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Abstract

Coronaviruses are a group of envelop viruses which lead to diseases in birds and mammals as well as human. Seven
coronaviruses have been discovered in humans that can cause mild to lethal respiratory tract infections. HCoV-229E, HCoV-
0C43,HCoV-NL63, and HCoV-HKUI1 are the low-risk members of this family and the reason for some common colds. Besides,
SARS-CoV, MERS-CoV, and newly identified SARS-CoV-2, which is also known as 2019-nCoV, are the more dangerous
viruses. Due to the rapid spread of this novel coronavirus and its related disease, COVID-19, a reliable, simple, fast, and low-cost
detection method is necessary for patient diagnosis and tracking worldwide. Human coronaviruses detection methods were
classified and presented in this article. The laboratory detection techniques include RT-PCR, RT-LAMP, electrochemical and
optical biosensors for RNA detection, and whole virus or viral proteins detection assays.
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Introduction

Coronaviruses are members of the Coronaviridae family,
which belongs to the Nidovirales order. These viruses are
enveloped, non-segmented, positive-sense, and single-
stranded RNA viruses that cause mild or severe diseases in
some birds and mammals, including humans. Their genome
size is about 30 kilobases (kb) which consist of non-structural
open reading frames (ORFs) near the 5'-end and at least four
structural proteins near the 3'-end, including membrane (M),
envelope (E), spike (S), and nucleocapsid (N) proteins. The
coronavirus name derives from their solar corona appearance,
which is formed due to the club-shaped spikes that project
from the surface of the virion [1-4].

The first study on coronaviruses was reported in 1931,
while the first human coronaviruses were identified in the
1960s. HCoV-229E and HCoV-OC43 were discovered as re-
sponsible viruses for some cases of cold and respiratory tract
infection. According to their genome structure, HCoV-229E
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is classified in the alpha-coronaviruses (or group 1) subgroup
while HCoV-OC43 belongs to beta-coronaviruses (or group
2) subgroup [5-9].

Severe acute respiratory syndrome (SARS) was reported
for the first time in November 2002 in China, and SARS-
associated coronavirus (SARS-CoV) was identified in
March 2003 as the third human coronavirus. This dangerous
virus was characterized and classified in the beta-
coronaviruses subgroup. SARS outbreak involved 29 coun-
tries, infected over 8000 people, and caused 774 deaths (the
fatality rate was about 9%). There has not been any new
SARS case reported since 2004 [2, 10, 11].

After the SARS epidemic, several research investigations
have been done to find the new human coronaviruses. HCoV-
NL63 was reported in 2004 in the Netherlands as a member of
alpha-coronaviruses. Afterward, the next human beta-
coronavirus was identified in 2005, which was named
HCoV-HKUI. In a few years after the discovery of HCoV-
NL63 and HCoV-HKUI, numerous reports were published
about the presence of these coronaviruses in patients with both
upper and lower respiratory tract infections worldwide
[12-14].

The sixth human coronavirus was emerged in the Middle
East in 2012 and named Middle East respiratory syndrome-
CoV (MERS-CoV). MERS-CoV is another member of the
beta-coronaviruses subgroup and could infect humans and
dromedary camels. So, dromedary camels are known as the
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possible zoonotic source for MERS-CoV. Furthermore,
MERS was a severe lower respiratory tract infection with a
high fatality rate similar to SARS. A total of 2519 MERS
confirmed cases were reported until the end of January
2020, which has led to 866 deaths, with a case-fatality rate
of34.3% [2, 15, 16].

The last human coronavirus appeared in December 2019 in
Wuhan, China, which was named 2019 novel coronavirus
(2019-nCoV) by the World Health Organization (WHO) and
then renamed to severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2), due to its similarity to SARS-CoV.
Also, WHO named the related disease as coronavirus disease
2019 (COVID-19). The ongoing pandemic is growing fast,
and between 100,000 and 300,000 new cases per day were
reported over the past month. Furthermore, about sixteen mil-
lion laboratory-confirmed cases around the world and more
than 600,000 deaths have been reported until 25th July 2020
[17-21].

