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Rapid, highly sensitive, and accurate virus circulation monitoring techniques are critical to limit the
spread of the virus and reduce the social and economic burden. Therefore, point-of-use diagnostic de-
vices have played a critical role in addressing the outbreak of COVID-19 (SARS-CoV-2) viruses. This re-
view provides a comprehensive overview of the current techniques developed for the detection of SARS-
CoV-2 in various body fluids (e.g., blood, urine, feces, saliva, tears, and semen) and considers the mu-
tations (i.e., Alpha, Beta, Gamma, Delta, Omicron). We classify and comprehensively discuss the detection
methods depending on the biomarker measured (i.e., surface antigen, antibody, and nucleic acid) and the
measurement techniques such as lateral flow immunoassay (LFIA), enzyme-linked immunosorbent assay
(ELISA), reverse transcriptase-polymerase chain reaction (RT-PCR), reverse transcription loop-mediated
isothermal amplification (RT-LAMP), microarray analysis, clustered regularly interspaced short palin-
dromic repeats (CRISPR) and biosensors. Finally, we addressed the challenges of rapidly identifying
emerging variants, detecting the virus in the early stages of infection, the detection sensitivity, selectivity,
and specificity, and commented on how these challenges can be overcome in the future.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

COVID-19 is a highly infectious respiratory disease caused by the
novel severe acute respiratory syndromeecoronavirus 2 (SARS-
CoV-2). COVID-19 emerged in December 2019 (Wuhan, China)
spreading the infection to 528 million people worldwide as of June
2022 and leading to more than 6 million deaths. There are five
variants of concern (i.e. Alpha, Beta, Gamma, Delta, and Omicron)
reported by the WHO. The SARS-CoV-2 virus is an enveloped virus
with a single-stranded RNA genome encoding 16 nonstructural
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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proteins, four major structural proteins known as a membrane (M),
envelope (E), spike (S), and nucleocapsid (N), and several accessory
proteins [1]. The predominant route of transmission is via droplets
in respired air produced by coughing or sneezing. Several diag-
nostic methods exist but to conclusively identify a specific variant,
sequencing of the entire SARS-CoV-2 genome or at least the S gene
(full or partial sequencing) is required.

COVID-19 infection can be spread not only via symptomatic
carriers but also silently via asymptomatic and presymptomatic
individuals [2]. The average incubation period (time from exposure
to symptom onset) of SARS-CoV-2 infection is 5 days with a
maximum of 22 days [3]. A certain percentage of infected in-
dividuals show symptoms that may resemble a cold or flu, while
others, especially young people, remain asymptomatic [4]. A small
percentage of infected individuals develop life-threatening symp-
toms, including severe pneumonia and respiratory failure [5].
Currently, there is no fully effective treatment for SARS-CoV-2,
although several anti-viral and antibody-based treatments exist
as well as powerful vaccines that reduce the incidence of infection
and dramatically reduce the severity of symptoms. These medi-
cines, together with public health control measures during a
“wave” of infections represent powerful strategies to control the
spread of the virus. However, emerging viral variants could
compromise the effectiveness of current vaccines (preliminary data
suggest that BA.4 and BA.5 subvariants may lead to deeper lung
infections andmay trigger a summer wave of COVID) and rapid and
accurate diagnosis of COVID-19 infection remains an important
strategy for controlling the spread of the virus and emerging vari-
ants [6].

In early 2022, SARS-CoV-2 spread worldwide predominantly
through the Omicron variant. This variant is a highly mutated form
that has significantly higher transmissibility and has been classified
as a variant of concern by theWHO. The viral load of SARS-CoV-2 or
its newly discovered variants depends on the type of sample. These
viruses usually fluctuate during the course of the disease, peaking
in respiratory samples in the second week before gradually
decreasing in the following days [7,8]. However, in severe cases, the
amount of virus in the respiratory fluid is highest in the third and
fourth weeks [9,10]. The average number of individuals (R0 values)
infected by a patient infected with Delta variant SARS-CoV-2 is
2e2.5, (B.1.617.2, discovered in late 2020). The Omicron variant
(B.1.1.529, identified as a variant of concern on November 26, 2021),
is more transmissible than Delta and causes less severe cases and
hospitalizations [11].

Observational diagnosis of the COVID-19 disease is difficult
because of the highly variable symptomatology [12]. Clinical
symptoms are not sufficient to distinguish COVID-19 infection from
other respiratory infections, so highly selective and reliable diag-
nostic tests are needed for accurate results. To date, several diag-
nostic methods based on viral antigens, whole virus, antibodies,
and viral RNA have been developed for the SARS-CoV-2 detection in
various body fluids [13]. A variety of immunoassays are considered
standard diagnostic tests for the detection of viral antigens or
specific antibodies produced by the host immune response against
specific epitopes or antigens. Specific antigen detection can be used
to detect a current infection, while antibody detection is used to
detect a current or previous infection. The sensitivity of antibody-
based tests depends on the infection status at the time of sample
collection, e.g., the median time of IgG antiviral seroconversion is
6e14 days, and a high IgG antibody titer persists for at least 7 weeks
[14].

Molecular diagnostic methods for the SARS-CoV-2 antigens
have been developed. In particular, the SARS-CoV-2 antigen
detection, including point-of-care, laboratory, and self-tests, is
approved for COVID-19 diagnosis based on nasopharyngeal or nasal
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swab specimens [15]. The detection of SARS-CoV-2 nucleic acids,
including real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) and other nucleic acid amplification tests (NAATs), is
more sensitive compared with antigen-based assays [16]. Although
RT-PCR is the gold standard method for diagnosing SARS-CoV-2
infection, false-negative test results can occur in 20% up to 67% of
the patients, especially with the emergence of the new variants and
again. The quality and timing of testing are important factors in
determining the specificity of the test [4]. To date, several reports
have been published on the development of different analytical
methods for the detection of SARS-CoV-2 [17e21]. However, none
of these articles comprehensively discussed the detection of SARS-
CoV-2 in various body fluids.

In this review, we aim to provide a comprehensive overview of
the origin, natural hosts, infection cycle, and modes of transmission
of the SARS-CoV-2 virus, as well as current trends in the diagnosis
of the SARS-CoV-2 virus. We discuss the detection of SARS-CoV-2 in
various body fluids (i.e., blood, urine, feces, saliva, tears, and semen)
and mainly focus on the targeted regions of the virus, detection
methods, test medium, sensitivity, concentration range, and pro-
cessing time of the SARS-CoV-2 detection techniques. The review is
structured according to the target molecule (e.g., the whole virus or
its antigenic proteins, the host antibody, and the viral gene). A
further subdivision is based on the different methods of detection,
including lateral flow immunoassay (LFIA) [22,23], enzyme-linked
immunosorbent assay (ELISA) [24], biosensors (optical, electro-
chemical, and electronics) [25], reverse transcription-polymerase
chain reaction (RT-PCR) [26,27], recombinase polymerase amplifi-
cation (RPA) [28], reverse transcription loop-mediated isothermal
amplification (RT-LAMP) [29], DNA microarray [30], and clusters of
regularly interspaced short palindromic repeats [31,32]. We also
discuss recent developments and challenges of SARS-CoV-2
detection techniques, such as early diagnosis of infection, limit of
detection, analytical selectivity, and clinical specificity.

2. Coronavirus history, natural host, structure, and genome

COVID-19 pandemic began in late 2019 and is still considered a
potentially deadly disease, especially for the vaccinated, in 2022.
However, the number of new cases occurring each week has
continued to decline since peaking in January 2022. On June 12,
2022, more than 540 million cases were reported. Bats and/or
pangolins are the most likely reservoir from which SARS-CoV-2
originated [33]. However, there is no strong evidence of natural
animal-to-human or animal-to-animal transmission of the COVID-
19 virus [34]. Reverse zoonotic transmission to various animals (e.g.
minks, lions, dogs, cats) has been reported [35]. Several in-
vestigations have shown that many species such as hamsters, cats,
ferrets, bats, and monkeys can be easily infected with the virus
while many others such as dogs, poultry, and pigs are resistant [35].
Studying the zoonotic capability of viruses in animals is crucial
before they infect humans. Because the zoonotic potential of SARS-
CoV-2 is not fully defined, approved SARS-CoV-2 vaccines or anti-
virals should be considered not only for humans but also for ani-
mals in close contact with people [34]. Fig. 1 shows the route of
spread of various human coronaviruses (HCoV) in humans, their
symptoms, and the natural and intermediate hosts of beta
coronaviruses.

Coronaviruses are enveloped RNA viruses causing varying dis-
eases in humans, ranging from the common cold (fever, cough,
tiredness, loss of taste or smell) to severe respiratory illness (diffi-
culty breathing, loss of mobility, confusion, chest pain) [36,37]. The
overall mortality rate of SARS-CoV-2 seems to be lower than that of
SARS-CoV and MERS-CoV. However, the transmissibility of COVID-
19 is higher once it enters a community and some variants such as



Fig. 1. Timeline of identified infectious human coronaviruses (HCoVs) with the symptoms they cause and their natural and intermediate hosts. The image was created with
Biorender.
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Delta showed higher transmissibility relative to the other variants
[38]. HCoVs such as SARS-CoV, MERS-CoV, SARS-CoV-2, HCoV-
HKU1, andHCoVOC43 are classified in the genus Betacoronaviruses,
while HCoV-229E and NL63 belong to the Alphacoronaviruses [39].
The RNA sequence of SARS-CoV-2 is similar to that of MERS-CoV
(~50%), and SARS-CoV (~79%) [40]. Pb1ab is the first open reading
frame (ORF) from the end of 5’ UTR of the whole genome length
encoding non-structural proteins with the size of 29751bp
(7073aa), 30119bp (7078), and 29844bp (7096aa), in SARS-CoV,
MERS-CoV, and SARS-CoV-2 respectively [41,42]. The SARS-CoV
has eight accessory proteins, while MERS-CoV contains only 5
and SARS-CoV-2 nine. Accessory proteins are not involved in viral
replication but play an important role in the interactions between
the host cell and the virus [43].

Coronaviruses are composed of 4 major structural proteins (in
the 30 terminus), namely the spike (S), nucleocapsid (N), trans-
membrane (M), and envelope (E) proteins (Fig. 2a) [44]. The S
protein binds to the host cell ACE2 receptor [45], while the N
protein plays an important role in viral genome replication and
transcription [46]. Moreover, the M protein facilitates the viral
fusion and assembly, while the E protein promotes the virion as-
sembly [47], morphogenesis, and viral pathogenicity [48]. Coro-
navirus genomes contain the largest known viral RNA [49]. Two-
thirds of the genome (in the 5’ terminus) encodes for a replicase
3

polyprotein called polyprotein 1 ab (pp1ab), which is comprised of
2 (ORFs), namely ORF1a and ORF1b [48]. These ORFs are then
cleaved into 16 non-structural proteins (NSPs) by a viral or host
protease enzyme that plays a role in genome replication and
transcription (Fig. 2b) [50]. The structure of the spike protein in its
closed configuration, in its original form, and its mutant form are
given in Fig. 2c.

SARS-CoV-2 variants of concern, including Alpha, Beta, Gamma,
Delta, and Omicron havemultiple clinically significant mutations in
the spike gene responsible for ACE2 receptor recognition and entry
into the target cell. The emergence of these new variants has been
associated with a change in infectivity, severity, or sensitivity
(resistance to neutralizing antibodies) of the SARS-CoV-2 and
consequently the clinical outcomes [51]. Some of the SARS-CoV-2
variants are likely associated with resistance to current vaccines
and the risk of reinfection. The delay in diagnosis and identification
of the new variants leads to their global spread [52]. The variants of
concern are distinguished from each other bymultiple mutations in
the viral RNA genome and by mutations in the S protein-coding
sequence. False-negative results can occur in the detection of
SARS-CoV-2 in both nucleic acid- and antigen-based tests. This may
be the case if the mutations occur in the genomic region that the
molecular assays are designed to detect, and such changes in the
viral genome may translate into amino acid changes in the viral



Fig. 2. Schematic representation of (a) cartoon model showing the structure of SARS-CoV-2, (b) genome structure and encoded proteins, and (c) mutation in spike proteins. The
image was created with Biorender.
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proteins or antigens and consequently affect the performance of
the antigen tested [53].

3. Transmission routes and life cycle

Transmission of the SARS-CoV-2 virus occurs through direct and
indirect routes. Direct transmission occurs through (i) aerosols in
the form of droplet germs from respiratory air (responsible for most
infections) [54], (ii) the body fluids and secretions, such as urine,
feces, saliva, tears, semen, and (iii) mother-to-child. On the other
hand, the indirect transmission takes place through fomites or
surfaces close to infected persons or tools used by an infected pa-
tient [55]. As shown in Fig. 3, the infection cycle of the SARS-CoV-2
virus begins with binding to its complementary receptor ACE2,
which is located on cells of the lower respiratory tract and is a
known receptor for SARS-CoV-2 virus and regulates human-to-
human transmission [56]. The virus uses its spike protein (S-
glycoprotein) to attach to the ACE2 receptor on the host cell surface
[57]. Upon binding to the ACE2 receptor, the virus entry to the host
cell is facilitated by the transmembrane protease serine 2
(TMPRSS2) and cathepsin L. After entering the cell, the RNA viral
genome is released into the cytoplasm, which is then translated
4

into two overlapping polyproteins. The polyproteins are broken
down into 16 non-structural proteins required for the completion
of the life cycle in the target cell, including RNA-dependent RNA
polymerase (RdRp). During replication, positive-sense RNA serves
as a template for the synthesis of negative-sense RNA and sub-
genomic RNA. The viral proteins resulting from the translation of
the sub-genomic RNA are transferred to the ER-Golgi-Intermediate
Compartment (ERGIC) to construct virion particles. Finally, the
newly replicated positive-sense RNA is assembled into virion par-
ticles, which are then released from the cell membrane [58]. It is
worth noting that, unlike SARS-CoV-2, the Omicron variant has
more than 30 mutations that result in amino acid changes in the
spike sequence, 15 of which are in the receptor-binding domains,
the part of the spike protein that binds to human cells via the re-
ceptor ACE-2. Recent docking studies suggest that a combination of
mutations in the receptor-binding domains may lead to a high
binding affinity of this variant to human ACE2 [59].

