SPR) plat-
form to gold binding polypeptides (GBPs) and a SARS coronavirus sur-
face antigen (SCVme) bound to gold-patterned chips prepared by
photolithography has also been developed for rapid SARS-CoV diag-
nosis. The gold-micropatterned substrate was functionalized by im-
mersion in GBP-E-SCVme fusion protein suspension. Anti-SCVme
recognition formed a stable and specific sensing platform for the SARS
antigen when tested on mouse IgG samples. Atomic force microscopy
(AFM) and SPR imaging were both employed to assess anti-SCVme
bonding between the protein and gold-micropatterned chips. This
biosensor is simple, sensitive, selective, and able to detect up to 200 n g
mL ! anti-SCVme from SARS-CoV after 10 min [52].

A simple and rapid immunodiagnostic method using lanthanide-
doped polystyrene nanoparticles (LNPs) directed towards a recombi-
nant nucleocapsid protein (N) based on the lateral flow immunoassay
(LFIA) has also been developed. Polystyrene nanoparticles were func-
tionalized with mouse anti-human IgG antibody (M-HIgG) and rabbit
IgG (RIgG) using a solution containing 1% of EDC and 1% of sulfo-NHS
for 30 min. The functionalized LNPs were resuspended in blocking
buffer followed by ultrasonication. Recombinant N protein was
dispensed onto a nitrocellulose membrane to bind specific anti-SARS-
CoV-2 IgG present in human serum samples diluted 1:1000-fold. The
assay lasts 10 min and the results are consistent with RT-PCR applied to
positive and negative clinical samples [42].

Graphene nano-biosensors coupled to optical and electrochemical
transducers have also been created. The fabricated graphene-based de-
vice was functionalized with 1-pyrenebutanoic acid succinimidyl ester
(PBASE) in methanol at room temperature by 1h and coupled to
250 pg mL~! of SARS-CoV-2 antibodies to the S protein (COVID-19 FET
sensor) for the analysis of nasopharyngeal swabs samples and SARS-
CoV-2 cultures. Graphene-FET biosensors were suitable for the detec-
tion of SARS-CoV-2 at 1.6 x 10! pfu/mL in culture samples and
2.42 x 102 copies/mL in clinical samples [13].

Gold NP biosensors can be very successful in detecting SARS-CoV-2
due to certain properties, such as signal amplification, biocompati-
bility, conductivity, and high surface volume, as well as the possibility of
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immobilizing distinct bioreceptors molecules on their surface, including,
single or double-stranded DNAs, aptamers and antibodies [35,44,46,47,
52,53,15,21].

Another successful nano biosensor was developed in-house using a
fluorine-doped tin oxide electrode (FTO) coated with gold NPs (AuNPs).
The eCovSens-ultrasensitive device was functionalized with 90 pg anti-
nCovid19 antibody mixed with 1 mL of AuNPs buffered solution. The
functionalized AuNPs were drop-casted onto the FTO electrode to detect
the presence of the nCovid-19 spike antigen. The FTO immunosensor
and eCovSens were able to detect nCovid-19Ag in artificially contami-
nated saliva samples at concentrations ranging from 1 fM to 1 uM, with
an LOD of 90 fM [44].

An electrochemical immunobiosensor comprising a graphene-
working electrode functionalized with anti-spike antibodies covalently
attached by carbodiimide coupled to the carboxylated surface was able
to detect the viral S protein with a LOD of 20 pg mL™! after 45 min of
incubation with the target. The immunosensor was designed to detect
absolute changes in [Fe(CN)e]37* according to the range of spike pro-
tein concentrations on the immunosensor surface [17]. Another
AuNP-based biosensor using a colorimetric transducer was designed to
rapidly detect SARS-CoV-2 in nasal and oropharyngeal swab samples by
targeting three surface SARS-CoV-2 proteins, namely the S, E, and M
proteins. Briefly, 20 nm colloidal gold nanoparticles were functionalized
with antibodies against one of each of the SARS-CoV-2 proteins by
photochemical immobilization technique (PIT). Polyclonal antibodies
were irradiated by Ab solution drop-casting in a colloidal suspension of
AuNPs. Forty-five positive and 49 negative nasal and oropharyngeal
swab samples previously tested by RT-PCR were confirmed. The
immunobiosensors presented sensitivity and specificity thresholds of
96% and 98%, respectively, compared to RT-PCR at cycling (Ct) of 36.5
[54].