Due to the rapid spread of COVID-19, a reliable detection
method is needed for patient diagnosis and tracking world-
wide, especially in the early stages of the disease, to slow
and try to control the pandemic. WHO has recommended
nucleic acid amplification tests (NAAT), such as reverse tran-
scription polymerase chain reaction (RT-PCR), for this pur-
pose [22].

Nevertheless, the RT-PCR method is a relatively expensive
and time-consuming technique and needs an expert techni-
cian, as well as specialized equipment compared to other di-
agnostic methods. It has also shown some false-negative re-
sults (even more than 30%) in COVID-19 diagnosis compare
to chest CT imaging technique results. Furthermore, except
chest CT-imaging and host antibody detection (serological
assays) that have been used for diagnosis purposes, there are
other methods for SARS-CoV-2 direct detection, such as RT-
LAMP, viral RNA biosensing, and viral protein biosensors
[23-28].

In this article, human coronaviruses laboratory detection
methods allowing direct virological diagnosis are separated
in three classes: RNA amplification-based detection methods
(including RT-PCR, real-time RT-PCR, and isothermal
amplification-based methods), viral RNA biosensors (includ-
ing electrochemical and optical biosensors), and whole virus
or viral proteins detection assays.

It should be noted that the technical point of view was
selected in the article to introduce the potentially applicable
techniques for fighting against COVID-19 pandemic. As all
the human coronaviruses have a relatively similar genomes,
the previously used techniques may be suitable for SARS-
CoV-2. So, the methods were classified based on the detection
principles. Nevertheless, the genetic divergence between the
seven human coronaviruses, including the viruses classified in
the same subgroup, leads to the use of specific systems for
each virus.
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Figure 1 represents the timeline of the introduction of these
techniques regarding each of the seven human coronaviruses.
Moreover, several commercial real-time RT-PCR-based and
antigen-specific COVID-19 diagnostic kits are discussed.

RNA amplification-based detection methods

Most of the viral RNA detection methods work based on
nucleic acids amplification. As the amplification methods
are usually used for DNA duplication, the complementary
DNA (cDNA) of the target must be formed. Therefore, reverse
transcription of the extracted target RNA to form the cDNA is
the first step in the RNA amplification-based detection
methods. Then, the target cDNA is multiplied in the amplifi-
cation step. In the initially presented methods, the target
cDNA was detected after the end of the amplification step.
Although, the real-time detection methods were then devel-
oped, and hence, amplification and detection steps were
merged, some highly sensitive methods were also proposed
to directly detect the target RNA without amplification
[29-31].

Different RNA detection formats are shown in Fig. 2. The
total detection time of direct RNA detection methods is usu-
ally lower than that of the amplification-based techniques.

Table 1 summarizes the RNA amplification-based assays
developed for the detection of coronaviruses, and the related
studies are presented in the next three subsections.

Reverse transcription polymerase chain reaction (RT-
PCR)

The polymerase chain reaction (PCR) technique is similar to a
molecular photocopier that can synthesize a large number of a
specific DNA sequence. The schematic illustration of PCR
process is shown in Fig. 3. In this technique, a mixture of
sample DNA, primers, nucleotides, and DNA polymerase
brings in a three-step temperature cycle, which consists of
denaturation, primer hybridization, and extension. After in-
creasing the number of DNA molecules, it could be detected
by various methods like agarose gel electrophoresis [31, 81,
82].

Reverse transcription PCR (RT-PCR) technique was devel-
oped for specific RNA detection. In this method, the target
RNA is converted to cDNA by the reverse transcriptase en-
zyme. Then, the obtained cDNA is amplified by PCR. In the
traditional RT-PCR detection methods, the detection step is
performed separately after the amplification step.

Thereafter, the amplification and detection steps have been
combined together to decrease the total detection time and
increase the sensitivity and accuracy of the method. This tech-
nique is known as real-time RT-PCR (rRT-PCR) or
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Fig. 1 The timeline of the
introduction of the diagnostic
methods regarding each of the
seven human coronaviruses
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quantitative RT-PCR (qRT-PCR) and is represented in the
next subsection [31, 83, 84].