4. Classification of diagnostic techniques

Diagnosis of SARS-CoV-2 typically follows three distinct stages.
The first stage includes clinical signs that may include dry cough,



Fig. 3. Schematic representation of the spread, transmission, and life cycle of SARS-CoV-2 virus in a human host cell. Viral spikes bind to their receptor human ACE2 (hACE2) via
their receptor-binding domain (RBD) and are proteolytically activated by human proteases. The image was created with Biorender.
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fever [60], sore throat, muscle and chest pain, headache, confusion,
dyspnea, disorientation, anosmia, and ageusia. These symptoms
may reach a point where the patient's respiratory functions are
impaired, while other organs such as the kidney, heart, and liver are
also severely affected [61]. The second stage involves the detection
of total viral load, viral antigens, antibodies, or other genetic ma-
terials in various body fluids (Fig. 4). The third stage aims to confirm
the disease manifestations, which includes computed tomography
of the chest (CT) or magnetic resonance imaging (MRI) [62]. Here,
we focused on the second level of SARS-CoV-2 diagnosis, which
targets various viral components as well as antibodies produced by
the patient's body. We, therefore, reviewed the diagnosis of these
targets under two main categories: (i) immunological assays,
where we addressed the detection of antigens and antibodies in
conjunction with various diagnostic techniques (e.g., LFIA, ELISA,
biosensors, and spectroscopic methods), and (ii) nucleic acid as-
says, where we discussed the detection of viral nucleic acids in
conjunctionwith a variety of detection tools (e.g., RT-PCR, RT-LAMP,
microarrays, CRISPR, RNA sequencing, and biosensors).
5

5. Immunological assays: antigen and antibody-based
techniques

5.1. Lateral flow immunoassay (LFIA)

Rapid antigen tests (LFIAs) rely on the detection of a specific
antigen or antibodies and are considered common diagnostic tools
due to their ability to be used near the patient which is in part due
to the higher stability of the LFIA (antigen and antibodies)
compared to molecular diagnostic assays (e.g., RT-PCR) [63]. This
stability allows for more reliable point-of-need detection as they
are less likely to degrade during transport and storage. Several
studies suggest that salivary antigen testing has reasonable power
to diagnose SARS-CoV-2 infection [64,65]. However, little is known
about diagnostic accuracy in clinical practice, which can vary
significantly from manufacturer claims. Manufacturers often state
sensitivity of about 95% (94.3% in the case of the test mentioned
below) [65]. These sensitivities need to be reassessed as new var-
iants emerge. According to the National Institutes of Health (NIH),



Fig. 4. Schematic representation showing the structure of SARS-CoV-2 virus and various detection methods: (a) viral components and human response; (b) biomarkers for
detection; and (c) common laboratory tests. The image was created with Biorender.
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rapid antigen tests continue to detect cases of the Omicron variant,
although “reduced sensitivity” has been noted in early laboratory
studies with some brands [66,67].

Antibodies are produced as an immune response to infection by
a pathogen such as viruses, bacteria, fungi, etc. The presence of an
antibody targeting specific species may indicate a topical (i.e.,
initial antibodies formed by the body when fighting a new infec-
tion) or past infection (i.e., antibodies formed after infection or
immunization). Similarly, IgM, IgA, and IgG immunoglobulins are
produced by the immune system to protect against the SARS-CoV-2
Fig. 5. Timeline for SARS-CoV-2 infection and COVID-19 positivity tests versus th
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virus, which can serve as indicators of infection (Fig. 5). For
example, the production of IgM initially increases in the first phase
of infection and then rapidly decreases, while IgGs are produced in
the second phase and remain in the blood after recovery [68]. LIFA
antigen tests can detect SARS-CoV-2 infection in serum a few days
after acute infection. However, they are not typically used to di-
agnose acute SARS-CoV-2 infection in the clinical setting. LIFA
antibody testing can identify individuals with subsiding or past
SARS-CoV-2 infection, which helps scientists and health care pro-
fessionals better understand the epidemiology of SARS-CoV-2.
e molecular diagnostic assays (PCR). The image was created with Biorender.



Fig. 6. Schematic representation of colorimetric LFIA of SARS-CoV-2 virus upon loading the sample and buffer solution to the nitrocellulose pad: (a) The antibodies specific to the
virus (IgG, IgM) bind to the viral antigens and form antigen-antibody complexes. (b) When the antigen-antibody complexes flow to the secondary antibodies (antihuman IgG and
antihuman IgM antibodies), the antigen-antibody complexes bind to the secondary antibodies and form sandwiches of antibodies (IgG, IgM) between the viral antigen and the
secondary antibodies. (c) In a negative sample without SARS-CoV-2 specific IgG and IgM, only the control line is stained. The image was created with Biorender.
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As shown in Fig. 6, LFIA tests use capillary force and antibody-
antigen interaction to separate the components of a mixture (i.e.,
a sample). Two types of host antibodies (IgG, IgM) are transferred
through the nitrocellulose membrane (adhesive pad) and interact
with SARS-CoV-2 antigens and secondary antibodies immobilized
on the surface. The analytical solution flows through the sample
pad by capillary force and reaches the conjugation pad modified
with labeled viral antigens. Typically, Au NPs modified with anti-
bodies against human IgG (Au NPs-anti-IgG) are used for visual
colorimetric readout from the conjugate pad. As the sample moves
along the test strip under capillary force, the IgG binds to the Au
NPs-anti-IgG in the conjugate pad. The complex formed is then
transferred to the membrane, where it binds to the nucleocapsid
protein and forms a colored line. Meanwhile, the unbound Au NPs‒
anti-IgGs bind to the polyclonal antibodies on the control line and
form another colored line indicating a positive test result. In the
absence of target IgGs, only one colored line is formed in the control
area, indicating a negative test result.

LIFA antigen tests were found to be 103-fold less sensitive than
virus culture, while it was 105-fold less sensitive than RT-PCR. The
rapid antigen test detected between 11.1% and 45.7% of RT-PCR
7

-positive samples from SARS-CoV-2 patients [69]. Recent studies
evaluated the performance of the commercially available rapid
antigen assay (BIOCREDIT COVID-19 Ag assay) for the detection of
the SARS-CoV-2 virus and compared it with RT-PCR. This showed
that the detection limits varied widely between the rapid antigen
test, virus culture, and RT-PCR [69]. Corman and coworkers [70]
compared the analytical sensitivity and specificity of antigen POC
tests from seven vendors in a single-center laboratory study.
Among 138 clinical specimens with quantified SARS-CoV-2 viral
load, approximately 95% of test results were positive for six of seven
antigen point-of-care tests, ranging from 2.07 � 106 and 2.86 � 107

copies per swab (RapiGEN BIOCREDIT COVID-19 Ag Kit) at
1.57 � 1010 copies per swab. The authors concluded that the
sensitivity range of most rapid antigen tests overlaps with SARS-
CoV-2 viral loads typically observed in the first week of infection
(symptoms), which marks the infectious period for most patients
[70].

5.2. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a sensitive, high-throughput laboratory test that can
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detect both viral antigens and host antibodies to a specific antigen.
This test uses multiwall-plates coated with antibodies specifically
directed against SARS-CoV-2 antigens (Fig. 7). By placing the pa-
tient's samples into the wells, the target SARS-CoV-2 antigens are
captured. Next, enzyme-conjugated secondary antibodies are
added for signal generation. ELISA can also be performed to detect
antibodies to SARS-CoV-2 antigens as recognition agents. The se-
lection of a viral antigen with high selectivity for the targeted
antibody is critical for the construction of an efficient ELISA assay.
Therefore, a comparison was performed between three ELISA sets
using different viral antigens (N protein, S1 subunit, and RBD of S
protein) [71]. The results suggest that the detection of N and RBD
ELISA is more sensitive than the S1 ELISA test in patients with mild
COVID-19 infection [71], but more data are needed to obtain a
statistically robust result. The presence of IgG and IgM antibodies in
the sera of 214 COVID-19 patients was investigated using N- and S-
protein ELISA assays [72]. The results showed that S-protein ELISA
tests had slightly higher sensitivity than N-protein ELISA tests.
Further studies are needed, but it seems that the detection sensi-
tivity for S and N proteins is not significantly different.

ELISA assays of SARS-CoV-2 take two to 4 h [73,74] with an
analytical sensitivity in the picomolar (pM) range. The NovaLisa®
SARS-CoV-2 (IgG/IgM/IgA ELISA kits) is intended for the qualitative
detection of antibodies to the SARS-CoV-2 virus in human serum.
The ELISA kits have high clinical sensitivity (the ability of a test to
correctly identify patients with a disease) (100%) and specificity
(98%) compared with RT-PCR. Domenico and colleagues con-
structed an ELISA assay for SARS-CoV-2 detection using antibody-
functionalized PVDF (polyvinylidene difluoride) membranes. The
easily transportable ELISA kit achieved a detection limit of 2 pg mL�1

[75]. In a study of 133 COVID -19 patients, including mild, severe,
and critical cases, the results of RT-PCR and ELISA tests were
compared [76]. Positive RT-PCR results were obtained in 66% of
mild cases, 71% of severe cases, and 68% of critical cases, while the
serological test showed the presence of IgM/IgG in 80%/93% of mild
cases, 83%/100% of severe cases, and 73%/97% of critical cases. This
Fig. 7. Sandwich ELISA for the detection of SARS-CoV-2 antigens. (a) Microwell Plate coat
antigens, (c) Washing to remove bound antigens, then add primary antibodies, (d) Washin
secondary antibodies, (e) After washing to remove the unbound secondary antibodies, the
color that depends on the presence and concentration of the viral antigen; then the stop so
used to detect the presence and concentration of the viral antigen in the sample. The imag
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result proves that ELISA for antibody detection is useful as an
additional diagnostic tool for RT-PCR [76].

5.3. Biosensors

A biosensor is an analytical device in which a recognition
element (e.g., an antibody, enzyme, nucleic acid, peptide, etc.) is
connected to a transducer to realize a chemical binding event for
quantitative detection of a specific analyte [77]. Biosensors can
detect various targets, such as toxins inwater [78], allergens in food
[79], biomarkers for chronic diseases [80], blood glucose [81],
bacteria [82], biofilms [83], and drugs [72]. They are also used to
detect various respiratory viruses, which can provide miniaturized,
low-cost, sensitive, portable, and rapid platforms compared to
conventional laboratory-based methods [73]. Fig. 8 shows the
sample collection and extraction steps for biosensor-based COVID-
19 detection. After sample extraction from the patient, the specific
binding event between the analyte and the receptor is detected by a
transducer (e.g., optical, electrochemical, piezoelectric, etc.) [84].
Electrochemical biosensors have several positive attributes such as
high sensitivity, ease of operation, cost efficiency, and the possi-
bility of miniaturization, making them among the most suitable
biosensors for POC applications as proven by the 4 billiuon glucose
test strips sold annually.

An in-house built electrochemical biosensor called eCovSens
was fabricated using a fluorine-doped tin oxide (FTO) electrode
conjugated with gold nanoparticles (Au NPs) and SARS-CoV-2
monoclonal antibodies. The sensor detects SARS-CoV-2 spike an-
tigen in the range of 1 fM to 1 mM with a LOD of 90 fM within only
30 s [85]. An impedimetric biosensor was developed for label-free
and rapid detection of antibodies against the SARS-CoV-2 virus
[86]. RBD was immobilized on an array of interdigitated electrodes
in 16-well plates as a receptormoiety, whichwas then evaluated for
detection of monoclonal antibodies against the SARS-CoV-2 virus.
The electrochemical sensing platform was able to separate the
positive clinical samples from the control samples and the results
ed with the capture antibody, (b) Addition of the patient sample containing the viral
g to remove the unbound primary antibodies, then the addition of the enzyme-bound
substrate is added and converted by the enzyme into a detectable form by assuming a
lution is added to terminate the enzyme-substrate reaction, and (f) The ELISA reader is
e was created with Biorender.



Fig. 8. Schematic representation of COVID -19 in the context of biosensor technologies: (a) sample collection, (b) extraction of antigens and antibodies; and (c) biosensor detection
methods. The image was created with Biorender.
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correlated with a standard ELISA assay [86]. The key advantage of
this approach is that no luminescent or redox-active labeling is
required. A field-effect transistor biosensor (FET) was developed for
the detection of SARS-CoV-2 virus spike protein in a clinical sample
[87]. The FET biosensor is based on graphene nanosheets conju-
gated with monoclonal antibodies on the gate electrode and ach-
ieved a detection limit of 100 fg mL�1. The sensor was able to
distinguish between healthy controls, MERS-CoV protein, and
COVID-19 patients. Electrochemical transistor biosensor-based self-
assembled monolayers (SAMs) were developed for rapid detection
of SARS-CoV-2 antigens in complex body fluids (Fig. 9) [88]. The
sensors combine a solution-processable conjugated polymer in the
transistor channel on disposable gate electrodes. The sensor
showed a sensitivity of over 8 orders of magnitude (attomolar to
nanomolar) after a 10-min exposure of 5 ml of untreated samples
(saliva and serum). The sensor was able to distinguish between
MERS-CoV protein and SARS-CoV-2 with awide range of viral loads
[88].