An interesting approach able to achieve a limit of detection of 0.6 nM
of N protein from SARS-CoV-2 in clinical samples collected from COVID-
19 patients was employed using antibody mimic proteins (fibronectin,
Fn) as the biorecognition molecules, configured in InyO3 nanowire
biosensors. The fibronectin probe molecules In,O3 were functionalized
by the binding of the phosphonic acid groups to the InyO3 surface. The
carboxylic acid functional groups on the InyO3 surface were then acti-
vated by EDC and allowing the activated COOHs to react with tri-
fluoroacetic acid salt (BMPH). This cost-effective and rapid biosensor
improves recognition and is claimed to be superior to those developed
using antibodies and nucleotide aptamers, since the use of polypeptides
and antibody mimic proteins (AMPs) displaying molecular masses
< 10 kDa, can replace conventional antibodies, without compromising
biosensor specificity and affinity, as demonstrated by the previously
described immunological methods [55].

A forty-nanometer gold particle colloid conjugated with a recombi-
nant antigen able to bind to the receptor domain of the SARS-CoV-2
spike protein has been used to detect IgM and IgG against SARS-CoV-2
in blood samples within 15 min in different host stage infections. The
AuNP was functionalized in a buffered solution containing SARS-CoV-2
recombinant protein. In general, this biosensor exhibited an overall
testing sensitivity of 88.66% and specificity of 90.63%. Venous and
fingerstick blood samples were tested, indicating significant consistency
among samples and demonstrating that this biosensor may be applied to
the rapid screening of SARS-CoV-2 infection in both symptomatic and
asymptomatic patients [35,56].

The N protein from SARS CoV-2 N was directly attached to gold
nanoparticles and used to develop another rapid test for the detection of
total immunoglobulins G, M, and A against the nucleocapsid protein in
the first seven days of infection using a multi-target lateral flow
immunoassay platform. The immunoassay achieved a 100% diagnostic
specificity (95.75-100, C.I. 95%, n = 85 healthy and individuals with
other infections) and 94.6% sensitivity (84.9-98.9, C.I. 95%, n = 62
SARS CoV-2 infected subjects), reinforcing the accuracy and sensitivity
of early viral infection detection in clinical samples [57].
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In another approach, a 10 nm gold nanorod (Au NRs) sandwich
plasmonic biosensor functionalized with SARS-CoV-2 spike (S) protein
antibody was developed to monitor the detection of the COVID-19
SARS-CoV-2 spike protein through the refractive index. The introduc-
tion of Au NR into the plasmonic nanosheet-based system can lead to
signal augmentation and a corresponding enhancement in sensitivity.
The minimum refractive index achieved was 111.11 deg RIU! directed
towards the spike protein of SARS-CoV-2 present in positive serum/
nasopharyngeal swab samples [58].

Among the studies selected herein, several have employed antigens
or antibodies as biological recognition elements for the detection of
coronaviruses. Immunosensors have been shown to be suitable for this
diagnosis, displaying high specificity when analyzing clinical samples if
the dynamics of humoral immune responses following SARS-CoV-2
infection are observed. However, other nano-biosensor systems can be
considered complementary to these, such as DNA-based sensors.

3.5.1. Genosensor and aptasensor nanoparticles designed for coronavirus
infection detection: Viral load screening and quantification

The use of viral DNA bound to nano-biosensors for the diagnosis of
COVID-19 has also been validated in the studies included in this sys-
tematic review, and genosensors have also been proven efficient for
screening and detecting coronavirus family members in clinical samples.

A genosensor with an extended form of double-stranded DNA
(dsDNA) bound to AuNPs was developed employing a platform using
LSPR coupled to color change for the recognition and detection of
complementary dsDNA upstream of the E gene (upE) and open reading
frames (ORF) 1a, achieving MERS-CoV detection within 10 min, with a
LOD of 1 pmol/pL of 30 bp MERS-CoV. The authors claimed that the
genosensor designed for MERS-CoV identification could be adapted for
the on-site detection of other viral infections as a cost-effective device
[591.

