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Abstract

In 2019, a new coronavirus was identified that has caused significant morbidity and mortality worldwide. Like all RNA
viruses, severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) evolves over time through random mutation resulting
in genetic variations in the population. Although the currently approved coronavirus disease 2019 vaccines can be given to
those over 5 years of age and older in most countries, strikingly, the number of people diagnosed positive for SARS-Cov-2
is still increasing. Therefore, to prevent and control this epidemic, early diagnosis of infected individuals is of great impor-
tance. The current detection of SARS-Cov-2 coronavirus variants are mainly based on reverse transcription-polymerase chain
reaction. Although the sensitivity of reverse transcription-polymerase chain reaction is high, it has some disadvantages, for
example, multiple temperature changes, long detection time, complicated operation, expensive instruments, and the need for
professional personnel, which brings considerable inconvenience to the early diagnosis of this virus. This review compre-
hensively summarizes the development and application of various current detection technologies for novel coronaviruses,
including isothermal amplification, CRISPR-Cas detection, serological detection, biosensor, ensemble, and microfluidic
technology, along with next-generation sequencing. Those findings offer us a great potential to replace or combine with
reverse transcription-polymerase chain reaction detection to achieve the purpose of allowing predictive diagnostics and tar-
geted prevention of SARS-Cov-2 in the future.

1 Introduction

In late 2019, several cases of pneumonia of unknown origin
were reported in Wuhan, China. This pneumonia was later
considered to be a respiratory viral infection pneumonia,
and its causative pathogen was identified as severe acute res-
piratory syndrome coronavirus [1], which was named severe
acute respiratory syndrome coronavirus 2 (SARS-COV-2,
coronavirus disease 2019 [COVID-19]) by the World Health
Organization. As of 5 June, 2022, the coronavirus had
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resulted in approximately 529 million infections and more
than 6 million deaths worldwide [2].

Severe acute respiratory syndrome coronavirus 2 and
severe acute respiratory syndrome coronavirus belong to
the B-COV of the Coronavirus family of the Reticuloviri-
dae, a single-stranded RNA virus without segmentation. As
shown in Fig. 1, the S protein is a key protein for corona-
virus infection [3]. The affinity of SARS-Cov-2 to ACE2
is 10-20 times higher than that of severe acute respiratory
syndrome coronavirus to ACE2, and the S protein is a key
target for clinical therapy and diagnosis [4]. Although an
authorized vaccine against the S protein has been developed,
the viral surface S protein is frequently mutated, thus lead-
ing to vaccinated individuals still having a high probability
of contracting this coronavirus [5], and the prevention and
control of the epidemic are becoming increasingly challeng-
ing as the virus mutates.

Currently, the eight variants of interest include Lambda
(C.37), MU (B.1.621), Zeta (P.2), Eta (B.1.525), Thela (P.3),
Lota (B.1.526), Kappa (B.1.617.1), and Epsilon (B.1.427,
B.1.429). The five variants of concern including Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2),
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Emerging variants of severe acute respiratory syn-
drome coronavirus 2 are still spreading rapidly in our
community, resulting in serious health issues and a
global economic crisis.

US Food and Drug Administration-approved nucleic
acid-based molecular assays including reverse transcrip-
tion-polymerase chain reaction and rapid antigen tests
have been the dominant techniques for the detection of
severe acute respiratory syndrome coronavirus 2, the
drawbacks of these two methods hinder the current coro-
navirus disease 2019 testing paradigm.

Novel fast, sensitive, and accurate coronavirus detection
technologies are urgently needed.

Recent advances in the development of molecular diag-
nostic technologies, including isothermal amplification,
CRISPR-Cas, biosensors, sequencing, and microfluidic-
based technology offer us great potential for the rapid
and sensitive detection of coronavirus disease 2019.

and Omicron (including BA.1, BA.2, BA.3, BA.4, BA.5, and
descendent lineages) [B.1.1.529] and the two variants under
monitoring released from the World Health Organization
reduce the role of vaccines (Fig. 2), and the difficulty of dis-
ease prevention and treatment is also increasing. Therefore,
there is a need to find a rapid, simple, and sensitive detec-
tion technique as an alternative to reverse transcription-pol-
ymerase chain reaction (RT-PCR) technology or combined
RT-PCR. Early detection of the virus through accurate tech-
niques is currently the most important aspect of outbreak-
targeted prevention and prognostic capacity.

2 Classical Coronavirus Detection
Technology

2.1 RT-PCRTest

Rapid and accurate disease diagnosis is essential for the
effective treatment and prevention of long-term sequelae
[6, 7]. At present, more than 200 SARS-COV-2 assays have
been approved by the US Food and Drug Administration,
19 representative test kits are shown in Table 1, and the
method mostly used for SARS-COV-2 detection is RT-PCR
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(a diagram of the RT-PCR process is shown in Fig. 3A). This
technique is the gold standard for SARS-CoV-2 detection
as it allows direct detection of the presence of viral RNA
and yields sensitive and reliable results in a high-throughput
manner within a few hours [8, 9].

Currently, the SARS-CoV-2 RNA detection reagents cer-
tified by the Food and Drug Administration are based on the
RT-PCR technology, which is being continuously updated,
a good example of this is the Cepheid Xpert Xpress assay
[10]. The speed of detection has been greatly improved (45
minutes to obtain results), and now this assay has a fairly
high specificity and sensitivity. However, the disadvan-
tages of RT-PCR are unavoidable. These disadvantages
include: (1) stringent requirements for sample collection,
as improper collection can result in false negatives; (2) high
cost of instrumentation, accessories, and maintenance; (3)
complexity of instrument operation; (4) the requirement for
highly qualified technicians; and (5) unsuitability for rapid
on-site testing and on-site analysis. Thus, we still need to
develop a new detection technology that replaces or assists
RT-PCR technology for SARS-COV-2 detection to meet the
current requirements for virus detection in epidemic preven-
tion and control.

With the continuous variation of SARS-Cov-2, most
of the RT-PCR primers or probes designed for corona-
virus detection inevitably led to a decrease in sensitivity
or even a false-negative result. In a study of six SARS-
Cov-2 variants (a, B, ¥, 9, o, and Fin-796H), detection
using five detection reagents (DCan, Bio-Germ, EasyDiag-
nosis, LiveRiver, and Sansure) showed the [ and d variants
adversely affected the sensitivity of the BioGerm and San-
sure [10]. Therefore, RT-PCR detection technology needs
to be constantly optimized to cope with the continuous
mutating SARS-Cov-2. The Chung et al. group developed
a multiplex RT-PCR by using specific primers or probes
targeting nine mutations (AHV 69/70, K417T, K417N,
L452R, E484K, E484Q, N501Y, P681H, and P681R)
on the S gene, and they found that this method exhibited
better sensitivity in 250 clinically positive samples than
those of the commercial VirSNiP Covid-19 variant kit
[11]. Another study showed a multiplex, quantitative, RT-
PCR-based molecular beacon technology, the sensitivity
and specificity of this technology can achieve 100% in 26
confirmed positive patients [12]. These studies suggested
that the RT-PCR-based diagnostic method needs to be
optimized as viral mutations continue.

2.2 Detection of Antibodies

For virus serological antibody detection, commonly used
methods include the enzyme-linked immunoassay (ELISA),
chemiluminescence immunoassay, immunofluorescence
assay, and the colloidal gold immunochromatography assay.
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Fig.1 Schematic of severe acute respiratory syndrome coronavirus 2
(SARS-Cov2) structure, detection method, and genome annotation of
spike proteins. A SARS-Cov-2 virus structure includes surface pro-
teins (S), envelope protein (E), membrane protein (M), nucleocapsid

Among them, ELISA is the gold standard in serology, pro-
viding quantitative and extremely sensitive assays [13].
Antibody testing has been a complementary method to PCR
methods for the detection of neo-coronaviruses and helps to
screen suspected and asymptomatic patients.