A local surface plasmon resonance (LSPR) biosensor for S protein
was constructed using monoclonal antibodies on a nanoplasmonic
9

chip surface [89]. The biosensor used a uniform nanocup pattern on
the sensor chip to improve the optical sensing performance and Au
NPs functionalized with antibodies provided further signal
enhancement. The sensor showed a linear detection range of 102-
107 viral particles (vp) mL�1 with a detection limit of 370 vp mL�1

[89]. Another optical biosensor for S protein was developed using
aptamers as receptors on a fiber optic sensing platform [90]. A
nucleic acid receptor for RBD of spike glycoprotein was immobi-
lized onto a gold-coated fiber optic probe using short PEG chains
and biotin-streptavidin biorecognition chemistry. Upon binding of
the virus particles, the refractive index of the gold surface changes,
resulting in a red-shifted resonance signal. The aptamer optical
probe achieved a LOD of 37 nM for protein S in PBS and 75 nM in
diluted human serum. Elledge and colleagues developed a lumi-
nescent biosensor using a cleaved nanoluciferase enzyme consist-
ing of two units (SmBiT and LgBiT) for anti-SARS CoV-2 detection
[91]. Each of these fragments was coupled with viral antigens that
bind to two adjacent binding sites (Fab arms) of the target antibody.
Such a binding event brings the SmBiT and LgBiT fractions of the
cleaved enzyme into proximity, resulting in the generation of a



Fig. 9. Single-molecule detection of SARS-CoV-2 and MERS antigens using nanobody functionalized organic electrochemical transistors: (a) The electrode is exposed to a sample
(saliva) in a buffer solution. (b) Functionalization of the gold electrode surface and bio-recognition of the SAM layers (Chem-SAMs and Bio-SAMs) bind to the antigens on the virus
surface. (c) Molecular architecture of the composite layers and binding of the antigen to the modified gold electrode surface. © Nature, 2021 [88].
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luminescent signal. The proposed enzyme-labeled sensor showed a
sensitivity of 89% for antibodies to S and 98% for antibodies to
targeting when 150 patient samples were evaluated [91].

Photonic crystals (PC) serve as optical sensing platforms with
the advantages of lowcost, high sensitivity, and short measurement
time. Zhao and co-workers employed a PC biosensor modified with
recombinant spike protein for IgG detection [92]. The analyst was
sandwiched between the receptor S and secondary antibody con-
jugated Au NPs to form an immunocomplex which was then
imaged with photonic resonator absorption microscopy (PRAM) for
digital counting. The one-pot, 15-min long assay achieved a LOD of
26 pg mL�1 and a linear detection range of 0.1 ng mL�1 to
100 ng mL�1 for the diluted IgG spiked serum samples. Drain and
colleagues [93] have developed a microfluidic immunoassay called
LumiraDx to detect N for POC applications. Fluorescent latex par-
ticles conjugated with N-specific antibodies form complexes in the
microchannels of the test strip after binding. Clinical tests per-
formed with LumiraDx on 512 patients showed a clinical sensitivity
of 98% and a specificity of 97% for nasal swabs and a sensitivity of
98% and a specificity of 98% for nasopharyngeal swabs within 12
days of symptom onset. Shan et al. [94] reported a nanomaterial-
based sensor array with multiplexing capabilities for detecting
and monitoring COVID-19 in exhaled air. The sensors are composed
of different Au-NPs linked with organic ligands, resulting in a
multilayered sensor layer that can swell or shrink upon exposure to
volatile organic compounds (VOCs), leading to changes in electrical
resistance. Training and test data showed 94% and 76% accuracy,
respectively, in distinguishing patients from controls, and 90% and
95% accuracy, respectively, in distinguishing patients with COVID-
19 from patients with other lung infections.
5.4. Spectroscopic methods

Rapid detection of viral infections using UVeVis spectroscopy
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[83], Raman spectroscopy [95], and Attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) [96,97] have
been reported for predicting SARS-CoV-2 in blood, sera, plasma,
infected cells, among others [98]. Zhang and coworkers [98] used
ATR-FTIR for a SARS-CoV-2 detection in a time of 2e3 min using
only ~3 mL of serum sample. The ATR-FTIR test can distinguish
SARS-CoV-2 from normal controls, and common respiratory viral
infections using the area under the characteristic curve (AUROC) of
0.9561 (95% CI: 0.9071e0.9774). Kitane and coworkers [99] re-
ported a reagent-free quantitative spectroscopic detection of SARS-
CoV-2 based on a multivariate analysis of FTIR spectra of RNA ex-
tracts. In agreement with RT-PCR, this technique achieves 98% ac-
curacy, 97% sensitivity, and 98% specificity. Similarly, Carlomagno
et al. [89] developed an innovative Raman spectroscopy-based
approach to detect current and past SARS-CoV-2 infections using
samples from SARS-CoV-2 patients with sensitivity and specificity
greater than 95% [100]. Several structural details distinguish SARS-
CoV-2 from the newly discovered variants and can be detected in
the Raman and FTIR spectroscopy [101].
6. Nucleic acid targeting detection techniques

Nucleic acid-based assays directly detect the presence or
absence of viral genomic RNA, allowing such a method to deter-
mine by quantificationwhether or not a person is currently infected
and contagious. Nucleic acid-based methods allow specific and
sensitive detection of viral genetic material extracted from the
patient sample. The gold standard method for SARS-CoV-2 diag-
nosis is nucleic acid-based detection tests, including RT-PCR [22].
To establish the nucleic acid-based diagnostic tools for COVID-19
infection, high-throughput sequencing was initially used to iden-
tify SARS-CoV-2 virus infections. After the identification of the
SARS-CoV-2 virus, the entire genome was sequenced, which
enabled the development of specific nucleic acid-based detection



Table 1
The sensitivity rate of SARS-CoV-2 virus detection in various body fluids is based on
viral nucleic acid using RT-qPCR.

Body fluid Numbers of samples Positive rate Reference

Nasopharyngeal swab 132 38.13 [116]
Sputum 132 48.68 [116]
Blood 132 3.03 [116]
Feces 132 9.83 [116]
Anal swabs 132 10.00 [116]
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methods [102]. The following subsections summarize the existing
examples of nucleic acid-based detection of SARS-CoV-2 in
conjunction with RT-PCR, RT-LAMP, microarrays, CRISPR RNA
sequencing, and biosensors. Interestingly, currently available RNA-
based diagnostic kits continue to detect the Omicron variant.
However, the U.S. Food and Drug Administration (FDA) has iden-
tified only three SARS-CoV-2 molecular tests that fail to detect the
Omicron variant because these kits produce false-negative results.
Saliva 12 91.7 [117]
Stool (Feces) 42 66.67 [118]
Stool (Feces) 10 100 [119]
Nasopharyngeal swab 10 100 [119]
Urine 10 0 [119]
Nasopharyngeal swabs 38 73.7 [120]
Ocular abnormalities 38 91.7 [120]
Tears 38 Low prevalence [120]
Semen 38 15.8 [121]
6.1. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Polymerase chain reaction (PCR) is a molecular biology tech-
nique used to amplify the targeted DNA fragments. Since the ge-
netic material of SARS-CoV-2 consists of positive-stranded RNA
rather than DNA, a reverse transcription step is required to produce
cDNA (complementary DNA) from the viral RNA, which serves as a
template for PCR amplification (Fig. 10). After heat denaturation
and the annealing step, the primer is extended (elongated) using
DNA polymerase. Oligonucleotides with a fluorescent dye and a
quencher at each end are used as detection probes to simulta-
neously monitor the level of amplification. The designed detection
probes bind specifically to the amplified cDNA. During the syn-
thesis of a new strand, DNA polymerase cleaves the fluorophore-
labeled probe, resulting in the separation of the dye and
quencher. This uncoupling event recovers the previously quenched
fluorescence activity, which increases with the number of amplified
target sequences [103].

The complete sequence of SARS-CoV-2 enabled the develop-
ment of specific primers for spike protein sequence to detect and
differentiate SARS-CoV-2 [104]. Since then, several other primers
and probes targeting different genomic regions in the SARS-CoV-2
virus, including the RdRp gene, the E gene, the N ORF8, or ORF1b
sites, have been developed for the detection and quantification of
SARS-CoV-2 infection in different body fluids [88,89]. Although the
RT-PCR represents the gold standard method for SARS-CoV-2
Fig. 10. Schematic representation of nucleic acid detection of SARS-CoV-2 by RT-PCR assa
denaturation, (d) primer annealing, (e) primer elongation by DNA polymerase enzyme, (f)
primers and probes for screening. The image was created with Biorender.
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detection due to its high sensitivity, there are some limitations of
real-time RT-PCR including false-negative results that may be
caused by the variation of the viral RNA sequence, low viral load,
poor or inappropriate sample collection [107,108]. To address these
issues, test results with different primers for the same target gene
should be compared and merged with a medical history and other
clinical information to determine the patient's infection status
[109]. Nevertheless, the high cost, the need for technical personnel
and equipment, and the time-consuming procedure remain the
major drawbacks of this technique.

The RT-PCR tests for SARS-CoV-2 are mainly applied to speci-
mens obtained by swabbing the upper respiratory tract. However,
in some studies, RT-PCR is also performed with ocular secretions,
stool, and serum [110]. The different sensitivity rates obtained for
RT-PCR can be explained by the differences in disease stage, viral
copy number in patient samples, and mutation rate of the viral
genome [108,111]. Table 1 lists the different sensitivity levels of RT-
y. (a) RNA extraction, (b) reverse transcription, (cee) PCR amplification by (c) c-DNA
detection steps with TaqMan probe, (g) RT-qPCR instrument, (h) signal results, and (i)
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PCR for the samples obtained from different body fluids. The pos-
itive ratio of SARS-CoV-2 from different samples was compared
using three different fluorescent RT-PCR kits. Viral RNA was
detected in oropharyngeal samples from 9 of the 19 patients, and
viral nucleic acid was also detected in stool samples from eight of
these nine patients. Significantly, no positive results were obtained
in blood or urine samples. All three different kits used in this study
showed the same results, and the positive rate of viral nucleic acid
detection was only 47% in patients who required a secondary
diagnostic method such as computed tomography (CT) [112]. The
detection sensitivity of RT -qPCR diagnostic tests is reduced when
the mutations occur at the sites where the primers and/or probes
bind to the viral genome, and consequently, the diagnostic per-
formance of the new variant may be compromised [113]. Some
recent reports suggest that a high percentage of RT-PCR primer
binding sites aremutated [114]. To date, hundreds of RT-PCR kits for
SARS-CoV-2 diagnosis are available on the market, some of which
are approved by the Food Drug Administration (FDA) or their
country of origin authority for emergency use, but many of them
also lack independent clinical performance evaluation [115].

The main challenge with nucleic acid detection methods based
on reverse transcription (RT), such as RT-qPCR, is that thesemethods
require a high-quality RNA template [122]. RNA is susceptible to
degradation by ribonucleases (RNases) in the environment, which
hinders the widespread use of reverse transcription-based bio-
assays. In addition, there is a risk of false-negative results if the
Fig. 11. An illustration shows the RT-LAMP procedure and results. (1) Collection of nasoph
amplification, (4) addition of reagent and incubation at 65 �C for 30 min. Depending on the
phenol red, the medium is acidified after DNA amplification, (5b) hydroxy naphthol blue v
intercalating dyes such as SYBR green and displacement probes can be used as fluorescent
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conditions for the production of the RNA template for reverse
transcription cannot be met. To avoid this drawback, a ligation and
recombinase polymerase amplification (L/RPA) assay was developed
for the rapid detection of SARS-CoV-2. However, ligase-based stra-
tegies usually have the problem of low efficiency in RNA templates.
Therefore, Wang and co-workers [28] developed a L/RPA bioassay
for the rapid detection of SARS-CoV-2 on the N and ORF1ab genes
targeting the specific biomarkers. The authors overcame the prob-
lem of the low efficiency of the RNA template method by using a
high concentration of T4 DNA ligase and taking advantage of the
high sensitivity of recombinase polymerase amplification. By
selecting ligation probes and optimizing the recombinase-
polymerase amplification primers, the assay achieved a satisfac-
tory sensitivity of 10 viral RNA copies per reaction, which was
comparable to RT-qPCR. However, the developed L/RPA bioassay
could be performed in less than 30min using a simple procedure, so
no complicated thermocycling equipment was required.

6.2. Reverse transcription loop-mediated isothermal amplification
(RT-LAMP)

RT-LAMP enables one-step reverse transcription and visualiza-
tion by color change without complicated laboratory equipment.
The RT-LAMP is an assay that combines a standard test LAMP with
reverse transcription to detect viral RNA in as short as 20 min [123].
It can be used to detect the nucleic acid sequence of SARS-CoV-2 in
aryngeal swabs or saliva samples, (2) extraction of viral RNA in 10e30 min, (3) RNA
reagent and reaction conditions, different colors are observed: (5a) pH change due to
aries from purple to sky blue as a result of reduced Mg2þ in the amplified DNA, (5c)
indicators. The image was created with Biorender.
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oropharyngeal swabs, saliva, nasopharyngeal swabs, and serum
[124]. RT-LAMP is based on the mechanism of autocyclic strand
displacement of DNA synthesis under isothermal conditions. This
method bypasses the PCR high-temperature melting step by using a
strand displacement DNA polymerase linkage with 4e6 specially
designed primers against specific coronavirus genomes, including
the ORF1ab gene, the S gene, the RdRp gene, and the N gene, to
achieve highly specific DNA amplification, e.g., 109 to 1010-fold
amplification in 15 mine60 min at ~65 �C [125]. After amplification,
viral DNA can be detected by the naked eye or photometrically, as
magnesium pyrophosphate is produced and precipitated in the re-
action mixture, resulting in femtomolar turbidity of the amplifica-
tion product [126]. The amplified genome can be analyzed visually
using metal-sensitive indicators, pH-sensitive dyes, gel electropho-
resis, turbidity measurements after magnesium pyrophosphate-
induced precipitation, and fluorescent dyes (Fig. 11) [127].