The development of a 5 min test at a low-cost was performed using a
paper-based electrochemical sensor chip to enable the digital detection
of SARS-CoV-2 in samples from Vero cells infected with SARS-CoV-2
virus and clinical samples. Highly specific antisense oligonucleotides
(ssDNA) targeting viral N gene from SARS-CoV-2 were conjugated to
AuNPs and immobilized on a paper-based electrochemical platform
enabled the detection of SARS-CoV-2 genetic material in clinical sam-
ples. This genosensor provides a significant output signal improvement,
with a LOD of 6.9 copies/pL and 100% reliability when compared to 22
COVID-19 positive patients and 26 healthy asymptomatic confirmed
subjects pre-tested by an FDA-approved RT-PCR COVID-19 diagnostic
kit. The characteristics and performance of the designed nano sensors
make them feasible for large-scale diagnosis following the adjustment of
ssDNA sequence immobilized onto AuNPs [60]. Pyrrolidinyl peptide
nucleic acid (acpcPNA) probes can comprise a simple, quick, and sen-
sitive alternative to DNA and RNA probes for the identification of
MERS-CoV and related viruses. This biosensor induces AgNP aggrega-
tion in the presence of the target DNA, resulting in a detectable color
change, with LODs of 1.53 nM for MERS-CoV, 1.27 nM for Mycobacte-
rium tuberculosis (MTB), and 1.03 nM for human papillomavirus (HPV).
It is important to emphasize that PNA probes are chemically and bio-
logically stable since they cannot be degraded by nucleases, are easily
synthesized, and hybridize efficiently with complementary DNA strands
[61].

A quantum dot (QD)-conjugate RNA aptamer has also been consid-
ered an efficient platform based on optical signal changes, allowing for
the detection of the SARS-CoV N protein at 0.1 pg mL™~! employing the
chip system. The nanodevice designed for the visual detection of the
SARS-CoV N protein fulfills the parameters of ease to use, high sensi-
tivity, suitability and specificity, and the ability to perform one-spot
monitoring [48].

A dual-functional plasmonic biosensor was developed for the diag-
nosis of COVID-19 by combining the plasmonic photothermal (PPT)
effect and LSPR in the analysis of oropharyngeal swabs. Gold
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nanoislands (AuNIs) were functionalized with complementary multi-
gene DNA, RdRp, ORF 1 ab and E gene sequences, exhibiting a high
sensitivity of 0.22 pM for SARS-CoV-2. Even with high similarity among
Coronavidae family members, devices functionalized with RdRp se-
quences can accurately discriminate between Coronavidade family
members, allowing for the precise detection of the specific target in a
multigene mixture, being very useful and reliable for the analysis of
clinical samples [47].

A naked-eye colorimetric nanodevice composed of gold nano-
particles (AuNPs), capped with thiol-modified antisense oligonucleo-
tides (ASOs) from N gene sequences has also been successfully
developed. The agglomerate between the ASO-capped AuNPs and its
target RNA causes a change in surface plasmon resonance. The precip-
itate can be visualized after RNA-DNA hybrid cleavage by RNAase
treatment in positive samples, allowing for the detection of SARS-CoV-2
RNA at a minimum concentration of 0.18 ng pL. ™. The selectivity of the
assay was established by testing MERS-CoV viral RNA, with a limit of
detection of 0.18 ng pL’l of SARS-CoV-2 viral load RNA [21]. Another
genosensor obtained from a gold nanostructured screen-printed carbon
electrode (SPCnAuE) was also developed for the diagnosis of SARS-CoV
infection through targeting viral RNA recognition. A 30-mer oligonu-
cleotide with bases comprised between numbers 29,218 and 29,247
targeting the nucleocapside gene sequence was immobilized through
thiol-gold interactions, leading to a biosensor displaying an LOD of 2.5
pmol and high specificity, with the ability to discriminate a 3-base
mismatch from a complementary target strand using 25% formamide
[62].

A multiplex reverse transcription loop-mediated isothermal ampli-
fication (mRT-LAMP) coupled with a nanoparticle-based lateral flow
biosensor (LFB) assay (mRT-LAMP-LFB) was developed for the identi-
fication SARS-CoV-2 in oropharynx swab samples and is able to detect
12 copies of ORF 1 ab and N genes per reaction within 1 h. Two LAMP
primer sets targeting the ORFlab and N genes from SARS-CoV-2
generated numerous FITC-/digoxin- and biotin-attached duplex ampli-
cons, which were determined by LFB and visualized without instru-
mentation. The association of a RT-PCR assay to a nano-biosensor
guarantees the PCR specificity allied to a significant time assay reduc-
tion and free-instrumentation result interpretation [63].

The RdRp gene from SARS-CoV-2 was targeted by gold and optical
sensing platform where the hybridization of the oligo probe (ssDNA) to
target RNA promotes a salt-dependent aggregation and changes to the
gold colloid color, which goes from pink to blue in the visible spectra.
The affordable gold nanoparticles biosensor was able to detect infected
individuals by testing nasopharyngeal samples in less than 30 min. The
optimized method exhibited a LOD of 0.5 ng of SARS-CoV-2 mRNA [46].