Detection of antibodies to SARS-CoV-2-specific protein
in serum plays a very important role in the detection of prior
infection with the new coronavirus [14]. Zhang et al. devel-
oped a rapid and sensitive magnetofluidic immuno-PCR
technique [15], which preloads a programmable magnetic
arm in the analytical reagent to attract and transport mag-
netically captured specific antibodies, followed by the use
of a microthermal immuno-PCR performed with a circulator

(N) protein, and RNA genome. B The structure of the SARS-Cov-2
genome includes two ORF1la, ORF1b, and four structural proteins: N
protein, M protein, E protein, and S protein

and a fluorescence detector to detect specific antibodies. To
validate the sensitivity of the method, the team analyzed
108 clinical serum samples and obtained a sensitivity of
93.8% (45/48) and a specificity of 98.3% (59/60). Magnetic
fluid immuno-PCR overcomes lengthy workflows and bulky
instrumentation and has a great potential for rapid and sensi-
tive serological testing.

In another study, Li et al. developed a rapid and simple
lateral flow immunoassay [16]. This research group used
gold nanoparticles (Au Nps) and SARS-Cov-2 antigens
in combination to form Au NP-Ag conjugates. The anti-
human IgM antibody is immobilized on the M line (M =
IgM) of the horizontal flow test strip and the anti-human
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Fig.2 Schematic timeline of the emergence of coronavirus 2019
pandemic and severe acute respiratory syndrome coronavirus 2
(SARS-Cov2) variants. A Timeline of coronavirus 2019 pandemic
from December 2019 to May 2022. B The emergence of SARS-
Cov-2 virus variants in three main categories: variants of interest,
variants of concern, and variants under monitoring. The eight vari-

IgG antibody is immobilized on the G line (G = IgG). On
the C quality- control line (C = control), the anti-rabbit IgG
antibody is immobilized. When the target serum contains
IgM or IgG antibodies, it binds specifically to the Au NP-Ag
conjugate via anti-human IgM or IgG antibodies. To verify
the sensitivity and specificity of the method, the team col-
lected 525 blood samples from patients with COVID-19.
Of these, 397 were clinically confirmed cases. A total of
352 samples were positive (sensitivity of 88%), and 12 of
128 non-infected individuals tested positive (specificity of
90.63%). Because of the influence of time on the appear-
ance of antibodies in the body (antibodies usually appear 1
week after infection), the research team tested 58 patients in
Wuhan (8-33 days after infection). The test results showed
that 94.83% of patients were positive for both IgM and IgG,
1.72% were positive for IgM, and 3.45% were positive for
IgG, with an overall sensitivity of 100%. To simplify the
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ants of interest are Lambda (C.37), MU (B.1.621), Zeta (P.2), Eta
(B.1.525), Thela (P.3), Lota (B.1.526), Kappa (B.1.617.1), and
Epsilon (B.1.427,B.1.429); the five variants of concern are Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omi-
cron (includes BA.1, BA.2, BA.3, BA.4, BA.5, and descendent line-
ages) [B.1.1.529]; two variants are being monitored

methodology, the authors also tested finger peripheral blood
from ten patients (seven positive patients and three negative
patients). The results showed that four of the seven patients
were double-antibody positive and three were IgM positive
(IgM antibodies appeared earlier), while all three healthy
individuals were negative for both antibodies.

These experimental results suggest that an AuNP-based
antibody detection method may be advantageous. It has high
sensitivity and specificity, a short detection time (results
can be obtained in 15 min), and requires simple equipment,
which meet the requirements of disease screening. This rapid
test has enormous potential for rapid screening of SARS-
CoV-2 infection, but there are limitations to the early detec-
tion of serum antibodies owing to the late appearance of
antibodies in vivo. Therefore, the detection of serum anti-
bodies is used more as an assessment of disease progression.
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Table 1 US Food and Drug Administration-approved test method for SARS-Cov-2

Type Source target Result time Performance Number Example
PCR RNA 45-120 min LOD: 100-75,000 copies/mL 156 Xpert Xpress SARS-CoV-2
ddPCR RNA 2-4h LOD: 625 copies/mL 1 Bio-RADSARS-CoV-2 ddPCR Test
NEAR RNA 5-15 min LOD: 125 copies/mL 1 ID NOW COVID-19 test
RT-LAMP RNA N/A LOD: 1000 copies/mL 1 AQ-TOP COVID-19 Detection Kit PLUS
OMEGA RNA 1h LOD: 4000 copies/mL 1 iAMP COVID-19 detection kit
SHERLOCK RNA 1h LOD: 900 copies/mL 1 CRISPR SARS-CoV-2
DETECTR RNA N/A LOD: 20,000 copies/mL 2 SARS-CoV-2 DETECTR Reagent Kit
NGS RNA 4-6h LOD: 250-1000 copies/mL 5 Explify Respiratory
uNMR RNA N/A LOD: 2000 copies /mL 1 T2SARS-CoV-2 Panel
LFA IgM/IgG Ag 15-20 min Sen: 93.3-100% 22 BinaxNOW COVID-19 Ag Card
Spe: 94.4-100%
ELISA IgM/IgG Ag 20 min Sen: 92.5-100% 12 CareStart COVID-19 Antigen Test
Spe: 97.5-100%
CLIA 1gM/IgG 30 min Sen: 85.4-100% 18 AdviseDx SARS-CoV-2 IgM
Spe: 64.7-100%
EIA I1gM/IgG 2h Sen: 92.2% 2 Platelia SARS-CoV-2 Total Ab test
Spe: 99.6%
MIA IgM/1gG N/A Sen: 88-100% 4 XxMAP SARS-CoV-2 Multi-Antigen IgG
Spe: 98.8-99.8%
ECLIA 1gM/1gG 20 min Sen: 84-100% 2 Elecsys Anti-SARS-CoV-2 Cobas
1L6 Spe: 63-99.8%
ECS IgG, cytokine 2h Sen: 91.4% 1 ePlex SARS-CoV-2 test
Spe: 100%
PRI Antigen N/A Spe: 97.7% 1 Maverick SARS-CoV-2 Multi-Antigen
Microarrays IgM/1gG 1.5h Spe: 99.8% 1 MosaiQ COVID-19 Antibody Magazine
IFM Antigen 3h Sen: 97.6% 1 LumiraDx SARS-CoV-2 Ag Test
Spe: 96.6%

COVID-19 coronavirus disease 2019, DETECTR (DNA endonuclease-targeted CRISPR reporter, ddPCR droplet digital PCR, ELISA enzyme-
linked immunoassay, 4 hours, min minutes, LFA lateral flow assay, N/A , NGS next-generation sequencing, PCR polymerase chain reaction, RT-
LAMP reverse-transcription-loop mediated isothermal amplification, SARS-Cov-2 severe acute respiratory syndrome coronavirus 2, Sen sensitiv-
ity, SHERLOCK Specific High Sensitivity Enzymatic Reporter Unlocking, Spe specificity

2.3 Detection of Antigen

Currently, SARS-COV-2 antigen detection is for N protein
antigen sites. Compared with PCR methods, although the
accuracy of antigen detection is lower, it is shorter, easier,
cheaper to perform, and more suitable for point-of-care
testing (POCT) detection. Therefore, most of the Food and
Drug Administration-approved home self-testing assays
are based on antigen detection. Early screening allows for
rapid and cost-effective detection of COVID-19 in symp-
tomatic individuals and contacts of confirmed cases, thus
necessary action can be promptly taken. The nucleocapsid
protein (NP) is the main structural protein expressed by
SARS-Cov-2 and has been identified as an ideal target in
the early stages of SARS-Cov-2 infection.