RT-LAMP is particularly advantageous for the detection of viral
nucleic acids because it can be performed with the naked eye [127].
Of note, RT-LAMP has higher specificity and sensitivity, with no
false-positive results reported [120]. In addition, the reagents are
relatively inexpensive and can be stored at room temperature.
Moreover, RT-LAMP can detect viral RNA as low as 480 RNA copies
without interference [103]. The major challenge for RT-LAMP as-
says is that they are not as useful for mass testing as RT-PCR
Fig. 12. Nucleic acid hybridization using DNA microarray. Fluorescent labeled viral and refere
(a) COVID-19 cDNA is indicated by the red fluorescence, (b) Overlaid fluorescence pattern, an
Biorender.
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bioassays. Huang and co-workers [128] recently developed a rapid
SARS-CoV-2 diagnostic kit that is performed in one-step RT-LAMP,
which enables to detection of the virus in 30 min. The whole re-
action can be performed in only 30 min at a constant temperature
of 65 �C. Such a test can identify virus-infected patients at an early
stage, with a detection limit of 80 copies of viral RNA per mL of
sample. The performance of the RT-LAMP assay needs further
investigation when testing SARS-CoV-2 variants. For example, the
Omicron variant contains a mutation in a region of the E gene that
is targeted by the RT-LAMP -primers in some commercial kits.
Given the location of this mutation and the general tolerance of RT-
LAMP to point mutations, the manufacturers do not expect signif-
icant effects on test performance with the Omicron variant
(B.1.1.529). In 2022, Yajuan Dong and his research group developed
a high-fidelity DNA polymerase medicated probe-based multiplex
system (HFman probe), which is a specific RT-LAMP assay for the
detection of two different genes (ORF and E) of SARS-CoV-2 with
94.5% sensitivity, 100% specificity, and 96.8% consistency against
RT-qPCR assay on purified RNA [29].

6.3. Microarray-based diagnostics

DNAmicroarray is amolecular biology technique that can quickly
and efficiently analyze the expression of a specific gene. To detect
nce cDNA are placed into the microarray wells functionalized with specific DNA probes.
d (c) Reference cDNA is indicated by the green fluorescence. The image was created by
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viral RNA by microarray-based assays, viral RNA is first converted
into cDNA [129]. Solid-phase oligonucleotides fixed on microarray
plates are selectively hybridized with the desired cDNAs (Fig. 12).
The speed, accuracy, and specificity of the microarray detection
technique make it a superior tool for the detection of SARS-CoV-2
[130]. The microarray assays were used to detect SARS-CoV-2 in
the patient samples using 60-mer oligonucleotides against the
sequence of TOR2 [131]. Because rapid and unpredictable mutations
occur in SARS-CoV-2, a newmicroarray technique was developed to
detect 24 single nucleotide polymorphisms and mutations in the
gene encoding the spike (S) protein of SARS-CoV-2 with 100% ac-
curacy [132]. Recently, new microarray assays for the detection of
various mutant SARS-CoV-2 viruses have been presented [129]. For
example, Damin and coworkers [30] established a SARS-CoV-2
microarray for the detection of viral RNA in nasopharyngeal swabs
with a sensitivity that matches the RT-PCR. RNAwas extracted from
the collected samples and cDNA was synthesized using reverse
transcriptase. After PCR amplification of the cDNA and denaturation,
the amplicons were spread on the microarray of N1 and N2 virus
and human RPP30 target oligonucleotides. Such an assay could
distinguish a false-negative clinical sample, and because of its high
sensitivity, it allows the detection of viral markers with a lower
number of PCR cycles compared with RT-PCR. Unfortunately, this
method does not allow the diagnosis of some viral genes in volume-
limited samples and is relatively expensive [133].
Fig. 13. Schematic representation of nucleic acid detection of SARS-CoV-2 using CRISPR/Cas a
extracted nucleic acid. (c) Construct the guide RNA. (d) Cas13 uses the guide RNA to find i
occurs between fluorescence and quencher. (f) The detection of nucleic acid using agaros
Biorender.
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6.4. Clustered regularly interspaced short palindromic repeats
(CRISPR)

CRISPR technology, which evolved from the adaptive immunity
method of prokaryotes to prevent interference with exogenous
DNA, opened a new field for genome engineering and diagnostic
tools [134e137]. The exploration of CRISPRs and CRISPR-associated
genes (CRISPR-Cas), which are present in most archaeal and many
bacterial genomes, led to the development of CRISPR-Cas systems
[131,132]. CRISPR-Cas nucleases are classified into 2 classes, 6 types
and 33 subtypes [138]. Among the various CRISPT-Cas, Cas13,
which was discovered in 2015 and classified as class 2, type VI
[139], is used in various biotechnological applications, including
specific RNA editing, knockdown, and transcript tracking, and
nucleic acid detection [140e143]. The CRISPR-Cas13 system is
relatively simple in design, and its activity requires only one
molecule of Cas13 enzyme and one crRNA molecule [144]. In
addition to specific cleavage of target RNA, a very important
property of Cas13 is its collateral activity, i.e., cleavage of non-target
RNA upon recognition of the target RNA [145]. Fig. 13 shows a
schematic representation of the nucleic acid detection of SARS-
CoV-2 using CRISPR/Cas assays.

Abudayyeh et al. demonstrated that rapid nonspecific collateral
RNase activity of other RNAs in the in vitro reaction mixture
occurred after specific RNA target recognition by CRISPR-Cas13
ssays. (a) RNA is extracted from patient spacemen. (b) DNA must be amplified from the
ts target. (e) Label the target RNA by reporter molecules that fluoresce when cleavage
e gel, lateral flow strips, and fluorescence visualization. The image was created with
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[140e145]. Similarly, the collateral activity of Cas13 was used to
increase fluorescence after cutting RNA labeled with a fluorophore
quenching reporter [146]. Gootenberg et al. [147] established the
highly sensitive enzymatic reporter unlocking system (SHERLOCK)
by modifying the CRISPR-Cas13 method by adding an isothermal
amplification step using recombinase polymerase amplification
(RPA), which showed sensitivity up to 100% and specificity of ~93%
with a negative predictive value of ~92.9% when it was used to
detect S1, ORF3 and ORF8 regions of the SARS-CoV-2 virus from the
nasopharyngeal swabs [147]. While the T7 RNA polymerase step
facilitates the transcription of amplified DNA into RNA [143]. The
SHERLOCK opens up new possibilities for the rapid and sensitive
detection of DNA or RNA molecules, including the detection of
nucleic acids of specific viruses such as Zika and dengue viruses
[143e146,148]. In addition, this method has been used as a COVID-
19 diagnostic tool using Cas13, which can excise reporter RNA se-
quences in response to activation by SARS-CoV-2-specific guide
RNA [149].

To modify the SHERLOCK system, the technique of heating
unextracted diagnostic samples to eliminate nucleases (HUDSON)
was developed to minimize the number of steps and the cost of the
assay. Heating and chemical reduction have inactivated both the
virus and nucleases in clinical specimens so that they could be used
directly, without nucleic acid extraction, for detection with the
SHERLOCK system [141]. To further simplify virus detection,
including SARS-CoV-2, the STOP (SHERLOCK testing in one pot)
assay was recently developed. The assay can be performed in less
than 1 h with minimal equipment and combines viral RNA
extraction, isothermal amplification, and SHERLOCK detection
[150]. Another modification of CRISPR assays is diagnosis with
enzymatic coronavirus reporting (DISCoVER). This assay combines
HUDSON with LAMP amplification and T7 RT for stronger amplifi-
cation of the target RNA [151].

Fozouni et al. presented several advances in the Cas13
Fig. 14. Detection of SARS-CoV-2 RNA by antisense oligonucleotide (ASO)-capped Au NPs w
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diagnostic system, including increased sensitivity, viral load
quantification, and simple and inexpensive signal detection [152].
Combinations of crRNAs allowed more Cas13a to be activated per
target RNA, resulting in increased sensitivity (~100 copies mL�1)
without requiring amplification of the target RNA. The omission of
amplification allowed direct quantitative monitoring of viral load
because the signal was a direct translation of the amount of target
in the sample. Another advancement is the use of cell phone
cameras instead of specialized laboratory equipment to quantify
the fluorescent signal generated by the collateral activity of Cas13.
Another approach is to cut the reporter RNA with Cas12a to detect
viral genomic sequences of the N gene and the E gene, and then
amplify the target isothermally, resulting in visual analysis with a
dye [153].

CRISPR assays are preferred because they do not require
complicated instrumentation and viral detection can be easily read
with paper strips without compromising sensitivity or specificity
[106]. However, CRISPR assays require expert personnel and
nontrivial reagents. Other difficulties include lack of assay stan-
dardization, sequence limitations, and limited literature on CRISPR
assays. In addition, an additional step of DNA amplification is often
required to lower the detection limit. Because of these features,
CRISPR assays are less economical than RT-LAMP and RT-PCR [154].
The US Food and Drug Administration (FDA) has approved the first
CRISPR-based detection kit against SARS-CoV-2, providing results
in approximately 1 h [155]. A major drawback of this technique is
the nonspecific binding of the single guide RNA to the genome,
which leads to inaccurate results [155].

6.5. RNA sequencing

Next-generation sequencing (NGS) is a high-throughput
sequencing technique based on capillary electrophoresis. First,
the genomic strand is fragmented, and then the fragments interact
hich allow the viral detection via naked-eye [159]. © American Chemical Society, 2021.



Table 2
Summary for different laboratory based diagnostic techniques.

Detection technique Sample Analyst Duration Advantages Disadvantages Ref

ELISA Whole blood, plasma,
serum

Viral antigen, host
antibody

1e3 h - Able to test multiple
samples

- Relatively simple and
cheap

- Requires medical staff and special
equipment

- Multistep process

[164]

LFIA Whole blood, sweat,
urine, serum, and saliva

Viral antigen, host
antibody

15 min - Simple and rapid
- Low-cost
- No need for washing
steps

- High ratio of false-negative results [162]

RT-PCR Nasopharyngeal swab,
stool, sputum

Viral RNA <2 h - High sensitivity and
selectivity

- Early detection of low
viral titers

- Time-consuming
- False readings due to cross-
reactivity or low viral load

[36,105,165]

RT-LAMP serum, stool,
Oropharyngeal swabs,
saliva, nasopharyngeal
swabs

Viral RNA <1 h - No false-positive results
reported so far

- Faster than conventional
RT-PCR

- Relatively cheap and
stable reagents

- Results are seen by the
naked eye

- Difficult to optimize its primers and
reaction conditions

[166,167]

Microarray techniques Viral RNA 10 min - High output technique
- Fast detection

- Expensive oligonucleotides needed [133]

CRISPR Broncho alveolar lavage
fluid, and nasopharyngeal
swab

Viral RNA <40 min - Easy-to-perform and
low cost.

- User-friendly paper
strips to detect the virus

- Non-specific binding may cause
inaccurate readings

[106,168]

Next-generation
Sequencing

Nasopharyngeal Swab Viral RNA 1e2
days

- High sensitivity and
specificity

- Identification of a novel
strain is possible

- High expertise and advanced
equipment needed

[156]

FTIR spectroscopy Serum
Saliva

Function groups of
different biomolecular
compounds.

Several
min

- Label-free sample
- Low cost.
- Rapid test.
- No reagent is required.
- High sensitivity.
- Non-invasive analytical
technique

- Lower specificity compared to the
antibodies-mediated detection,

- Can't be used as a diagnostic
technique

[96,97]

Raman spectroscopy Saliva
Serum

RNA
Immunoglobulins (IgM
and IgG).

Several
minutes

- High sensitivity
- High selectivity
- Early detection in
asymptotic patient

- Requirement of additional
laboratory-based assays.

[169,170]

UVevis spectroscopy Saliva Spike protein (Antigen
detection)

Few min - High selectivity
- High sensitivity due to
surface Plasmon
resonance (SPR)

- Requirement of additional
laboratory-based assays

[95]

Electronic Biosensor
(Transistor based
biosensor)

Nasopharyngeal swab Spike protein (Antigen
detection)

Few min - High sensitivity
- High selectivity
- Label-free sample
- Rapid

- Large specific surface area of
graphene

[87]

Piezoelectric biosensors Sputum swabs,
nasopharyngeal swabs,
and throat swabs

Spike protein (Antigen
detection)

Few min - Rapid
- Cost-effective
- High sensitivity
- High Specificity
- Label-free simple

- Inaccurate values for some samples [171,172]

Optical biosensors Saliva Spike protein
Antigen detection

10e30 s - No cross-reactivity
- High sensitivity
- Rapid detection
- In-house built
electrochemical device

- Cost-effective

e [85]

Serum and saliva Immunoglobulin's
antibodies (IgG, IgM,
and IgA)

e - Rapid detection
- Cost-effective
- High throughput

- Require a long incubation time of up
to 3 h for the saliva sample

[173]

Potentiometric biosensors Saliva Spike protein
Antigen detection

10 min - Sensor is reusable
- Rapid test
- Cost effective

e [174]

Amperometric biosensors SARS-CoV-2-S is produced
in mammalian hamster
CHO cells.

SARS-CoV-2-S is
produced in
mammalian hamster
CHO cells.

Few min - High sensitivity
- Rapid
- Simple test
- Cost-effective

- Inconsideration of the interference
of other similar biomolecules in
complex biological fluids

[175]

Voltammetric biosensors Nasopharyngeal swab Nucleocapsid protein
Antigen detection

15 min - Cost-effective
- Rapid response
- Label-free sample
- High sensitivity

- Cross-reactivity with SARS-COV [176]
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Table 2 (continued )

Detection technique Sample Analyst Duration Advantages Disadvantages Ref

- High specificity
Chemiluminescent

biosensors
Serum Immunoglobulin

antibodies (IgG, IgM,
IgA)

Few min - Highly sensitive and
specific

- The low no. of a participant in the
group make it difficult to build any
definitive conclusions

- The antibody/antigen combinations
affected by the severity of the
symptoms

[177]

Electrochemiluminescent
biosensors

Serum Spike protein
Antigen detection

e - High sensitivity
- High specificity
- It allows the detection of
SNPs in the viral RNA
sequence

- Require competing finances to be
applied

[178]

Fluorescence biosensors Nasopharyngeal samples Spike protein and
nucleocapsid protein
(Antigen detection)

10
e20 min

- Used for quantitative
detection

- Good stability
- High reproducibility in a
wide range.