Another important and useful application comprises the use of nano-
biosensors in optimizing conventional techniques used for the diagnosis
of COVID-19 patients, where their NPs can be employed to improve RNA
extraction from clinical samples, reducing the chance of false negatives.
The study reports that polyamino esters containing carboxyl groups
coated by magnetic nanoparticles (pcMNPs) were efficiently used to
lysis and extract viral RNA within 20 min and the resulting pcMNP-RNA
complexes can be incorporated into RT-PCR reactions. RT-PCR assays
were performed targeting ORFI ab and N gene sequences offering a 10-
copy viral RNA sequence detection with a linear correlation between 10
and 10° copies [64].

A homogeneous and isothermal nucleic acid amplification, the circle-
to-circle amplification (C2CA) method, comprised by more than one
round of probe ligation and rolling circle amplification generated
amplicons that hybridize to probes grafted onto magnetic nanoparticles,
forming clusters, can be detected by optomagnetic transducer mea-
surements nucleic acid sequences within virus genome in real-time
where the total assay time lasts around 100 min. The method was
tested using a synthetic complementary DNA to the SARS-CoV-2 RdRp
coding sequence, achieving a LOD of 0.4 fM [43].

The aforementioned methodologies join the high specificity of the
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gold standard RT-PCR methodology to detect SARS-CoV-2 in clinical
samples, with the advantages of reducing the time-assay and/or
simplifying RNA extraction and should be very useful in the early
infection stages, where patients may present lower viral loads and/or
are asymptomatic but still able to disseminate the virus. Another
advantage comprises the unequivocal discrimination of distinct virus
within the Coronavidade family, as well as new SARS-CoV-2 variants to
obtain knowledge of circulating viral species in certain populations and
offer these data to the public health authorities.

The most common material used for coronavirus diagnosis from
clinical samples in genosensors comprises AuNPs functionalized as N
gene detectors [59-62,47,46,21,]. Sequences of nucleotides from each
individual gene or multiple genes within the virus genome can be
immobilized onto the surface of nanoparticles for coronavirus detection
in clinical samples [65-69,1].

Furthermore, genosensors can be designed or adapted to detect any
SARS-CoV-2 virus variant, as they can target specific regions within the
viral genome, resulting in specific nano biosensors to discriminate base
substitutions in RNA sequences, for rapid tracking of recent mutations
and revealing which specific variant is in circulation in a given area or
population.

3.6. Transduction strategies in nano-biosensors for the detection of
Coronavidae viruses in clinical samples

As mentioned previously, nano-biosensors display high specificity
due to their nano-based structure and linked virus capsid or core mol-
ecules or antibodies, thus comprising nanodevices employed for the
specific recognition of a particular virus. However, the target recogni-
tion must be transduced into a signal generated when the viral molecule
interacts with the biorecognition element. The recognition signal can be
detected by several transducers, giving rise to the broad applicability of
these nanodevices. Electrical signal detectors can be generated from an
electrochemical transducer, i.e.,, amperometric, potentiometric,
conductometric, or impedimetric biosensors, while optical signals can
also be detected, as in SPR, chemiluminescence, fluorescence or optical
fiber or SPR transducers [31].

Optical transducers are probably the most applied for clinical ana-
lyses, due to their selectivity and sensitivity, allowing for broad use in
COVID-19 diagnosis [70,71]. Colorimetric detectors suitable for sample
color change assessments by the naked eye and compound quantifica-
tion through optical detectors are commonly applied in nanodevices, as
well as in conventional methodologies [72]. Colorimetric detectors are
considered the most advantageous, as there is no need for complex in-
struments, combining simplicity and low costs with the possibility of
performing visual detections [21].

Among these biosensors, those employing electrochemical detectors
comprise a critical class. An electrochemical immunosensor for MERS-
CoV diagnosis using gold NP-modified carbon electrodes was devel-
oped based on the binding competition between the virus and the
immobilized viral protein for a fixed antibody concentration added to
the sample. Electrochemical measurements were used to assess the ob-
tained voltametric responses, which were linear from 0.001 to
100 ng mL™! and from 0.01 to 10,000 ng mL~' for MERS-CoV and
HCoV, respectively, achieving LODs of 0.4 pg mL™! and 1.0 pg mL ™%,
respectively [15].

Early, low-cost, and rapid diagnoses make it possible to identify
infected but asymptomatic individuals, minimizing the spread of the
disease. In this sense, a plasma optic fiber absorption (P-FAB) biosensor
was developed for the specific detection of proteins from the SARS-CoV-
2 virus in saliva samples with minimal sample manipulation [56].