Diao et al. evaluated the use of SARS-Cov-2 NP as a
target of viral antigens and established a rapid, simple, and
accurate SARS-Cov-2 antigen detection test based on a fluo-
rescent immunochromatographic method [17]. They used

nitrocellulose membranes labeled with SAR-Cov-2 NP and
antigen-specific antibodies to detect the NP antigen. When
the sample contains the SARS-Cov-2 NP antigen, a dou-
ble antibody sandwich is formed and a fluorescent signal is
detected, whereas no fluorescent lines are formed when the
target antigen is not present in the sample. A fluorescence
reaction line is formed in the control region regardless of the
presence or absence of the NP antigen as the assay control.
The research team analyzed 253 participants, of whom two
participants were excluded because of the invalid NP results.
Simultaneously, diagnostic accuracy of NP antigen testing
was measured by blindly performing RT-PCR as the refer-
ence standard, in which samples with a cycle threshold (CT)
of RT-PCR of <40 were considered as SARS-CoV-2 posi-
tive. Of the 251 valid results, 201 (80.1%) had a CT value
of <40, 46 had 37 < CT <40 (18.3%), 155 had a CT value
of <37 (81.7%), and 50 had a CT value of >40 (19.9%), and
the sensitivity, specificity, and concordance of the fluores-
cence immunochromatographic assay, using RT-PCR as the
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Fig.3 Nucleic acid-based severe acute respiratory syndrome corona-
virus 2 (SARS-Cov-2) tests. A Basic steps of polymerase chain reac-
tion (PCR) assay: (1) transfer the sample into the reaction reagent; (2)
RNA amplification: denaturation, annealing, extension; (3) hydroly-
sis of the fluorophore; and (4) readout. The whole process lasted for
more than 3 h. B Basic steps of recombinase polymerase amplifica-
tion (RPA) detection: Step 1: The target RNA is reverse transcribed
to form DNA, and then isothermally amplified. Step 2: The ampli-
fied product is transferred to a buffer containing T7 nucleic acid exo-
nuclease and incubated for 1 min to digest the reverse strand of the
double-stranded DNA (dsDNA) amplification product to form single-

reference standard, were 75.6%, 100%, and 80.5%, respec-
tively. These findings all indicate that the sensitivity of the
study method is lower than that of the PCR assay, but it has
a rapid and simple operation, making antigen detection a
better method for home or POCT detection of SARS-Cov-2.
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stranded DNA (SSDNA) amplicons homologous to the target RNA.
Step 3: the SSDNA amplicons are bound to biotin and FAM-modified
detection probes, immobilized on the detection line (biotin binding)
and capture the rabbit anti-FAM-gold nanoparticles complexes, pro-
ducing a positive result. The entire process takes less than 60 min.
C Loop-mediated isothermal amplification (LAMP) assay steps (the
entire process from adding samples and reagents to running reverse
transcription (RT)-LAMP is completed in about 40 minutes [min]).
CT cycle threshold, & hours, RT-RPA reverse transcription-recom-
binase polymerase amplification, s seconds, ssRPA single-strand
Recombinase Polymerase Amplification

Traditional virus antigen detection methods are prone to
false-negative results and low accuracy, which are detrimen-
tal to the clinical diagnosis and treatment of patients [18].
New research has produced a multi-antibody combination
modified graphene transistor sensor [19], a detection device
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that targets different regions of the SARS-Cov-2 S protein
by modifying S1 protein monoclonal, CR3022 monoclonal,
and N3021 nano antibodies on the surface of graphene field-
effect transistors. It achieves rapid detection of the SARS-
Cov-2 antigen by a synergistic action. The research team
evaluated 43 single-tube clinical samples and 17 10-in-1
mixed samples using the device. The results showed a 100%
overlap with RT-PCR, demonstrating high accuracy, and the
average detection time of this method was only 38.9 s. This
assay technique solves the problem of a low precision of
antigen detection, and its rapid and high-throughput advan-
tages make it a valuable tool for the rapid diagnosis and
screening of COVID-19; however, obviously, more testing
with much higher numbers of patients will be needed before
clinical application.

The use of antigen or antibody assays in virus detection
is quite well established, but the poor specificity and the
time lag before antibodies appear in vivo have meant that
compared with PCR detection techniques, antigen and anti-
body assays are more often used as complementary assays
for SARS-Cov-2 nucleic acid detection. However, this series
of recent studies have demonstrated that combining tradi-
tional immunological methods with emerging nanomaterials
(which act as a signal amplification), such as AuNPs [16],
graphene [19], or an electrochemical detection platform
[20], is a new direction of prognostic capacity for future
antigen and antibody detection.

3 Novel Coronavirus Detection Technology
3.1 Isothermal Amplification Technology

Isothermal amplification technology is a general term for a
biomolecular technique that amplifies specific DNA or RNA
at a specific temperature. Among these techniques, loop-
mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA) are the most widely used
in viral nucleic acid detection [21]. Compared with con-
ventional amplification methods, isothermal amplification
of nucleic acids simplifies the equipment requirements. The
reaction time is also greatly reduced, and the sensitivity is
comparable to that of RT-PCR, which can better meet the
need for a rapid and simple detection of COVID-19 nucleic
acid (Fig. 3).

3.1.1 Polymerase Amplification Technology

Polymerase amplification (RPA) is a nucleic acid thermo-
stable amplification technology developed by Armes and
coworkers in 2006 [22] and it relies on three enzymes:
recombinases capable of binding single-stranded nucleic
acids, single-stranded DNA-binding proteins, and

strand-substituted DNA polymerases. Recombinases
and primers form complexes that search for homologous
sequences on the template. After localization, a chain
exchange reaction will be initiated to exponentially amplify
the target region on the template. Currently, RPA technology
has made great progress in virus detection. Back in 2012,
Rohrman et al. reported a RPA-based HIV detection assay
[23]. Since then, RPA has shown high sensitivity and speci-
ficity in the detection of H7N9 [24] and dengue virus [25].

Following the COVID-19 outbreak, Kim et al. reported an
improved version of the reverse transcription (RT)-RPA test
using the single-strand recombinase polymerase amplifica-
tion method [26], which applies rapid amplification of dou-
ble-stranded DNA, conversion to single-stranded DNA, and
a sequence-specific hybridization-based readout by a lateral
flow device (Fig. 3B). Single-strand recombinase polymer-
ase amplification combines the speed of established RT-RPA
with the sequence specificity of single-stranded DNA. The
team analyzed a limited number of clinical samples, only
18, using single-strand recombinase polymerase amplifica-
tion technology and compared them to RT-PCR, concluding
100% sensitivity and 100% specificity. In addition, single-
strand recombinase polymerase amplification had a better
reaction time and a lower detection limit (eight copies per
50-pL reaction in 8 minutes or four copies in 10 minutes for
the naked eye) compared with RT-PCR.

In another study, Xia et al. reported the introduction of an
improved one-pot RT-RPA by Gendx Biotechnology, called
reverse transcription-enzymatic recombinase amplification
[27]. This method features a fluorescence resonance energy
transfer designed to detect the N and S genes of SARS-
Cov-2, combined with WEPEAR (a whole-course encapsu-
lated process for more essential adaptation from RNA), and
they also designed two different probes, fluorescence reso-
nance energy transfer and NFO (primer named by author).
The fluorescence resonance energy transfer probe detects
RNA genes by fluorescence enhancement, while the NFO
affinity probe detects RNA using lateral flow strips, mak-
ing the detection method simpler. The team demonstrated
through five independent experiments that the method has
a low detection limit of 1 copy and high accuracy (10 out
of 11 samples showed positive results). More importantly,
the assay can meet the requirements of home detection and
POCT.