- Use a smartphone App
for online detection of
COVID-19 patients

- Require competing finances to be
applied

[179]

Colorimetric
immunoassay

Nasal swabs and throat
swabs

Spike protein, envelope
protein, and membrane
protein
Antigen detection

3 min - Able to detect a low
concentration of the
viral load

- Rapid
- High sensitivity to the
viral virion

e [180]
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with the oligonucleotides of the known sequences. The bases of
each fragment are identified by the signals they emit using lumi-
nescent agents. Several NGS-based test kits are now available for
COVID-19 diagnosis. For example, the Chinese company BGI
Biotechnology has introduced a sequence detection kit that can
detect SARS-CoV-2 and other coronaviruses and respiratory dis-
eases [156]. In a study of 129 patients with suspected COVID-19
infection, NGS was used to confirm the false-negative or false-
positive results of RT-LAMP and RT-qPCR tests on 329 nasopha-
ryngeal swabs [157]. NGS is a rapid and accurate tool for obtaining
comprehensive genetic information, allowing a detection limit as
low as 10 copies$mL�1 for SARS-CoV-2 and serving as a reference
test for COVID-19, especially for samples with low virus content
[158]. On the other hand, it requires expensive chemicals and
equipment, which limits its application as a POC diagnostic tool.
6.6. Biosensors

Biosensors for viral gene analysis serve as a faster and less
expensive alternative to conventional RT-PCR. In particular, color-
imetric methods that allow selective detection by the naked eye
without advanced instrumentation are desirable for viral di-
agnostics in POC applications. Such an assay has been developed
using Au NPs in combination with N-directed antisense oligonu-
cleotides (ASOs-Au NPs) [159]. The ASOs-Au NPs agglomerated in
the presence of viral RNA, resulting in a shift in the SPR reaction.
Moreover, the addition of RNase H, which cleaved the phospho-
diester bonds of viral RNA, produced a visually observable precip-
itate in the sensor solution, while the ASO strands remained
unchanged. The ASOs-Au NPs-based biosensor was able to detect
the N gene in a dynamic range of 0.2e3 ng mL�1 with a LOD of
0.18 ng mL�1. Similarly, ASOs-Au NPs were also used to construct a
paper-based electrochemical genosensor, which was tested on
SARS-CoV-2 infected cells and clinical samples [160]. The electro-
chemical measurements performed with a self-developed circuit
resulted in a LOD of 6.9 copies$mL�1. In another study, the N gene
was detected using surface-enhanced infrared absorption spec-
troscopy (SEIRA)-based biosensor with an ssDNA probe as the
17
receptor. The thiolated probe DNA was immobilized on Au NPs
substrate to enhance the infrared absorption of the receptor-target
complex [161]. Selective binding of the N gene to the probe DNA
was detected by SEIRA spectra, which were statistically analyzed by
principal component analysis (PCA) to detect the positive and
negative SARS-CoV-2 cases. According to the recombinase-
polymerase amplification method, the proposed sensor could
detect viral RNA in samples as few as 2.98 copies mL�1 within
30 min.

Qui and co-workers combined LSPR transduction with plas-
monic photothermal effect (PPT) to develop an optical biosensor
with enhanced sensitivity [162]. Succinimide ester-functionalized
Au NPs were modified with DNA receptors complementary to
RdRp, ORF1ab, and E genes of SARS-CoV-2. Localized plasmonic
photothermal heat energy accelerated hybridization, resulting in
enhanced phase response. The dual-functional biosensor achieved
a detection limit of 0.22 pM and a recovery rate of 96% when tested
withmultigenemixtures [162]. Fig.14 shows the detection of SARS-
CoV-2 RNA using antisense oligonucleotide (ASO)-capped Au NPs,
which enable naked-eye virus detection [159].
7. Comparison of different diagnostic techniques

Clinical and nonclinical diagnostic methods based on antibody-
antibody detections have been partially effective in satisfying the
increasing demand for fast detection and slowing down the further
spread of SARS-CoV-2 [163]. However, a negative serological test
based on the antibody cannot exclude a previous infection with
SARS-CoV-2. Furthermore, optimal specimens for antibody testing
are acute and convalescent possibly two to four weeks after the
acute phase. Currently, RT-PCR is the most widely used method
worldwide for SARS-CoV-2 detection. Biosensors, RT-LAMP, NASBA,
CRISPR-Cas-based detection, and digital PCR are techniques that are
being used, with many of them awaiting diagnostic approval by the
relevant authorities. Optical and electrochemical biosensors can
serve as non-invasive, extremely sensitive rapid detection plat-
forms with sensitivity down to 1 fM concentration in a few mi-
nutes. These biosensors can be manufactured on a mass scale



Table 3
Summary for commercial SARS-CoV-2 diagnostic kits classified based on the detection method.

Method Commercial Name Measurement Target Specimen Time Accuracy Sensitivity Specificity Manufacturer website

Absoludy COVID-19 Ag (Manufactured by
Absology Co., Ltd.)

Semiquantitative Antigen Nasopharyngeal swab,
Oropharyngeal swab

5 min 97.9% 98% 99% www.absology.co.kr

COVID-19-CHECK-1 test (Manufactured
by VEDALAB, France)

Qualitative Antibody,
IgG, IgM
against N-
protein

Plasma, Serum, Whole blood 10 min 94.42%
(IgM þ IgG)

60.87% IgM
91.3% IgG

e www.vedalab.com

A&B RAPID TEST COVID-19 IgG/IgM
(Manufactured by A&B Professional)

Qualitative Antibody IgG,
IgM

Plasma, Serum, Whole blood 10 min 97.8% IgM
99.6% IgG
98.2%
(IgG þ IgM)

91.8% IgM
100% IgG
94.1%
(IgG þ IgM)

99.2% IgM
99.5% IgG
99.2%
(IgG þ IgM)

www.aebrapidtest.com

Chromatography
(Lateral flow
immunoassay)

COVID-19 PRESTO (Manufactured by AAZ-
LMB)

Qualitative Antibody,
IgG, IgM
against N-
protein

Plasma, Serum, Whole blood 11 min 100% IgG
100% IgM

100% IgG
100% IgM

100% IgG
100% IgM

https://www.
covid19aaz.com/

SC2Flu Triplex Fast Test (Colloidal Gold)
For SARS-CoV-2 & influenza A/B antigens
(Manufactured by AMPER INC)

Qualitative N-protein
Antigen

Nasal swab, Nasopharyngeal swab 15 min 100% 94.12% 100% http://www.amperbio.
com

Coronavirus Ag Rapid Test Cassette
(Manufactured by Healgen Scientific)

Qualitative Antigen Nasal swab, Nasopharyngeal swab 15 min 98.73% Nasal
swab
99.42%
Nasopharyngeal
swab

97.25% Nasal
swab
98.32%
Nasopharyngeal
swab

100% Nasal swab
99.6%
Nasopharyngeal
swab

https://www.healgen.
com/

VISION® COVID-19 AG RAPID TEST
(Manufactured by Vision Biocenology)

Qualitative N- protein
Antigen

Nasal swab, Nasopharyngeal swab 15 min 98.47% 97.57% 99.6% https://
visionbiotechnology.
com

Rapid COVID-19 Antigen Test (Colloidal
Gold)/Saliva
(Manufactured by Anbio (Xiamen)
Biotechnology)

Qualitative Antigen Saliva 15 min 99.52% 99.06% 100% www.anbio.com

SARS-CoV-2 IgG II Quant (Manufactured
by Abbott Ireland Diagnostics Division)

Quantitative Antibody, IgG
against S-
protein

Plasma, Serum 29 min 99.37% IgG 99.37% 99.55% www.corelaboratory.
abbott

ELISA COVID-19 TEST RAPIDO ANTIGENE
RICOV4 (Manufactured by Beijing North
Institute of Biotechnology CO.,Ltd)

Qualitative Antigen Nasal swab, Nasopharyngeal swab,
Oropharyngeal swab

20 min 97.4% 94.7% 99% e

Anti-SARS-CoV-2 RBD ELISA
(Manufactured by AUTOBIO
DIAGNOSTICS., LTD)

Quantitative Antibody Plasma, Serum 40 min 99.6% 97.89% 99.71% https://www.autobio.
com.cn/

Kewei COVID-19 total antibody ELISA Test
Kit (Manufactured by Beijing Kewei
Clinical Diagnostic Reagent Inc)

Qualitative Antibody Plasma, Serum 60 min 96% 94.71% 99.6% https://en.
keweidiagnostic.com/

COVID-19 IgA (Manufactured by DIA.PRO
Diagnostic Bioprobes Srl)

Semiquantitative IgA Plasma, Serum 105 min 100% 100% 98% https://www.diapro.it/
products/covid-19-iga-
elisa/

COVID-19 IgG Confirmation
(Manufactured by DIA.PRO Diagnostic
Bioprobes Srl)

Quantitative Antibody, IgG Plasma, Serum 105 min e 100% 100% https://www.diapro.it/

Chemiluminescent
Immunoassay

Anti-SARS-CoV-2 RBD CLIA Microparticles
(Manufactured by AUTOBIO
DIAGNOSTICS)

Quantitative Antibody Plasma, Serum 17 min 99.29% 79.49% 99.78% https://www.autobio.
com.cn/

SARS-CoV-2 IgG (CLIA)
(Manufactured by MEDCAPTAIN MEDICAL
TECHNOLOGY CO., LTD)

Qualitative Antibody, IgG Plasma, Serum 25 min 96.5% 96.9% e https://www.
medcaptain.com/

SARS-CoV-2 IgG II CLIA Microparticles
(Manufactured by Autobio Diagnostics Co.,
Ltd)

Qualitative Antibody, IgG Plasma, Serum 40 min e 100% (�15days
after infection)

99% https://www.autobio.
com.cn/
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LIAISON® SARS-CoV-2 Ag (Manufactured
by DiaSorin S.p.A)

Quantitative Antigen Nasal swab, Nasopharyngeal swab 42 min 99% 99% 98% https://www.diasorin.
com/

RevoDx SARS-CoV-2 qPCR Kit
(Manufactured by _ID_IL B_IOTECH
ARAŞTIRMA SAN. VE T_IC. LTD. ŞT_I)

Qualitative Nucleic acid Nasopharyngeal swab,
Oropharyngeal swab

47 min e e �99% http://www.idilbiotech.
com/page/covid-19/

RT-PCR Freeze-dried Novel Coronavirus (COVID-
19) Nucleic Acid Detection Kit
（Fluorescence PCR method）
(Manufactured by BIOTEKE
CORPORATION (WUXI) CO., LTD)

Quantitative Nucleic acid Anterior nasal swab, Nasal aspirate,
Nasopharyngeal swab,
Oropharyngeal swab, Sputum

60 min e 95% 98% https://www.bioteke.
cn/

MutaPLEX® Coronavirus Real-Time-RT-
PCR-Kit (Manufactured by
Immundiagnostik AG)

Quantitative Nucleic acid Mid-turbinate swab, Nasal swab,
Nasopharyngeal swab,
Oropharyngeal swab, Saliva,
Sputum

65 min e 100% 100% https://www.
immundiagnostik.com/

REALQUALITY RQ-2019-nCoV
(Manufactured by AB ANALITICA)

e Nucleic acid Nasopharyngeal swab,
Oropharyngeal swab

100 min 99% 98% 100% https://www.
abanalitica.com/

AddMedi SARS-CoV-2 RT-qPCR Kit
(Manufactured by Addbio Meditek Co.)

Qualitative Nucleic acid Bronchoalveolar lavage fluid,
Nasopharyngeal swab,
Oropharyngeal swab

109 min e 96% 100% https://www.
addbiomeditek.com/

CBDNA RT-LAMP RAPID TEST
(Manufactured by Centrum Bada�n DNA ul.
�Sciegiennego 20 60e128 Pozna�n)

Qualitative Nucleic acid Nasopharyngeal swab 20 min e 100% 100% https://www.cbdna.pl/

RT-LAMP Genomtec® SARS-CoV-2 EvaGreen® RT-
LAMP CE-IVD Duo-Kit (Manufactured by
Genomtec S.A., Poland)

Qualitative Nucleic acid Nasopharyngeal swab,
Oropharyngeal swab, Saliva

40 min e 93,75% 100% https://genomtec.com/
en/products/#evagreen

LoopDeetect COVID-19 IC (Manufactured
by LoopDeeScience)

Qualitative Nucleic acid Nasopharyngeal swab 45 min e 95% 95.5% https://www.
loopdeescience.com/en/
press-release-04-16-
2021

Dr Vida pocket for COVID-19
(Manufactured by STAB VIDA)

Qualitative Nucleic acid Nasal swab, Nasopharyngeal swab 50 min e 95% 98% https://www.stabvida.
com/

CRISPER Fosun SARs-CoV-2 CRISPR (Manufactured
by Fosun Diagnostics (Shanghai) Co.Ltd)

e Nucleic acid e e e e e https://covid-19-
diagnostics.jrc.ec.
europa.eu/devices/
detail/2717

Digital-PCR Cue's COVID-19 Diagnostic Test
(Manufactured by cue health Inc.)