3.7. Biosensors advances compared to the gold standard diagnosis for
COVID-19

Developed biosensors display several advantages in comparison to
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the gold standard methods of PCR and ELISA in the diagnosis of COVID-
19. Genes targeted by RT-PCR are the same used in biosensing methods,
including the genomic sequences encoding protein N, envelope protein
(E), spike protein (S), RdRp, and ORF 1ab genes [73]. Due to COVID-19
pandemic, the detection of nucleic acid sequences from SARS-CoV-2 by
RT-PCR has become the leading indicator for the diagnosis of this dis-
ease. However, RT-PCR is not fast (3—-6 h) and requires several steps,
making this method expensive and unfeasible in high demand in
developing countries, which can contribute to increased non-testing or
even false-negative results [21,4714].

Currently, early diagnosis is indispensable to prevent COVID-19
transmission, and serological tests like ELISA are not reliable for early
diagnosis, because of the time for seroconversion, making necessary to
have sensitive methods but designed for the direct detection of the viral
antigen. Among coronavirus antigens, the structural proteins N, S, M,
and E, but particularly, the S and N proteins, are the most commonly
used as biomarkers to distinguish coronavirus family members currently
employed in biosensing devices [14].

The biosensor devices described herein display several advantages
including being fast and accessible, employing no or minimal low-cost
equipment, and displaying reliable detection. Several types of trans-
ducer, i.e., optical and electrochemical, have been reported for COVID-
19 diagnosis and all of them presented good performance [14]. The
designed biosensors were proven selective, with low LODs and able to
provide accurate test results within minutes, making these innovative
devices ideal and reliable solution for the clinical diagnosis of COVID-19
patients, privileging real-time detection and early diagnosis.

4. Conclusions

Among the most important points to refrain the current COVID-19
pandemic is the accurate diagnosis of infected individuals, mainly
those asymptomatic, and/or in the early stages of the disease. The huge
number of SARS-CoV-, SARS-CoV-2-, and MERS-CoV-infected or
exposed individuals demands accurate, fast, easy and low-cost diag-
nostic technologies. Gold-standard molecular and serological virus
detection methodologies should be reinforced by novel diagnostic stra-
tegies to enhance cost-effectiveness, reducing the analysis time, and
avoiding the requirement of very qualified technicians or mid-expensive
equipment while still reliable for screening large populations. Nano-
biosensor technology can fulfill diagnosis gaps if they exceed their
performance and overcome the disadvantages of the current methods in
use for virus detection and diagnosis, with the possibility of being
extended to target other virus families, particularly arboviruses that
affect several populations in developing countries. Nano-biosensors
should be designed using the same unequivocal recognition principles
of conventional methods but must overcome their disadvantages and
should certainly be considered promising epidemiological devices for
clinical trials to diagnose viral infections during epidemics or local
outbreaks, supporting public health authority decisions. Nano-
biosensors proved they can achieve similar detection efficiency as the
current gold-standard techniques in usage but at competitive prices,
while also being fast and simple, increasing their reliability. In this re-
view, several novel nano-biosensors were evaluated, and the approaches
and challenges in their development and improvements in their appli-
cations for the diagnosis of SARS-CoV, SARS-CoV-2, and MERS-CoV in
clinical samples were discussed. Nano-biosensors designed for the
diagnosis of SARS-CoV-2 infection may, thus, become the best choice
and most efficient tool for viral epidemiology to follow and control viral
outbreaks in the near future if the nanodevices fulfill the general WHO-
recommended criteria for screening tests, namely affordable, sensitive,
specific, easy-to-use, quick and robust, with requirement of little or no
additional equipment.

Among the studies included herein, biosensors are being developed
to target different regions of the coronavirus genome and coronavirus
capsid proteins in combination with nanoparticle matrices coupled to
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different types of transducers. Among the selected studies discussed
herein, a greater use of ORF 1 ab genosensors was observed where the
biorecognition element was bound to gold nanoparticles that generates a
signal able to be detected by colorimetry. Considering immunosensors,
the device used to recognize N protein from both SARS-CoV and SARS-
CoV-2, bound to gold nanoparticles and coupled to an electrochemical
transducer with colorimetric detection, seems to be the best alternative.
Nanotechnology is currently being applied in several areas to minimize
deaths caused by coronaviruses, including the use of nanoliposomes in
coating pharmaceuticals, such as mRNA SARS-CoV-2 vaccines. The
COVID-19 pandemic has increased the applications of nano-based ma-
terials from diagnosis to nucleic acid delivery for vaccination.
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