3.1.2 LAMP

Loop-mediated isothermal amplification technology is a
nucleic acid amplification technology proposed by the Not-
omiet research team in 2000 [28]. This technique uses two
to three sets of specially designed primers, including for-
ward internal primers (FIP, F1C, and F2) and reverse inner
primers (BIP, B1C, and B2), outer primers F3, B3, and bst
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(Bacillus stearothermophilus), and DNA polymerase with
strand-substitution activity, so that the primers at both ends
of the template are bound during the reaction. The circular
single-stranded structure that appears in the loop ensures
that the primers can bind smoothly to the template under
isothermal conditions for an amplification reaction [29].

In 2004, lhira et al. applied LAMP to the detection of
herpes simplex virus in cerebrospinal fluid with a sensitiv-
ity of up to 25 copies/reaction [30]. Lee et al. applied it to
the detection of MERS-CoV virus with a 100% agreement
with the clinical diagnosis [31]. Curtis et al. applied LAMP
technology to the detection of the HIV virus with a sensitiv-
ity of 10—100 copies/reaction, and the assay could be com-
pleted within 60 min [32]. These studies indicate that LAMP
technology is quite mature in virus detection, and reverse
transcription (RT)-LAMP technology has been developed
and clinically validated worldwide for SARS-COV-2 nucleic
acid detection (Table 2).

At the beginning of the SARS-Cov-2 outbreak, Kitagawa
et al. used the purified and quantitative SARS-Cov-2 viral
RNA provided by the National Institute of Infectious Dis-
eases in Japan as a standard sample for molecular diagnosis
and assessed the sensitivity of the RT-LAMP method analy-
sis using serial ten-fold dilutions [33]. The results showed
that the minimum amount of RNA detectable in 35 min was
1.0 x 10 copies/pL. They screened 76 patients, 30 were posi-
tive and 46 were negative, using conventional RT-quanti-
tative PCR (qPCR) technology, while the RT-LAMP test
identified 32 positives and 44 negatives. A 97.4% consist-
ency was achieved using RT-PCR and RT-LAMP detection.

Table 2 LAMP-based virus detection method

Compared with RT-PCR, Kitagawa et al. found that RT-
LAMP has the advantages of ease of use, a short detection
time, and the ability to judge results directly by the naked
eye under natural light, which is supportive of RT-LAMP
as a point-of-care screening method for new coronaviruses
[33]. Jiang et al. developed a LAMP-based assay in another
study and screened 260 clinical samples, including 213 neg-
ative patients. The results from 47 positive patients showed a
sensitivity of 500 copies/mL, and the method achieved 100%
analytical specificity compared to a wide range of closely
and distantly related viruses, fungi, and bacteria, and human
DNA, as well as 99.5% specificity and 91.4% sensitivity
compared to RT-PCR. The positive predictive value was
97.7%, and the negative predictive value was 98.1% [34].
Another group developed a primer test for the N gene
of SARS-Cov-2, this was a two-color RT-LAMP assay for
RNA [35] based on the detection of DNA using a pH indica-
tor to react in a weakly buffered environment. With a posi-
tive reaction, the pH decreases, resulting in a color change
from red to yellow (as shown in Fig. 3A), and the results
are judged based on the color. To verify the feasibility of
the method, the team tested 768 specimens with the method
and compared the results with those of RT-PCR. The overall
specificity of RT-LAMP was 99.7%. In these samples (i.e.,
positive samples), the sensitivity of RT-LAMP was 97.5%
(Fig. 3C). The same research team developed a swab-to-RT-
LAMP method based on the two-color RT-LAMP technique.
This method does not require a prior RNA isolation step
and retains excellent specificity (99.5%), but it is compatible
with the RT-LAMP analysis. Compared to this RT-LAMP

Virus Year Sensitivity Testing time Technology Ref
HIV 2009 120 copies 35 min One-step RT-LAMP [74]
2008 10-100 copies 1h RT-LAMP [32]
Japanese encephalitis 2006 1 PFU 1h Real-time RT-LAMP [75]
virus
Chikungunya virus 2007 20 copies lh One-Step, single-tube RT-LAMP [76]
Human papillomavirus 2007 1000 copies/tube 59 min LAMP [77]
Dengue virus 2013 10 copies 1h Single-tube RT-LAMP [78]
West Nile virus 2004 0.1 PFU 17 min One-Step, single-tube RT-LAMP [79]
Mumps virus 2005 0.1 PFU 1h RT-LAMP [80]
H5N1 2007 0.01-0.1 PFU 35 min RT-LAMP [81]
SARS 2004 0.01 PFU 11-60 min One-Step, single-tube RT-LAMP [82]
MERS 2015 5-50 PFU 30-50 min Asymmetric five-primer RT-LAMP [83]
2018 15-20 copies 30 min Fluorescent RT-LAMP using Qprobes [84]
2016 4 copies 30-60 min One-pot RT-LAMP [31]
SARS-CoV-2 2020 100 RNA molecules 30 min Two-color RT-LAMP [35]
2020 500 copies 30 min Single-step RT-LAMP [34]

h hour, RT-LAMP reverse-transcription-loop mediated isothermal amplification, MERS Middle East respiratory syndrome, min minutes, N/A ,
PFU , Ref reference, SARS-Cov-2 severe acute respiratory syndrome coronavirus 2
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assay, its sensitivity is lower (86% at a CT <30), but the
sensitivity of the thermal swab for RT-LAMP detection is
higher. They also developed a multiplex LAMP sequenc-
ing protocol that uses a Tn5 transposase marker to rapidly
identify thousands of positive RT-LAMP assays from next-
generation sequencing runs, it can be used as a validation
protocol for RT-LAMP reaction results (to identify false-
positive samples) [35]. The data from this study suggest that
dual-color RT-LAMP detection of SARS-Cov-2 is feasible.
The RT-LAMP dual-color method is faster and more con-
venient than RT-PCR, but RT-LAMP is only suitable for
individuals with a high viral load. For individuals with a low
viral load and using a direct detection by pharyngeal swabs,
the detection sensitivity of RT-LAMP is quite low [36].

3.2 CRISPR-Cas-Based Detection Technology

CRISPR-Cas gene editing technology specifically recognizes
target gene sequences by guide RNA, so that Cas protease is
activated to effectively cut the DNA double strand and cause
DNA double-strand breaks, thus enabling gene knockout or
knockin [37-39]. In 2017, Zhang’s team used CRISPR-Cas
technology to detect Zika and dengue viruses, and named
this new detection system SHERLOCK (Specific High Sen-
sitivity Enzymatic Reporter Unlocking) [40]. This technique
uses Casl13a after cutting the target RNA, it remains active
and then proceeds to cut non-target RNA, a feature called
collateral cleavage. In 2018, Doudna’s team found that the
Cas12 enzyme can be activated after binding to the target
sequence under the guidance of CRISPR RNA. The prop-
erties of other single-stranded DNA in the crazy cleavage
system were introduced into the RPA amplification step and
the RPA+Cas12a nucleic acid molecule was developed. The
detection technique is named DETECTR (DNA endonucle-
ase-targeted CRISPR reporter) [41]. After the SARS-Cov-2
outbreak, many research teams used CRISPR-Cas gene edit-
ing technology to detect SARS-Cov-2 RNA, showing high
sensitivity and specificity (Fig. 4).