Semiquantitative e Nasal swab 20 min e 98.7% 97.8% cuehealth.com

Dr. PCR™ Di20K COVID-19 Detection kit
(Manufactured by OPTOLANE
Technologies, Inc)

Qualitative Nucleic acid Nasopharyngeal swab,
Oropharyngeal swab

60 min e 100% 100% https://www.optolane.
com/

Nephelometry Automatic Immunoassay System - HP-
AFS/1 (Manufactured by Shijiazhuang
Hipro Biotechnology)

Quantitative N-protein
Antigen

Anterior nasal swab, Nasal swab,
Nasopharyngeal swab

6 min 90% 90% 95% https://www.hipro.us/

POCT Immunoassay System - HP-083/4
(Manufactured by Shijiazhuang Hipro
Biotechnology)

Quantitative IgG, N-
protein
Antigen

Anterior nasal swab, Nasal swab,
Nasopharyngeal swab

6 min 90% 92% 97% https://www.hipro.us/
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(millions) to detect the SARS-CoV-2 viral load in different samples,
even if the infected person is asymptotic [163]. The advantages and
disadvantages of the currently existing techniques for SARS-CoV-2
detection are summarized in Table 2.

Although real-time RT-PCR is sensitive and reliable, it is time-
consuming (~2 h), which limits its broad application to the cur-
rent huge demand for the global pandemic of COVID-19. To address
this challenge, rapid, sensitive, and simple-to-operate diagnostic
kits would be highly desirable. Studies have attempted to design
various effective test kits against SARS-CoV-2. Ideally, the test kits
should be mobile without the need for any complicated instrument
and the test result should be readable by the naked eye or perhaps a
smart phone which has the advantage of creating an electronic
record of the test that can be tied to an individual. Therefore, these
tests can be easily used at airports, hospitals, andmedical centers in
rural areas. Recently, WHO reported that the widely available tests
can detect individuals infected with any currently circulating
variant including Omicron. However, some PCR tests will not be
able to distinguish between the different variants. In Dec 2021,
Roche's (ROG.S) and TIB Molbiol has developed three new test kits
to help researchers study the Omicron variant. These testing kits,
made only for research use, can differentiate between unique
mutations in Omicron compared to other variants.

8. Global COVID-19 diagnostics market

The uncontrolled spread of the SARS-CoV-2 worldwide affects
the growth of the diagnostics market [181]. The global diagnostics
market size of SARS-CoV-2 is projected to reach USD 11.40 billion by
2027, with a CAGR of 7.9% from 2020 to 2027. The RT-PCR assay kits
are estimated to have a maximum revenue share of 67% in 2020
[182] while ELISA and LFIA hold the second and third market sizes
[181]. Swab tests are estimated to have a maximum revenue share
in 2020. In particular, the nasopharyngeal swabs are estimated to
dominate the revenue share with more than 45% in 2020 (USD 1.8
billion revenue) [182]. The hospital's segment dominates around
46% of the SARS-CoV-2 test kits market share in 2020. Some ex-
amples of commercial rapid tests for SARS-CoV-2 are also listed in
Table 3.

9. Challenges and future perspective

Diagnosis of SARS-CoV-2 and its variants is challenging because
different detection methods must be combined to identify the
different stages of infection. By the end of 2021, numerous diag-
nostic techniques had been developed to detect SARS-CoV-2 virus
infection: (i) by viral nucleic acid using RT-PCR, RT-LAMP, micro-
array assay, and CRISPR-Cas-based platforms, and (ii) by viral an-
tigens or antibodies produced by the immune system using ELISA,
LFIA, and biosensors. However, there are still limitations and
challenges in the developed SARS-CoV-2 diagnostic techniques that
need to be overcome, such as (1) the variation of the sensitivity of
viral antigen- or antibody-based techniques over the infection
period; (2) the need to identify epitopes of SARS-CoV-2 proteins
and their newly discovered variants on monoclonal and polyclonal
antibodies and serum from SARS-CoV-2 patients; (3) the high cost
and long duration of detection of genetic material (RT-PCR and
ELISA) in the early stages of infection; (4) the need to identify ge-
netic material and develop accurate kits that distinguish between
MERS-CoV, SARS-CoV-2, and the newly discovered variants, which
can be performed at each stage, especially in the early stages of
infection; and (5) the need to use more than one detection method
for accurate diagnosis over an incubation period of the virus. These
challenges can be overcome by developing efficient, portable, and
ready-to-use biosensors. Such instruments, combined with the
20
rapid detection capabilities of biosensors, could pave the way for
highly efficient, simple, and reliable virus diagnosis that would play
an important role in pandemics.
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[95] E. Karakuş, E. Erdemir, N. Demirbilek, L. Liv, Colorimetric and electrochemical
detection of SARS-CoV-2 spike antigen with a gold nanoparticle-based
biosensor, Anal. Chim. Acta 1182 (2021), 338939. https://doi.org/10.1016/
J.ACA.2021.338939.

[96] M.S. Nogueira, L.B. Leal, W. Macarini, R.L. Pimentel, M. Muller, P.F. Vassallo,
L.C.G. Campos, L. dos Santos, W.B. Luiz, J.G. Mill, V.G. Barauna, L.F. das,
C.e.S. de Carvalho, Rapid diagnosis of COVID-19 using FT-IR ATR spectros-
copy and machine learning, Sci. Rep. 11 (2021) 1e13. https://doi.org/
10.1038/s41598-021-93511-2.

[97] A. Martinez-Cuazitl, G.J. Vazquez-Zapien, M. Sanchez-Brito, J.H. Limon-
Pacheco, M. Guerrero-Ruiz, F. Garibay-Gonzalez, R.J. Delgado-Macuil,
M.G.G. de Jesus, M.A. Corona-Perezgrovas, A. Pereyra-Talamantes,
M.M. Mata-Miranda, ATR-FTIR spectrum analysis of saliva samples from
COVID-19 positive patients, Sci. Rep. 11 (2021) 1e14. https://doi.org/
10.1038/s41598-021-99529-w.

[98] L. Zhang, M. Xiao, Y. Wang, S. Peng, Y. Chen, D. Zhang, D. Zhang, Y. Guo,
X. Wang, H. Luo, Q. Zhou, Y. Xu, Fast Screening and Primary Diagnosis of
COVID-19 by ATR�FT-IR, 2021. https://doi.org/10.1021/

http://refhub.elsevier.com/S0165-9936(22)00233-3/sref60
http://refhub.elsevier.com/S0165-9936(22)00233-3/sref60
https://doi.org/10.7759/CUREUS.9540
https://doi.org/10.7759/CUREUS.9540
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1039/d0an00629g
https://doi.org/10.1039/d0an00629g
https://doi.org/10.1016/J.BIOS.2020.112715
https://doi.org/10.1039/d0an00629g
https://doi.org/10.1039/d0an00629g
https://doi.org/10.1101/2021.12.18.21268018
https://doi.org/10.1101/2021.12.18.21268018
https://doi.org/10.1101/2021.12.21.473706
https://doi.org/10.3390/DIAGNOSTICS11020271
https://doi.org/10.3390/DIAGNOSTICS11020271
https://doi.org/10.1016/J.JCV.2020.104500
https://doi.org/10.1016/J.JCV.2020.104500
https://doi.org/10.1016/S2666-5247(21)00056-2
https://doi.org/10.1016/S2666-5247(21)00056-2
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.3201/eid2607.200841
https://doi.org/10.1016/j.micinf.2020.05.008
https://doi.org/10.1126/scitranslmed.abc1931
https://doi.org/10.3201/eid1006.030863
https://doi.org/10.3390/DIAGNOSTICS11040698
https://doi.org/10.3390/DIAGNOSTICS11040698
https://doi.org/10.1016/j.intimp.2020.106746
https://doi.org/10.1016/j.intimp.2020.106746
http://www.lsbu.ac.uk/biology/enztech/biosensors.html,%20Search
http://www.lsbu.ac.uk/biology/enztech/biosensors.html,%20Search
https://doi.org/10.1007/978-3-030-62976-2_44-1
https://doi.org/10.1007/978-3-030-62976-2_44-1
https://doi.org/10.3390/MA14205978
https://doi.org/10.1016/J.CARBPOL.2021.118956
https://doi.org/10.1016/J.CARBPOL.2021.118956
https://doi.org/10.1016/j.bios.2015.05.050
https://doi.org/10.1016/j.bios.2015.05.050
https://doi.org/10.1016/J.BIOS.2017.09.046
https://doi.org/10.1016/B978-0-12-822548-6.00117-5
https://doi.org/10.1016/B978-0-12-822548-6.00117-5
https://doi.org/10.3390/nano12030457
https://doi.org/10.3390/nano12030457
https://doi.org/10.1101/2020.04.24.059204
https://doi.org/10.1016/J.BIOS.2020.112709
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1038/s41551-021-00734-9
https://doi.org/10.1038/s41551-021-00734-9
https://doi.org/10.1016/J.BIOS.2020.112685
https://doi.org/10.1016/J.BIOS.2020.112685
https://doi.org/10.1016/J.TALANTA.2021.122532
https://doi.org/10.1038/s41587-021-00878-8
https://doi.org/10.1038/s41587-021-00878-8
https://doi.org/10.1016/J.TALANTA.2020.122004
https://doi.org/10.1007/S40121-021-<?thyc=10?>00413-X<?thyc?>/FIGURES/2
https://doi.org/10.1021/ACSNANO.0C05657/ASSET/IMAGES/LARGE/NN0C05657_0004.JPEG
https://doi.org/10.1021/ACSNANO.0C05657/ASSET/IMAGES/LARGE/NN0C05657_0004.JPEG
https://doi.org/10.1016/J.ACA.2021.338939
https://doi.org/10.1016/J.ACA.2021.338939
https://doi.org/10.1038/s41598-021-93511-2
https://doi.org/10.1038/s41598-021-93511-2
https://doi.org/10.1038/s41598-021-<?thyc=10?>99529-w<?thyc?>
https://doi.org/10.1038/s41598-021-<?thyc=10?>99529-w<?thyc?>
https://doi.org/10.1021/acs.analchem.0c04049


M. Mostafa, A. Barhoum, E. Sehit et al. Trends in Analytical Chemistry 157 (2022) 116750
acs.analchem.0c04049.
[99] D.L. Kitane, S. Loukman, N. Marchoudi, A. Fernandez-Galiana, F. Zahra, E.

Ansari, F. Jouali, J. Badir, J.-L. Gala, D. Bertsimas, N. Azami, O. Lakbita, O.
Moudam, R. Benhida, J. Fekkak, A simple and fast spectroscopy-based tech-
nique for Covid-19 diagnosis, Sci. Rep. |. 11 (123AD) 16740. https://doi.org/
10.1038/s41598-021-95568-5.

[100] C. Carlomagno, D. Bertazioli, A. Gualerzi, S. Picciolini, P.I. Banfi, A. Lax,
E. Messina, J. Navarro, L. Bianchi, A. Caronni, F. Marenco, S. Monteleone,
C. Arienti, M. Bedoni, COVID-19 salivary Raman fingerprint: innovative
approach for the detection of current and past SARS-CoV-2 infections, 2021,
Sci. Rep. 111 (11) (2021) 1e13. https://doi.org/10.1038/s41598-021-84565-
3.

[101] G. Pezzotti, F. Boschetto, E. Ohgitani, Y. Fujita, M. Shin-Ya, T. Adachi,
T. Yamamoto, N. Kanamura, E. Marin, W. Zhu, I. Nishimura, O. Mazda,
G. Pezzotti, F. Boschetto, Y. Fujita, E. Marin, W. Zhu, E. Ohgitani, M. Shin-Ya,
O. Mazda, Raman molecular fingerprints of SARS-CoV-2 British variant and
the concept of Raman barcode, Adv. Sci. (2021), 2103287. https://doi.org/
10.1002/ADVS.202103287.

[102] N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi,
R. Lu, P. Niu, F. Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G.F. Gao, W. Tan, A novel
coronavirus from patients with pneumonia in China, 2019, N. Engl. J. Med.
382 (2020) 727e733. https://doi.org/10.1056/nejmoa2001017.

[103] W. Feng, A.M. Newbigging, C. Le, B. Pang, H. Peng, Y. Cao, J. Wu, G. Abbas,
J. Song, D.-B. Wang, M. Cui, J. Tao, D.L. Tyrrell, X.-E. Zhang, H. Zhang, X.C. Le,
Molecular diagnosis of COVID-19: challenges and research needs, Anal.
Chem. 92 (2020) 10196e10209. https://doi.org/10.1021/
ACS.ANALCHEM.0C02060.

[104] J.F.W. Chan, S. Yuan, K.H. Kok, K.K.W. To, H. Chu, J. Yang, F. Xing, J. Liu,
C.C.Y. Yip, R.W.S. Poon, H.W. Tsoi, S.K.F. Lo, K.H. Chan, V.K.M. Poon,
W.M. Chan, J.D. Ip, J.P. Cai, V.C.C. Cheng, H. Chen, C.K.M. Hui, K.Y. Yuen,
A familial cluster of pneumonia associated with the 2019 novel coronavirus
indicating person-to-person transmission: a study of a family cluster, Lancet
395 (2020) 514e523. https://doi.org/10.1016/S0140-6736(20)30154-9.

[105] V.M. Corman, O. Landt, M. Kaiser, R. Molenkamp, A. Meijer, D.K.W. Chu,
T. Bleicker, S. Brünink, J. Schneider, M.L. Schmidt, D.G.J.C. Mulders,
B.L. Haagmans, B. Van Der Veer, S. Van Den Brink, L. Wijsman, G. Goderski,
J.L. Romette, J. Ellis, M. Zambon, M. Peiris, H. Goossens, C. Reusken,
M.P.G. Koopmans, C. Drosten, Detection of 2019 novel coronavirus (2019-
nCoV) by real-time RT-PCR, Euro Surveill. 25 (2020) 1e8. https://doi.org/
10.2807/1560-7917.ES.2020.25.3.2000045.

[106] L.J. Carter, L.V. Garner, J.W. Smoot, Y. Li, Q. Zhou, C.J. Saveson, J.M. Sasso,
A.C. Gregg, D.J. Soares, T.R. Beskid, S.R. Jervey, C. Liu, Assay techniques and
test development for COVID-19 diagnosis, ACS Cent. Sci. 6 (2020) 591e605.
https://doi.org/10.1021/acscentsci.0c00501.