3.2.1 Cas13 Protein-Based Detection

Zhang’s team developed an improved SHERLOCK-based
crown detection method, called STOP (SHERLOCK Test-
ing in One Pot), at the beginning of the outbreak [42]. The
conventional SHERLOCK method involves two separate
reaction steps. There is liquid handling and opening of
the tubes, which increases the potential for sample cross-
contamination, whereas the STOP method does not require
sample extraction. The amplification step and CRISPR-
mediated detection step can be integrated at one tempera-
ture, and with only one liquid handling step and a simple
visual reading similar to a pregnancy test, STOP detection
of SARS-Cov-2 is divided into three steps: 1, 60 °C for 10

min to lyse patient samples containing the virus; 2, 60 °C for
1 h to detect using STOPCovid RNA Virus; and (3) 2 min
to visually read the test results. Using this method, the team
repeatedly tested specimens from 12 patients who were posi-
tive for novel coronavirus and five patients who were nega-
tive for novel coronavirus. Of these, 11 of the 12 patients
tested positive on three repeat tests, and one tested positive
twice. Among the negative patients, all five patients tested
negative. The STOP method is not only highly sensitive
and specific, but because of the simplified method of opera-
tion and equipment, it can be used by non-professionals at
POCT, in many under-resourced situations or perhaps, even
at home. Zhang’s team then further optimized the method to
simplify the nucleic acid extraction step with a simple mag-
netic bead enrichment method, enabling a one-step CRISPR
nucleic acid assay (STOPCovid-2) [42]. The team obtained
a sensitivity of 93.1% and a specificity of 98.5% in a total
of 402 clinical samples, and the time was greatly reduced,
taking only 15-40 min to detect the results. The continu-
ous improvement of the CRISPR assay for SARS-Cov-2 by
Zhang et al.’s team in a short period of time shows the great
potential for virus detection using CRISPR technology.

In August 2021, the Collins group at Massachusetts
Institute of Technology developed a simple, saliva sample-
based detection technique using SHERLOCK technology,
minimal instrumented SHERLOCK (miSHERLOCK) [43].
The device first uses 10 mM of dithiothreitol and 5 mM
of EGTA mixed with saliva samples and heated to 95 °C
for 3 minutes, which effectively inactivates nucleases in
saliva and lyses viral particles without inhibiting the per-
formance of the downstream detection. The purified RNA
was then transferred to the reaction chamber on the poly-
ethersulfone membrane and the SHERLOCK reaction was
initiated. Fluorescence readings were observed through a
light transmittance 55 minutes later. The team performed
the miSHERLOCK analysis on saliva samples from 27
patients with RT-PCR-positive COVID-19 and 21 healthy
individuals. The results showed that miSHERLOCK had a
sensitivity of 96% and a specificity of 95% for detecting the
virus in saliva samples. In addition, RNA synthesized from
the N50iy, (B.1.1.7, B.1.351, and P.1) and E484k mutations
in SARS-Cov-2 variants were mixed with saliva samples
for the miSHERLOCK analysis. Positive rates of more than
95% were obtained for limit of detection values of 49,000
copies/mL (N501y), 1100 copies/mL (Y 144del), and 1200
copies/mL (E484k) [43]. The study demonstrated that the
miSHERLOCK assay device can not only effectively detect
SARS-Cov-2-positive samples, but also can efficiently diag-
nose SARS-Cov-2 variants through a simple workflow and
flexible module design, making it a suitable assay technol-
ogy for POCT.
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Fig.4 CRISPR-based severe acute respiratory syndrome corona-
virus 2 detection. Schematic of two CRISPR-based detection meth-
ods: (1) SHERLOCK (Specific High Sensitivity Enzymatic Reporter
Unlocking): DNA or RNA in the sample is isothermally amplified by
recombinase polymerase amplification (RPA) or loop-mediated iso-
thermal amplification (LAMP), the amplicon is converted into RNA
by binding to T7 transcriptase, Cas13 is activated when it encounters

3.2.2 Cas12 Protease-Based Detection

In 2020, Broughton et al. developed a CRISPR-Cas12-based
lateral flow assay that is fast (less than 40 min), easy to
implement, and accurate [44]. This method uses RT-LAMP
to simultaneously reverse transcribe and isothermally
amplify RNA extracted from the nasopharynx and detects
the samples by the CRISPR-Cas12-based lateral flow assay.
The team validated the assay with clinical samples from 36
patients with SARS-Cov-2 infection and 42 patients with
other viral respiratory infections. Compared to RT-PCR, the
results showed that the method had a 95% positive predica-
tive concordance and 100% negative predictive consistency.
The DETECTR assay has comparable accuracy to current
conventional RT-PCR, and it is a fast and simple device (can
be configured in a few days). It is easy to report (lateral
flow strips) and is suitable for large-scale screening of novel
coronavirus 2019 (nCoV-2019) in airports and clinics, as
well as in locations that cannot be equipped with large-scale
laboratories. In another study, Wang et al. integrated RT-
LAMP and Cas12a lyase into a single reaction system and
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the target RNA, and the RNA is cut with fluorescent molecules to
release fluorescent signals. (2) DETECTR (DNA endonuclease-tar-
geted CRISPR reporter): the target DNA is isothermally amplified by
RPA or LAMP, and when Cas12a is activated when it encounters the
target DNA and randomly cuts the RNA with fluorescent molecules,
releasing a fluorescent signal. dsDNA double-stranded DNA

developed a visual assay called opvCRISPR [45]. Analysis
of 50 clinical samples infected with SARS-Cov-2 yielded
results that were 100% consistent with those of the US Cent-
ers for Disease Control and Prevention. Both the DETECTR
assay and the opvCRISPR detection method showed that
the combination of LAMP isothermal amplification technol-
ogy and CRISPR detection technology has high sensitivity
and specificity. It was also shown to be a rapid and simple
method for SARS-Cov-2 detection. It can meet the current
needs for new coronavirus detection.

3.2.3 Rapid Tandem Integrated Nucleic Acid Method

Doudna’s research team developed a new nucleic acid detec-
tion technique called Fast Integrated Nuclease Detection In
Tandem (FIND-IT) [46]. In December 2020, her research
team published version 1.0 of this technology by using
Cas13 [47]. After cutting the RNA, non-specific cut single-
stranded RNA with fluorescent molecules is converted to a
fluorescent signal to determine the result, this method can
reach a sensitivity of 100 copies/uL in 30 min. The published
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FIND-IT method incorporates the Csm6 enzyme, which
allows direct RNA detection in a suitable form for predic-
tive diagnosis as well as a wide range of other diagnostic
or research applications. They fused Cas13 (LbuCas13)
with Csmb6, a dimeric RNA endonuclease from the type 111
CRISPR-Cas system, to enable signal amplification and fur-
ther to improve RNA detection efficiency. LbuCas13 alone
cannot detect nucleic acids at concentrations of 31-125 cop-
ies/uL within 20 minutes, but assays containing both Lub-
Cas13 and Csmé6 can detect nucleic acid samples at concen-
trations of 31 copies/uL within 20 min. The accuracy of 125
copies/uL, 63 copies/uL, and 31 copies/uL was detected in
16, 30, and 60 minutes, respectively, reaching 95%. They
also developed a detector that includes a microfluidic chip
with a reaction chamber, a heating module that keeps the
reaction at 37 °C, and a compact fluorescent imaging system,
containing target RNA and LbuCas3-TtCsm6. The fluores-
cence signal was observed for 1 hour. The results showed
that the fluorescence signal of the SARS-Cov-2 genome
containing 400 copies/uL increased approximately 4.7 times
over 1 hour, while the negative control without target RNA
showed only a 1.7-fold increase in the fluorescence signal.
This significant difference suggests that it is feasible to apply
this response to microfluidics. The research team also tested
clinical samples. In four positive and four negative samples,
FIND-IT detected samples with CT values between 8 and
20 at 5 min with a CT value of 25, which was higher than
the negative control. Samples with a CT value of 29 were
higher than the negative control at 20 min, and samples with
a CT value of 29 were also higher than the negative control
at 40 min, while negative samples were detected below the
negative control. Based on 296 patients in the IGI testing
laboratory, 82% of the positive samples could be detected
with FIND-IT [46]. These results suggest that fusion of Lub-
Cas13 and Csm6 ensures the sensitivity and specificity of
the reaction. In this case, the reaction time was significantly
shortened (the fastest result was 5 min), and the amplifica-
tion step was omitted, which meets the current requirements
for rapid and simple detection and therefore has a great mar-
ket potential.