[107] Z. Shen, Y. Xiao, L. Kang, W. Ma, L. Shi, L. Zhang, Z. Zhou, J. Yang, J. Zhong,
D. Yang, L. Guo, G. Zhang, H. Li, Y. Xu, M. Chen, Z. Gao, J. Wang, L. Ren, M. Li,
Genomic diversity of severe acute respiratory syndrome-coronavirus 2 in
patients with coronavirus disease 2019, Clin. Infect. Dis. 71 (2020) 713e720.
https://doi.org/10.1093/cid/ciaa203.

[108] M.H.B. Siam, N.H. Nishat, A. Ahmed, M.S. Hossain, Stopping the COVID-19
pandemic: a review on the advances of diagnosis, treatment, and control
measures, 2020, J. Pathog. (2020), 9121429. https://doi.org/10.1155/2020/
9121429.

[109] R.J. D'Cruz, A.W. Currier, V.B. Sampson, Laboratory testing methods for novel
severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), Front. Cell
Dev. Biol. 8 (2020) 1e11. https://doi.org/10.3389/fcell.2020.00468.

[110] J. Xia, J. Tong, M. Liu, Y. Shen, D. Guo, Evaluation of coronavirus in tears and
conjunctival secretions of patients with SARS-CoV-2 infection, J. Med. Virol.
92 (2020) 589e594. https://doi.org/10.1002/jmv.25725.

[111] J. Watson, P.F. Whiting, J.E. Brush, Interpreting a covid-19 test result, BMJ
369 (2020) 1e7. https://doi.org/10.1136/bmj.m1808.

[112] C. Xie, L. Jiang, G. Huang, H. Pu, B. Gong, H. Lin, S. Ma, X. Chen, B. Long, G. Si,
H. Yu, L. Jiang, X. Yang, Y. Shi, Z. Yang, Comparison of different samples for
2019 novel coronavirus detection by nucleic acid amplification tests, Int. J.
Infect. Dis. 93 (2020) 264e267. https://doi.org/10.1016/j.ijid.2020.02.050.

[113] J.R. Yang, C.Y. Kuo, H.Y. Huang, F.T. Wu, Y.L. Huang, C.Y. Cheng, Y.T. Su,
F.Y. Chang, H.S. Wu, M.T. Liu, Newly emerging mutations in the matrix genes
of the human influenza A(H1N1)pdm09 and A(H3N2) viruses reduce the
detection sensitivity of real-time reverse transcription-PCR, J. Clin. Microbiol.
52 (2014) 76e82. https://doi.org/10.1128/JCM.02467-13.

[114] Y. Shu, J. McCauley, GISAID: global initiative on sharing all influenza data e

from vision to reality, Euro Surveill. 22 (2017), 30494. https://doi.org/
10.2807/1560-7917.ES.2017.22.13.30494/CITE/PLAINTEXT.

[115] B. Freire-Paspuel, M.A. Garcia-Bereguiain, Clinical performance and analyt-
ical sensitivity of three SARS-CoV-2 nucleic acid diagnostic tests, Am. J. Trop.
Med. Hyg. 104 (2021) 1516. https://doi.org/10.4269/AJTMH.20-1484.

[116] J. Wu, J. Liu, S. Li, Z. Peng, Z. Xiao, X. Wang, R. Yan, J. Luo, Detection and
analysis of nucleic acid in various biological samples of COVID-19 patients,
Trav. Med. Infect. Dis. 37 (2020), 101673. https://doi.org/10.1016/
j.tmaid.2020.101673.

[117] K.K.W. To, O.T.Y. Tsang, C.C.Y. Yip, K.H. Chan, T.C. Wu, J.M.C. Chan,
W.S. Leung, T.S.H. Chik, C.Y.C. Choi, D.H. Kandamby, D.C. Lung, A.R. Tam,
R.W.S. Poon, A.Y.F. Fung, I.F.N. Hung, V.C.C. Cheng, J.F.W. Chan, K.Y. Yuen,
Consistent detection of 2019 novel coronavirus in saliva, Clin. Infect. Dis. 71
(2020) 841e843. https://doi.org/10.1093/cid/ciaa149.
23
[118] Y. Chen, L. Chen, Q. Deng, G. Zhang, K. Wu, L. Ni, Y. Yang, B. Liu, W. Wang,
C. Wei, J. Yang, G. Ye, Z. Cheng, The presence of SARS-CoV-2 RNA in the feces
of COVID-19 patients, J. Med. Virol. 92 (2020) 833e840. https://doi.org/
10.1002/jmv.25825.

[119] I.L. Lo, C.F. Lio, H.H. Cheong, C.I. Lei, T.H. Cheong, X. Zhong, Y. Tian, N.N. Sin,
Evaluation of sars-cov-2 rna shedding in clinical specimens and clinical
characteristics of 10 patients with COVID-19 in Macau, Int. J. Biol. Sci. 16
(2020) 1698e1707. https://doi.org/10.7150/ijbs.45357.

[120] P. Wu, F. Duan, C. Luo, Q. Liu, X. Qu, L. Liang, K. Wu, Characteristics of ocular
findings of patients with coronavirus disease 2019 (COVID-19) in hubei
province, China, JAMA Ophthalmol 138 (2020) 575e578. https://doi.org/
10.1001/jamaophthalmol.2020.1291.

[121] D. Li, M. Jin, P. Bao, W. Zhao, S. Zhang, Clinical characteristics and results of
semen tests among men with coronavirus disease 2019, JAMA Netw. Open 3
(2020), e208292. https://doi.org/10.1001/jamanetworkopen.2020.8292.

[122] L. Farrera-Soler, A. Gonse, K.T. Kim, S. Barluenga, N. Winssinger, Combining
recombinase polymerase amplification and DNA-templated reaction for
SARS-CoV-2 sensing with dual fluorescence and lateral flow assay output,
Biopolymers (2022) 1e9. https://doi.org/10.1002/bip.23485.

[123] R. Augustine, A. Hasan, S. Das, R. Ahmed, Y. Mori, T. Notomi, B.D. Kevadiya,
A.S. Thakor, Loop-Mediated Isothermal Amplification (LAMP): A Rapid,
Sensitive, Specific, and Cost-Effective Point-of-Care Test for Coronaviruses in
the Context of COVID-19 Pandemic, Basel), Biology, 2020. https://doi.org/
10.3390/biology9080182. n.d.) 182.

[124] R. Augustine, A. Hasan, S. Das, R. Ahmed, Y. Mori, T. Notomi, B.D. Kevadiya,
A.S. Thakor, Loop-mediated isothermal amplification (Lamp): a rapid, sen-
sitive, specific, and cost-effective point-of-care test for coronaviruses in the
context of covid-19 pandemic, Biology 9 (2020) 1e17. https://doi.org/
10.3390/biology9080182.

[125] B.C. Behera, R.R. Mishra, H. Thatoi, Recent biotechnological tools for diag-
nosis of corona virus disease: a review, Biotechnol. Prog. (2020) 1e16.
https://doi.org/10.1002/btpr.3078.

[126] R.R.G. Soares, F. Neumann, C.R.F. Caneira, N. Madaboosi, S. Ciftci,
I. Hern�andez-Neuta, I.F. Pinto, D.R. Santos, V. Chu, A. Russom, J.P. Conde,
M. Nilsson, Silica bead-based microfluidic device with integrated photodi-
odes for the rapid capture and detection of rolling circle amplification
products in the femtomolar range, Biosens. Bioelectron. 128 (2019) 68e75.
https://doi.org/10.1016/j.bios.2018.12.004.

[127] P.A. Alves, de E.G. Oliveira, A.P.M. Franco-Luiz, L.T. Almeida, A.B. Gonçalves,
I.A. Borges, F. de S. Rocha, R.P. Rocha, M.F. Bezerra, P. Miranda,
F.D. Capanema, H.R. Martins, G. Weber, S.M.R. Teixeira, G.L. Wallau, R.L. do
Monte-Neto, Clinical validation of colorimetric RT-LAMP, a fast, highly sen-
sitive and specific COVID-19 molecular diagnostic tool that is robust to
detect SARS-CoV-2 variants of concern, medRxiv (2021). https://doi.org/
10.1101/2021.05.26.21257488, 2021.05.26.21257488.

[128] W.E. Huang, B. Lim, C.C. Hsu, D. Xiong, W. Wu, Y. Yu, H. Jia, Y. Wang, Y. Zeng,
M. Ji, H. Chang, X. Zhang, H. Wang, Z. Cui, RT-LAMP for rapid diagnosis of
coronavirus SARS-CoV-2, Microb. Biotechnol. 13 (2020) 950e961. https://
doi.org/10.1111/1751-7915.13586.

[129] A. Eftekhari, M. Alipour, L. Chodari, S.M. Dizaj, M.R. Ardalan, M. Samiei,
S. Sharifi, S.Z. Vahed, I. Huseynova, R. Khalilov, E. Ahmadian, M. Cucchiarini,
A comprehensive review of detection methods for SARS-CoV-2, Microor-
ganisms 9 (2021) 1e18. https://doi.org/10.3390/microorganisms9020232.

[130] Q. Chen, J. Li, Z. Deng, W. Xiong, Q. Wang, Y. Hu, Comprehensive detection
and identification of seven animal coronaviruses and human respiratory
coronavirus 229E with a microarray hybridization assay, Intervirology 53
(2010) 95e104. https://doi.org/10.1159/000264199.

[131] R. Shi, W. Ma, Q. Wu, B. Zhang, Y. Song, Q. Guo, W. Xiao, Y. Wang, W. Zheng,
Design and application of 60mer oligonucleotide microarray in SARS coro-
navirus detection, Chin. Sci. Bull. 48 (2003) 1165e1169. https://doi.org/
10.1007/bf03183928.

[132] X. Guo, P. Geng, Q. Wang, B. Cao, B. Liu, Development of a single nucleotide
polymorphism DNA microarray for the detection and genotyping of the SARS
coronavirus, J. Microbiol. Biotechnol. 24 (2014) 1145e1454. https://doi.org/
10.4014/jmb.1404.04024.

[133] C. Das Mukhopadhyay, P. Sharma, K. Sinha, K. Rajarshi, Recent trends in
analytical and digital techniques for the detection of the SARS-Cov-2, Bio-
phys. Chem. 270 (2021), 106538. https://doi.org/10.1016/j.bpc.2020.106538.

[134] M.J. Kellner, J.G. Koob, J.S. Gootenberg, O.O. Abudayyeh, F. Zhang, SHERLOCK:
nucleic acid detection with CRISPR nucleases, Nat. Protoc. 14 (2019)
2986e3012. https://doi.org/10.1038/s41596-019-0210-2.

[135] A. Pickar-Oliver, C.A. Gersbach, The next generation of CRISPReCas tech-
nologies and applications, Nat. Rev. Mol. Cell Biol. 20 (2019) 490e507.
https://doi.org/10.1038/s41580-019-0131-5.

[136] A.C. Komor, A.H. Badran, D.R. Liu, CRISPR-based technologies for the
manipulation of eukaryotic genomes, Cell 168 (2017) 20e36. https://doi.org/
10.1016/j.cell.2016.10.044.

[137] Y. Li, S. Li, J. Wang, G. Liu, CRISPR/Cas systems towards next-generation
biosensing, Trends Biotechnol. 37 (2019) 730e743. https://doi.org/10.1016/
j.tibtech.2018.12.005.

[138] K.S. Makarova, Y.I. Wolf, J. Iranzo, S.A. Shmakov, O.S. Alkhnbashi, S.J.J. Brouns,
E. Charpentier, D. Cheng, D.H. Haft, P. Horvath, S. Moineau, F.J.M. Mojica,
D. Scott, S.A. Shah, V. Siksnys, M.P. Terns, �C. Venclovas, M.F. White,
A.F. Yakunin, W. Yan, F. Zhang, R.A. Garrett, R. Backofen, J. van der Oost,
R. Barrangou, E.V. Koonin, Evolutionary classification of CRISPReCas

https://doi.org/10.1021/acs.analchem.0c04049
https://doi.org/10.1038/s41598-021-95568-5
https://doi.org/10.1038/s41598-021-95568-5
https://doi.org/10.1038/s41598-021-84565-3
https://doi.org/10.1038/s41598-021-84565-3
https://doi.org/10.1002/ADVS.202103287
https://doi.org/10.1002/ADVS.202103287
https://doi.org/10.1056/nejmoa2001017
https://doi.org/10.1021/ACS.ANALCHEM.0C02060
https://doi.org/10.1021/ACS.ANALCHEM.0C02060
https://doi.org/10.1016/S0140-6736(20)30154-9
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1021/acscentsci.0c00501
https://doi.org/10.1093/cid/ciaa203
https://doi.org/10.1155/2020/9121429
https://doi.org/10.1155/2020/9121429
https://doi.org/10.3389/fcell.2020.00468
https://doi.org/10.1002/jmv.25725
https://doi.org/10.1136/bmj.m1808
https://doi.org/10.1016/j.ijid.2020.02.050
https://doi.org/10.1128/JCM.02467-13
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494/CITE/PLAINTEXT
https://doi.org/10.2807/1560-7917.ES.2017.22.13.30494/CITE/PLAINTEXT
https://doi.org/10.4269/AJTMH.20-1484
https://doi.org/10.1016/j.tmaid.2020.101673
https://doi.org/10.1016/j.tmaid.2020.101673
https://doi.org/10.1093/cid/ciaa149
https://doi.org/10.1002/jmv.25825
https://doi.org/10.1002/jmv.25825
https://doi.org/10.7150/ijbs.45357
https://doi.org/10.1001/jamaophthalmol.2020.1291
https://doi.org/10.1001/jamaophthalmol.2020.1291
https://doi.org/10.1001/jamanetworkopen.2020.8292
https://doi.org/10.1002/bip.23485
https://doi.org/10.3390/biology9080182
https://doi.org/10.3390/biology9080182
https://doi.org/10.3390/biology9080182
https://doi.org/10.3390/biology9080182
https://doi.org/10.1002/btpr.3078
https://doi.org/10.1016/j.bios.2018.12.004
https://doi.org/10.1101/2021.05.26.21257488
https://doi.org/10.1101/2021.05.26.21257488
https://doi.org/10.1111/1751-7915.13586
https://doi.org/10.1111/1751-7915.13586
https://doi.org/10.3390/microorganisms9020232
https://doi.org/10.1159/000264199
https://doi.org/10.1007/bf03183928
https://doi.org/10.1007/bf03183928
https://doi.org/10.4014/jmb.1404.04024
https://doi.org/10.4014/jmb.1404.04024
https://doi.org/10.1016/j.bpc.2020.106538
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.1016/j.tibtech.2018.12.005
https://doi.org/10.1016/j.tibtech.2018.12.005


M. Mostafa, A. Barhoum, E. Sehit et al. Trends in Analytical Chemistry 157 (2022) 116750
systems: a burst of class 2 and derived variants, Nat. Rev. Microbiol. 18
(2020) 67e83. https://doi.org/10.1038/s41579-019-0299-x.