CRISPR-Cas9-based SHERLOCK and DETECTR tech-
nologies show great potential in virus detection; however,
we noted that these two technologies need isothermal ampli-
fication before viral RNA detection. Nevertheless, FIND-IT
technology can directly detect viral RNA without amplifi-
cation, which makes CRISPR-Cas gene editing technology
promising for targeted virus detection and diagnostic testing.

3.3 Biosensor Detection
A biosensor is composed of a chemical or biological receptor

and a sensor. The receptor interacts specifically with the target
analyte and the sensor recognizes the process and converts it

into a quantitative signal [48]. It can provide an inexpensive,
sensitive, rapid, miniaturized, and portable platform compared
with traditional laboratory assays [49]. Biosensors have also
been widely used in human respiratory viruses (Table 3). In
2018, Dziabowska al. detected the influenza virus by electro-
chemical biosensors [50]. In 2019, Layqah and Eissa detected
MERS viruses by electrochemical biosensors [51]. After the
COVID-19 outbreak, the SARS-Cov-2 biosensor detection
has also made great progress (Fig. 5).

3.3.1 Optical Biosensors

Optical biosensors are the most widely used sensors for virus
detection and include colorimetric, fluorescent, localized
surface plasmon resonance (LSPR), and photonic detection
techniques. Such sensors have the advantages of being fast,
simple, inexpensive, label free, reusable, and highly sensitive.
Ventura’s team developed a fast colorimetric-based biosensor
using the unique optical properties and biocompatibility of
Au NPs [52]. The biosensor consists of an Au NP colloidal
solution of Au NPs modified by the corresponding antibody
to the SARS-Cov2 protein. In the presence of an antigenic
antibody, Au NP forms a layer of nanoparticles on the sur-
face of the virus particles. The LSPR coupling between the
nanoparticles results in the color of colloidal solution chang-
ing from red to blue. By comparing 94 RT-PCR samples (45
positive and 49 negative), the team found that the biosensor
had a sensitivity of 96% and a specificity of 98%. The sensor
can detect virus particles in less than 3 min, and the sensor
targets the virus itself rather than the RNA, making it useful
not only as a diagnostic tool, but it can also determine the
extent of a patient’s infection. In another study, Guo et al.
developed an optical sensor using a fluorescence method
[53]. The team combined the characteristics of magnetic
Fe;0,4 nanospheres and quantum dots, which are excellent
fluorescent materials, owing to their uniform diameter dis-
tribution, large surface area, good solubility in water, high
dispersion, and strong magnetic properties. A magnet-based
fluorescent-linked immunosorbent assay was developed for
the detection of IgG antibodies in human serum. When IgG
is present in the sample to be tested, it forms an immune
complex with quantum dot nanobeads linked to 1 anti-Fe;0,
and 2 anti-Fe;0,, which releases a strong fluorescence signal
after magnetic separation, and the concentration of antibody
in the serum can be determined by the change in the fluores-
cence signal. The research team diluted 20 serum samples to
1 in 50,000 and compared them with the fluorescent-linked
immunosorbent assay. The results showed no statistically sig-
nificant difference between the fluorescent-linked immuno-
sorbent assay and ELISA, demonstrating the reliability of the
sensor. The sensor is more suitable for population screening
because of its higher linear range, sensitivity, and simplicity
to traditional ELISA methods.
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Table 3 Application of biosensors in virus detection
Virus Type Nanomaterials Target LOD Result Ref
time
(minutes)
MERS Electrochemistry Carbon electrodes modified with AU NPs  Spike protein S1 1.04 pg/mL 20 [51]
Colorimetric Au NPs E, ORFla 1 pmol/uL 10 [85]
Colorimetric Ag NPs DNA 1.53 nM N/A [86]
HIV Photonic Photonic crystals gp 120envelope  10%-10% 30 [87]
copies/mL
Surface plasmon Resonance Ag NPs DNA 195 pmol/L N/A [88]
HINI1 Colorimetric Au immunostrip Hemagglutinin ~ 2.27 PFU/mL <10 [89]
Colorimetric Magnetic nanobeads Hemagglutinin 2.6 PFU/mL N/A [90]
Au NPs
H5N1 Fluorescence Au NPs RHA protein 3.5 ng/mL 30 [91]
(serum)
DENV Surface plasmon Resonance Graphene nanoparticles E 0.08 pm 8 [92]
SARS-Cov  Surface plasmon Resonance Gold-binding Antibody 200 ng/mL 10 [93]
polypeptides
SARS-Cov-2 Colorimetric Au NPs N 0.18 ng/ulL 10 [94]
Colorimetric Au NPs RdRp 0.5 ng <30 [95]
Lateral flow Au NPs IgM 12-25 copies/uL. 15 [96]
Dye streptavidin-coated polymer ORFlab and N <2 [56]
nanoparticles
Fluorescence QDs and MnFe304 nanospheres IeG 4 pg/ml N/A [53]
Microfluidic Au NPs S 0.5 pM 30 [97]
Optomagnetic Iron oxide NPs RdRp 0.4 fm 100 [98]
Field-effect transistor Graphene oxide nanosheets Au NPs S 24.2 copies/mL 5 [99]
N 6.9 copies/uL [100]

Ag NPs Silver nanoparticles, Au NPs gold nanoparticles, DENV dengue virus, LOD limit of detection, MERS Middle East respiratory syndrome,
N/A not applicable, QDs Quantum dots, Ref reference, SARS-Cov severe acute respiratory syndrome coronavirus, SARS-Cov-2 severe acute res-

piratory syndrome coronavirus 2, PFU plaque-forming unit

3.3.2 Electrochemical Biosensor

An electrochemical biosensor is a type of electronic device
biosensor, which includes field effect transistors, three-elec-
trode potential sensors, and amperometric systems. It is char-
acterized by miniaturization, low cost, and mass production.
Recent studies have reported a molecularly imprinted poly-
mer-based electrochemical biosensor that detects NCov NP by
combining the chemical and thermal stability of molecularly
imprinted polymers with a biosensor [54]. The key compo-
nents of this sensor are a sensor chip and a thin film electrode.
The interface is connected to a molecularly imprinted polymer
that selectively binds NCov NP and is connected to the chip
and a constant potential meter. Raziq et al. tested COVID-
19 samples confirmed by RT-PCR by using differential pulse
voltammetry [54]. The sensor responded linearly to NCov
NP over a concentration range of 2.22-111 fM with a limit
of detection of 15 fM and a limit of quantification of 50 M.
In addition, it did not react with other interfering proteins,
which confirmed the ability of the sensor to detect NCov
NP in complex biological media. Yousefi et al. developed a
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reagent-free electrochemical biosensor for rapid and sensitive
detection of the SARS-CoV-2 [55]. The sensor combines a
specific antibody with double-stranded DNA and the REDOX
probe ferrocene to form a negatively charged connector. The
negatively charged connector is adsorbed on the surface and
the presence of virus particles affects the time the connector
is adsorbed on the surface. Viral particles are detected by tim-
ing amperometry. The team was able to detect viral particles
at concentrations as low as 4000 copies/mL in 10 minutes by
analyzing a patient’s saliva sample. The sensor can be stored
for up to 9 months, making it fast, sensitive, stable, inexpen-
sive, and portable. However, the specificity of the method is
affected to some extent by a cross-reaction between the sensor
and the SARS-Cov-1 viral spike protein. The team believes
that the SARS-Cov-1 virus is now extinct in humans and this
cross-reactivity is tolerable in clinical trials [55].

3.3.3 LAMP-Based Lateral Flow Biosensor

Zhu et al. devised a method combining multiple RT-LAMP
with a nanoparticle-based lateral flow biosensor [56], which
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Fig.5 Biosensor applications for severe acute respiratory syn-
drome coronavirus 2 (SARS-Cov-2) detection, summarizing the
recently reported biosensors for SARS-Cov-2 detection, including
lateral flow biosensors, electrochemical biosensors, colorimetric bio-
sensors, fluorescence biosensors, microfluidic biosensors, and local-
ized surface plasmon resonance biosensors. Ab antibody, AuNPs

uses two sets of primers to amplify both ORFlab and N genes
of SARS-Cov-2 in a single tube reaction. Using FITC (fluo-
rescein)-/digoxin- and biotin-labeled primers, multiplex RT-
LAMP produced a large amount of FITC-/digoxin- and biotin-
attached duplex amplicons, which can be detected by a lateral
flow biosensor through immunoreactions between the FITC/
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gold nanoparticles, LAMP loop-mediated isothermal amplification,
SA-DNP streptavidin-dinitrophenol, BSA bovine serum albumin,
Dig digoxin, ASO antisense oligonucleotide, RdRp RNA-dependent
RNA polymerase, AuNIs gold nanoislands, FITC fluorescein isothio-
cyanate

digoxin-labeled duplex and the anti-FITC/digoxin antibody,
and a biotin/streptavidin interaction between the biotin-labeled
duplex and the streptavidin-labeled polymerase nanoparticle.
The accumulated nanoparticles can form a visible red-colored
band to indicate detection of the ORFlab and N gene with-
out instrumentation. The multiplex RT-LAMP-lateral flow
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biosensor method showed 100% sensitivity (33 positive sam-
ples) using 129 respiratory samples (33 SARS-Cov-2 posi-
tive specimens) initially analyzed by RT-PCR by the research
team. All samples were detected with 100% specificity (all 96
negative samples tested negative), and the entire experiment
could be completed from sampling to the result in less than 1
hour. The assay is fast, and the advantage of simple equipment
makes this technique a viable assay for initial virus diagnostics.

3.3.4 Dual-Function Plasma Photothermal Biosensor

Qiu et al. combined plasma with a photothermal effect and
LSPR to develop a dual-function LSPR biosensor [57].
Localized surface plasmon resonance is a surface-conducted
electron coherent oscillation driven by strong photons. It can
be modulated when coupled to the surface of a plasmonic
material. Because of the enhancement of the plasma field
near the nanostructure, the LSPR sensing system shows
a high response to local changes in sensitivity, including
refractive index changes and molecular binding, and thus,
LSPR is an ideal method for real-time and label-free detec-
tion of micro- and nano-scale analytes. In this method, AuNI
chips use hybridization of nucleic acid sequences selected
from SARS-Cov-2. When the plasmonic resonance fre-
quency is irradiated, heat is generated on the chip. The local-
ized photothermal effect heat not only increases the tem-
perature of in-situ hybridization on the chip and enhances
the hybridization response, but also accurately distinguishes
similar gene sequences and avoids false positives. The high
sensitivity of the dual-function LSPR biosensor for SARS-
CoV-2 and low detection limit of 0.22 pm are advantages
that support the detection of specific targets in multi-gene
mixtures by the dual-function LSPR biosensor. This is a
nucleic acid hybridization technique for detecting synthe-
sized SARS-CoV-2 oligonucleotides, providing an alterna-
tive and promising potential for future clinical application.

3.3.5 Microfluidic Chip-Based Biosensor

Microfluidic technologies are platforms for many diagnostic
tests, including RT-PCR, RT-LAMP, nested PCR, nucleic
acid hybridization, ELISA, fluorescence-based analysis,
rolling circle amplification, aptamers, sample preparation
multiplex, porous silicon nanowire forest, silica sol-gel coat-
ing/adhesion, and CRISPR. They provide faster, cheaper,
easier to use, and more sensitive platforms, thus microfluidic
devices have great potential to become an alternative method
for detecting viral RNA [58]. In recent years, microfluidic
devices have been used to detect a variety of viruses, such
as rotavirus, Ebola virus, and Zika virus [59-61] and good
results have been achieved.

Zhou's team developed a microfluidic chip detection tech-
nique based on the specific binding reaction of an antigen
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and antibody [62]. Repeated exposure to the SARS-Cov-2
nucleocapsid antigen immobilized on a microfluidic chip
resulted in a complete immunoconjugate within 1 min, thus
enabling ultra-rapid detection of specific virus N protein
antibodies in the patient’s serum. By using reciprocating-
flowing ELISA, Zhou et al. found that the reciprocating-
flowing ELISA chip strategy achieved a precise diagnosis
with a 100% true positive and negative rate in 13 patients
with suspected COVID-19. Moreover, the detection time
was shortened to 5 min and the limit of quantification was
as low as 4.14 pg/mL, achieving an ultra-fast detection of
antibodies targeting the nucleoprotein antigens of SARS-
CoV-2. Recently, Xu et al. constructed a novel all-fiber
reflection microfluidic biosensor that combines an all-fiber
optical systems, a microfluidic chip, and multi-mode fiber
biological probes [63], it is based on the Fresnel reflection
mechanism and immunoassay principles for the detection
of SARS-COV-2 IgG and IgM. The team tested the sen-
sor on 30-fold diluted serum samples and obtained limit of
detection values of 24.6 ng/mL (IgG) and 13.5 ng/mL (IgM)
in serum samples with a detection time of 7 min. Microflu-
idic biosensor technology is a virus detection method that
is integrated into chip technology. The advantage over other
biosensors is that microfluidics technology allows a flexible
combination of a variety of biological and chemical experi-
ments on a tiny platform.

3.3.6 Wearable Biosensors

Synthetic biology is an emerging discipline that studies engi-
neering approaches to genetically engineered artificial bio-
logical systems and systems biology [64]. The development
of synthetic biology has provided a new research direction
for virus detection biosensors. Among them, freeze-dried
cell-free synthetic biotechnology was developed for Ebola
virus detection in 2014 [65]. After the SARS-CoV-2 out-
break, freeze-dried cell-free technology and CRISPR detec-
tion technology were used on masks to develop wearable and
non-invasive SARS-CoV-2 detection at room temperature
[66]. This wearable detection technique is different from
traditional nasopharyngeal sampling or serum sampling.
Breath sampling technology collects respiratory droplets
for aerosol detection. The mask detection system consists
of four modules: hydration reservoir, large surface area col-
lection sample pad, wax-patterned uPAD, and a lateral flow
assay strip. Capillaries transport the collected droplets and
aerosols to the module containing the freeze-dried lysate
to lyse the virus particles. The target sequence is ampli-
fied by RT-RPA, followed by the detection of amplicons
with a CRISPR detection system, and finally visualization
of the result determination with an integrated lateral flow
assay. The method takes about 1.5 h from activation to the
result, with a detection limit of 500 copies. This wearable
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biosensor based on freeze-dried cell-free technology is the
first wearable personalized technology comparable to the
sensitivity of traditional laboratory assays, but still has some
limitations, such as the inability to detect in high humidity
or underwater [66].