[139] S. Shmakov, O.O. Abudayyeh, K.S. Makarova, Y.I. Wolf, J.S. Gootenberg,
E. Semenova, L. Minakhin, J. Joung, S. Konermann, K. Severinov, F. Zhang,
E.V. Koonin, Discovery and functional characterization of diverse class 2
CRISPR-cas systems, Mol. Cell. 60 (2015) 385e397. https://doi.org/10.1016/
j.molcel.2015.10.008.

[140] C. Bateira, Movimentos de Vertente no NW de Portugal, Susceptibilidade
Geomorfol�ogica e Sistemas de Informaç~ao Geogr�afica, Dep. Do Geogr, Doutor
em, 2001, p. 447. https://doi.org/10.1038/nature24049 (RNA).

[141] C. Myhrvold, C.A. Freije, J.S. Gootenberg, O.O. Abudayyeh, H.C. Metsky,
A.F. Durbin, M.J. Kellner, A.L. Tan, L.M. Paul, L.A. Parham, K.F. Garcia,
K.G. Barnes, B. Chak, A. Mondini, M.L. Nogueira, S. Isern, S.F. Michael,
I. Lorenzana, N.L. Yozwiak, B.L. MacInnis, I. Bosch, L. Gehrke, F. Zhang,
P.C. Sabeti, Field-deployable viral diagnostics using CRISPR-Cas13, 80-, Sci-
ence 360 (2018) 444e448. https://doi.org/10.1126/science.aas8836.

[142] D.B.T. Cox, J.S. Gootenberg, O.O. Abudayyeh, B. Franklin, M.J. Kellner, J. Joung,
F. Zhang, RNA editing with CRISPR-Cas13, 80-, Science 358 (2017)
1019e1027. https://doi.org/10.1126/science.aaq0180.

[143] J.S. Gootenberg, O.O. Abudayyeh, J.W. Lee, P. Essletzbichler, A.J. Dy, J. Joung,
V. Verdine, N. Donghia, N.M. Daringer, C.A. Freije, C. Myhrvold,
R.P. Bhattacharyya, J. Livny, A. Regev, E.V. Koonin, D.T. Hung, P.C. Sabeti,
J.J. Collins, F. Zhang, Nucleic acid detection with CRISPR-Cas13a/C2c2, 80-,
Science 356 (2017) 438e442. https://doi.org/10.1126/science.aam9321.

[144] M. Burmistrz, K. Krakowski, A. Krawczyk-balska, RNA-targeting CRISPR e Cas
Systems and Their Applications, 2020.

[145] O.O. Abudayyeh, J.S. Gootenberg, S. Konermann, J. Joung, I.M. Slaymaker,
D.B.T. Cox, S. Shmakov, K.S. Makarova, E. Semenova, L. Minakhin,
K. Severinov, A. Regev, E.S. Lander, E.V. Koonin, F. Zhang, C2c2 is a single-
component programmable RNA-guided RNA-targeting CRISPR effector, Sci-
ence 80e (2016) 353. https://doi.org/10.1126/science.aaf5573.

[146] A. East-Seletsky, M.R. O'Connell, S.C. Knight, D. Burstein, J.H.D. Cate, R. Tjian,
J.A. Doudna, Two distinct RNase activities of CRISPR-C2c2 enable guide-RNA
processing and RNA detection, Nature 538 (2016) 270e273. https://doi.org/
10.1038/nature19802.

[147] A.A. Nassir, M.J. Baptiste, I. Mwikarago, M.R. Habimana, J. Ndinkabandi,
A. Murangwa, T. Nyatanyi, C.M. Muvunyi, S. Nsanzimana, M. Leon,
C. Musanabaganwa, RPA-based method for the detection of SARS-COV2,
medRxiv (2020). https://doi.org/10.1101/2020.09.17.20196402,
2020.09.17.20196402.

[148] M.P. Terns, CRISPR-based technologies: Impact of RNA-targeting systems,
Mol. Cell. 72 (2018) 404e412. https://doi.org/10.1016/j.molcel.2018.09.018.

[149] F. Zhang, O.O. Abudayyeh, J.S. Gootenberg, C. Sciences, L. Mathers, A protocol
for detection of COVID-19 using CRISPR diagnostics, Bioarchive (2020) 1e8.

[150] S. Asia, C or r e sp ondence Detection of Structural Rearrangements in Em-
bryos, N. Engl. J. Med. (2020), 2018e2021.

[151] S. Agrawal, A. Fanton, S.S. Chandrasekaran, N. Prywes, M. Lukarska,
S.B. Biering, D.C.J. Smock, A. Mok, G.J. Knott, E. Van Dis, E. Dugan, S. Kim,
T.Y. Liu, E. Harris, S.A. Stanley, L.F. Lareau, J.A. Doudna, D.F. Savage, P.D. Hsu,
Rapid detection of SARS-CoV-2 with Cas13, medRxiv (2020). https://doi.org/
10.1101/2020.12.14.20247874, 2020.12.14.20247874.

[152] P. Fozouni, S. Son, M. Díaz de Le�on Derby, G.J. Knott, C.N. Gray,
M.V. D'Ambrosio, C. Zhao, N.A. Switz, G.R. Kumar, S.I. Stephens, D. Boehm,
C.L. Tsou, J. Shu, A. Bhuiya, M. Armstrong, A.R. Harris, P.Y. Chen, J.M. Osterloh,
A. Meyer-Franke, B. Joehnk, K. Walcott, A. Sil, C. Langelier, K.S. Pollard,
E.D. Crawford, A.S. Puschnik, M. Phelps, A. Kistler, J.L. DeRisi, J.A. Doudna,
D.A. Fletcher, M. Ott, Amplification-free detection of SARS-CoV-2 with
CRISPR-Cas13a and mobile phone microscopy, Cell 184 (2021) 323e333.
https://doi.org/10.1016/j.cell.2020.12.001. e9.

[153] J.P.C. detection of S.-C.-2 Broughton, X. Deng, G. Yu, C.L. Fasching,
V. Servellita, J. Singh, X. Miao, J.A. Streithorst, A. Granados, A. Sotomayor-
Gonzalez, K. Zorn, A. Gopez, E. Hsu, W. Gu, S. Miller, C.Y. Pan, H. Guevara,
D.A. Wadford, J.S. Chen, C.Y. Chiu, CRISPReCas12-based detection of SARS-
CoV-2, Nat. Biotechnol. 38 (2020) 870e874. https://doi.org/10.1038/s41587-
020-0513-4.

[154] I.A. Mattioli, A. Hassan, O.N. Oliveira, F.N. Crespilho, On the challenges for the
diagnosis of SARS-CoV-2 based on a review of current methodologies, ACS
Sens. 5 (2020) 3655e3677. https://doi.org/10.1021/acssensors.0c01382.

[155] J.J. Deeks, J. Dinnes, Y. Takwoingi, C. Davenport, R. Spijker, S. Taylor-Phillips,
A. Adriano, S. Beese, J. Dretzke, L. Ferrante di Ruffano, I.M. Harris, M.J. Price,
S. Dittrich, D. Emperador, L. Hooft, M.M.G. Leeflang, A. Van den Bruel, Anti-
body tests for identification of current and past infection with SARS-CoV-2,
2020, Cochrane Database Syst. Rev. (2020). https://doi.org/10.1002/
14651858.CD013652.

[156] R. Kumar, S. Nagpal, S. Kaushik, S. Mendiratta, COVID-19 diagnostic ap-
proaches: different roads to the same destination, VirusDisease 31 (2020)
97e105. https://doi.org/10.1007/s13337-020-00599-7.

[157] L.I. Amplification, crossm Development and Clinical Application of a Rapid
and Sensitive 5 (2020) 1e12.

[158] C.R. Paden, Y. Tao, K. Queen, J. Zhang, Y. Li, A. Uehara, S. Tong, Rapid, sen-
sitive, full-genome sequencing of severe acute respiratory syndrome coro-
navirus 2, Emerg. Infect. Dis. 26 (2020) 2401e2405. https://doi.org/10.3201/
eid2610.201800.

[159] P. Moitra, M. Alafeef, K. Dighe, M.B. Frieman, D. Pan, Selective naked-eye
detection of SARS-CoV-2 mediated by N gene targeted antisense
24
oligonucleotide capped plasmonic nanoparticles, ACS Nano 14 (2020)
7617e7627. https://doi.org/10.1021/ACSNANO.0C03822.

[160] M. Alafeef, K. Dighe, P. Moitra, D. Pan, Rapid, ultrasensitive, and quantitative
detection of SARS-CoV-2 using antisense oligonucleotides directed electro-
chemical biosensor chip, ACS Nano 14 (2020) 17028e17045. https://doi.org/
10.1021/ACSNANO.0C06392.

[161] Z. Yao, Q. Zhang, W. Zhu, M. Galluzzi, W. Zhou, J. Li, A.V. Zayats, X.-F. Yu,
Rapid detection of SARS-CoV-2 viral nucleic acids based on surface enhanced
infrared absorption spectroscopy, Nanoscale 13 (2021) 10133e10142.
https://doi.org/10.1039/D1NR01652K.

[162] G. Qiu, Z. Gai, Y. Tao, J. Schmitt, G.A. Kullak-Ublick, J. Wang, Dual-functional
plasmonic photothermal biosensors for highly accurate severe acute respi-
ratory syndrome coronavirus 2 detection, ACS Nano 14 (2020) 5268e5277.
https://doi.org/10.1021/ACSNANO.0C02439.

[163] A. Asghari, C. Wang, K.M. Yoo, A. Rostamian, X. Xu, J.D. Shin, H. Dalir,
R.T. Chen, Fast, accurate, point-of-care COVID-19 pandemic diagnosis
enabled through advanced lab-on-chip optical biosensors: opportunities and
challenges, Appl. Phys. Rev. 8 (2021), 031313. https://doi.org/10.1063/
5.0022211.

[164] W. Zhang, R.H. Du, B. Li, X.S. Zheng, X. Lou Yang, B. Hu, Y.Y. Wang, G.F. Xiao,
B. Yan, Z.L. Shi, P. Zhou, Molecular and serological investigation of 2019-
nCoV infected patients: implication of multiple shedding routes, Emerg,
Microb. Infect. 9 (2020) 386e389. https://doi.org/10.1080/
22221751.2020.1729071.

[165] Y.J. Jung, G.S. Park, J.H. Moon, K. Ku, S.H. Beak, S. Kim, E.C. Park, D. Park,
J.H. Lee, C.W. Byeon, J.J. Lee, J.S. Maeng, S.J. Kim, S. Il Kim, B.T. Kim, M.J. Lee,
H.G. Kim, Comparative Analysis of Primer-Probe Sets for the Laboratory
Confirmation of SARS-CoV-2, 2020. https://doi.org/10.1101/
2020.02.25.964775. BioRxiv.

[166] T. Notomi, H. Okayama, H. Masubuchi, T. Yonekawa, K. Watanabe, N. Amino,
T. Hase, Notomi et al LAMP.pdf, Nucleic Acids Res. 28 (2000) e63. https://
watermark.silverchair.com/2800e63.pdf?token¼AQECAHi208BE49Ooan9
kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAmYwggJiBgkqhkiG9w0BBwaggg
JTMIICTwIBADCCAkgGCSqGSIb3DQEHATAeBglghkgBZQMEAS4
wEQQMy3AQPdcwVpshAVuIAgEQgIICGSfU5ehJRqbIy2A_4pd12_
oNbrQem7FM_kTE9ZYQL40XC4l.

[167] S.Y. Wu, H.S. Yau, M.Y. Yu, H.F. Tsang, L.W.C. Chan, W.C.S. Cho, A.C. Shing Yu,
A.K. Yuen Yim, M.J.W. Li, Y.K.E. Wong, X.M. Pei, S.C. Cesar Wong, The diag-
nostic methods in the COVID-19 pandemic, today and in the future, Expert
Rev. Mol. Diagn. 20 (2020) 985e993. https://doi.org/10.1080/
14737159.2020.1816171.

[168] S.J. vangah, C. Katalani, H.A. Boone, A. Hajizade, A. Sijercic, G. Ahmadian,
CRISPR-based diagnosis of infectious and noninfectious diseases, 2020, Biol.
Proced. Online 221 (22) (2020) 1e14. https://doi.org/10.1186/S12575-020-
00135-3.

[169] S. Desai, S.V. Mishra, A. Joshi, D. Sarkar, A. Hole, R. Mishra, S. Dutt,
M.K. Chilakapati, S. Gupta, A. Dutt, Raman spectroscopy-based detection of
RNA viruses in saliva: a preliminary report, J. Biophot. 13 (2020),
e202000189. https://doi.org/10.1002/JBIO.202000189.
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