3.4 Other Methods of Detection

In addition to the methods discussed above, researchers in
various countries have developed aptamer-based assays,
droplet digital PCR (ddPCR)-based assays, and sequencing-
based assays for coronavirus diagnostic testing.

3.4.1 Detection Methods Based on Aptamer

A nucleic acid aptamer is a segment of DNA that is an
antibody-like molecule. After screening and enrichment
by SELEX (systematic evolution of ligands by exponen-
tial enrichment) technology, it can recognize a specific
target molecule. The advantages are based on its small
molecular weight and low production cost compared with
antibodies, and thus it is expected to replace antibodies
for SARS-CoV-2 detection. In 2020, Song et al. used an
aptamer selection strategy based on ACE2 competition and
a machine screening procedure to create aptamers with high
affinity for SARS-Cov-2 RBD, including Cov2-RBD-1C and
Cov2-RBD-4C [67]. Woo et al. developed a ligation reac-
tion by SplintR ligase followed by transcription by T7 RNA
polymerase [68], and the resulting transcripts formed RNA
aptamers. The aptamer binds to a fluorescent dye and pro-
duces fluorescence when the target RNA is present. This
method is called SENSR, and it produces results in as little
as 30 min and achieves a 95% positive predictive value and
a 100% negative predictive value.

3.4.2 Detection Method Based on ddPCR

Droplet digital PCR is a third-generation PCR technique for
the absolute quantitation of nucleic acid molecules. Prior to
PCR amplification, the technique requires the processing of
samples to micro-droplets, to allow for a “single molecule
quantitative analysis” of the sample. Compared with tradi-
tional PCR, ddPCR has the advantages of high sensitivity,
precision, repeatability, and resistance to inhibitors. It may
be that ddPCR is superior to gold standard RT-PCR in the
detection and predictive diagnosis of SARS-COV-2 [69].
A recent paper reported that they tested 74 clinical samples
(36 feces samples, 36 sputum samples, and 2 throat swabs) from
43 recovering patients with COVID-19 with ddPCR and qPCR,
41 samples were positive and 33 were negative using ddPCR.
The positive rate of ddPCR (55.41%) was significantly higher
than that of gPCR (33.49%). To verify the accuracy of ddPCR
in low viral load samples, the team performed a comparative

test on 18 retained samples from nine discharged patients, in
which gPCR showed negative results while ddPCR showed 12
positive results (only one patient showed negative results in
both samples). This showed that ddPCR significantly improved
the accuracy of diagnosis in low viral load samples and reduced
the number of false-negative cases reported [70]. Mao's team
developed a rapid, accurate, and quantitative SARS-Cov-2
detection system that combines PCR with ddPCR. The system
cleverly utilizes a microfluidic chip that generates droplets with
a diameter of 30 um at high speed through a multi-stage bifur-
cation structure. Coupled with a micro-heating array for rapid
PCR (controlled by a high-speed temperature-cooling system),
the system can detect samples with target sequences down to
5 copies/pL in less than 5 minutes, with a significantly higher
accuracy than RT-PCR at low concentrations [71].

3.4.3 Detection Methods Based on Sequencing Technology

The principle of using sequencing technology for the detec-
tion of neo-coronaviruses involves high-throughput sequenc-
ing of all nucleic acids in suspected samples or nucleic acids
from specific targets, and the detection of all pathogenic
microorganisms or their target sequences in the samples
through bioinformatics analysis. Next-generation sequencing
is the most advanced method in the personalization of medi-
cal services. Bhoyar et al. used this COVID-Seq method on
752 clinical samples in duplicate for a total of 1536 samples
[72]. The 1536 specimens were analyzed within a sequenc-
ing time of 11 h and an analysis timeline of 6 hours, the
COVIDseq test has comparable sensitivity, precision, and
accuracy to RT-PCR technology showing that high-through-
put gene sequencing techniques can guarantee sensitivity.
Traditional gene sequencing techniques are more often used
for the confirmation of patient specimens with high clini-
cal suspicion, but the PCR tests may be negative for many
reasons, including negligible viral load, scant analytic sen-
sitivity, improper specimen types, poor or suboptimal speci-
men collection procedures, testing too early or too late after
infection, or changeability in viral shedding. A recent study
has shown an innovative assay that combines the LAMP
amplification technique with a sequencing detection tech-
nology, called LAMP-Seq [73]. The LAMP-seq analysis of
676 clinical samples showed a sensitivity of 100% and a
specificity of 99.7% at lower material costs, which suggested
that it represents a predictive diagnostic strategy for frequent
testing as a surveillance program in public health.

4 Perspective on POCT
With the continuous updating and development of testing

technology, in vitro diagnostic technology has developed in
two directions: first, testing units that are mainly laboratory
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oriented, which are developed in the direction of high pre-
cision and integration; second, testing units are mainly for
families, small clinics, and pharmacies, which are being
developed to be simple, easy to carry, fast, and conveni-
ent for personal health management. In this context, POCT
technology, which is easy to carry, simple to operate, and
fast, has rapidly developed. Point-of-care testing is divided
into three types: (1) solid-phase POCT detection, based on
antigen-antibody immunoassay detection; (2) liquid-phase
POCT (small chemiluminescence technology and micro-
fluidic chip technology); and (3) molecular POCT (nucleic
acid molecular detection technology based on PCR detec-
tion technology). At present, POCT detection technology
has been applied for many types of analysis, including blood
glucose, blood gas analysis, myocardial markers, and infec-
tious disease detection. With the global outbreak of COVID-
19, many COVID-19 POCT detection products have also
appeared on the market, such as the Accula SARS-Cov-2
Test. These kits include a disposable microfluidic cuvette
and a high-precision reader (handheld or benchtop analyzer)
for sample detection. These personalized assays can produce
results in less than 30 minutes, significantly reducing the test
time, but the deficiencies in the quality-control system of the
POCT assay (lack of controlled tests) make it challenging
to ensure the stability and accuracy of each batch compared
with traditional assays. In addition, inadequate user under-
standing of the operation instructions can lead to inaccurate
test results. In addition, it remains a challenge to use the
large amount of data generated by POCT for an intelligent
analysis to monitor the health status of the population and
rationalize the allocation of medical resources. However, it
is hoped that the big data generated by POCT can become
a powerful support for public health and epidemiological
surveillance. The current set of problems are gradually being
solved by applying the latest detection technology to POCT.
To improve the accuracy of detection, POCT will be the
most important tool for SARS-Cov-2 or other epidemiologi-
cal testing in the future.

5 Conclusions

The SARS-Cov-2 pandemic has brought more virus detec-
tion technologies to the forefront. At present, RT-PCR is
still the most popular method for detecting SARS-Cov-2
and its variants. As a complementary method to RT-PCR,
antigen detection is more acceptable for home-based detec-
tion. Serum antibody detection is also an important method
to monitor the changes of antibodies in the middle and late
stages of the infection. Novel methods, such as isothermal
amplification technology, CRISPR technology, biosensors,
and microfluidic chip technology is still under development,

A\ Adis

although these diagnostic techniques have the advantages of
simplicity of operation, short detection time, inexpensive
equipment, portability, availability of equipment, and high
sensitivity and specificity comparable to RT-PCR. However,
most of the above techniques have not been tested and vali-
dated on a large scale, or with various types of clinical sam-
ples. Further, the stability of reagents, the cost of equipment,
and the automation of these technologies are still uncertain.
Therefore, there is still a long way to go before the wide
application of these technologies enters clinical testing, or
to the home, small clinics, pharmacies, supermarkets, and
airports for public infection control and to aid in the strategic
management of the ongoing pandemic.
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