Vabret et al. published the first research on coronaviruses
detection in 2001, which was based on the RT-PCR method.
They developed an RT-PCR assay for HCoV-229E and
HCoV-0C43 and used agarose gel electrophoresis and DNA
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Fig. 2 Different RNA detection formats

enzyme immunoassay for the detection of PCR products.
They tested their method on 348 sputum and nasal aspirate
samples, which could detect 0.05 median tissue culture infec-
tious dose (TCIDsqp)/ml of HCoV-229E and 0.01 TCIDso/ml
of HCoV-0OC43 [32]. Vallet et al. carried out another study on
coronaviruses detection in 2004. They investigated 2028 clin-
ical nasal specimens for HCoV-229E by the RT-PCR method.
The RT-PCR products (amplicon) were detected by a DNA
enzyme immunoassay, which used a horseradish peroxidase
(HRP)-labeled anti-double-stranded DNA to detect DNA hy-
bridization. Their large-scale experiments showed 0.5
TCIDsy/ml detection limit, and the total detection time of each
test was about 10 h [33].

Moés et al. reported an RT-PCR detection assay for HCoV-
NL63, HCoV-OC43, and HCoV-229E, which were used for
testing 309 nasal aspirates in 2004. After the termination of the
RT-PCR process, the amplicon was sequenced by commercial
DNA sequencer and compared with standard sequences. Also,
the limit of detection (LOD) of their method was 5000 copies/jl
and 50 copies/pl for HCoV-NL63 and HCoV-OC43, respective-
ly [34]. In 2007, Lam and teammates used a fast thermo-cycler
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Table 1 RNA amplification-based detection methods developed for the detection of coronaviruses
Coronavirus ~ Analyte Assay method Detection Concentration Limit of detection Tested sample Reference
subgroup time range
HCoV-OC43 RNA  RT-PCR - - 0.01 TCIDs¢/ml Sputum and nasal aspirates [32]
HCoV-229E 0.05 TCIDs¢/ml
HCoV-229E RNA  RT-PCR 10 h - 0.5 TCIDs¢/ml Nasal specimen [33]
HCoV-NL63 RNA  RT-PCR - - 5000 copies/pl Nasal aspirates [34]
HCoV-0C43 50 copies/pl
HCoV-229E _
SARS-CoV  RNA RT-PCR 5h - 10 copies/reaction Nasal aspirate [35]
HCoV-0C43
HCoV-229E
HCoV-OC43 RNA  RT-PCR 2h 25-10,000 10 copies/reaction Spiked RNA solutions [36]
copies/-
reaction
SARS-CoV  RNA  RT-PCR ~2h - 2 nM Throat swab samples [37]
SARS-CoV  RNA  rRT-PCR - 10-10° - Nasopharyngeal aspirate [38]
copies/- specimens
reaction
HCoV-OC43 RNA  1RT-PCR ~2h 20-2x 108 Nasopharyngeal aspirates, [39]
copies/- bronchial aspirates,
reaction bronchoalveolar lavage
HCoV-229E 200-2 x 10° specimens, sputum samples,
copies/- and pharyngeal swabs
reaction
SARS-CoV  RNA  rRT-PCR ~25h - 10 copies/reaction Nasal swabs, feces and [40]
HCoV-NL63 - suspension of mesenteric
HCoV-0C43 lymph node
HCoV-229E
HCoV-NL63 RNA  tRT-PCR 4 h - - Nasopharyngeal aspirate [41]
HCoV-0C43 samples
HCoV-229E
HCoV-HKU1
MERS-CoV. RNA  rRT-PCR ~1h - 3.4 copies/reaction Respiratory swab, Sputum, and [42]
20 min endotracheal aspirate
samples
HCoV-OC43 RNA  tRT-PCR ~25h - 5x107%° TCIDso/ml Respiratory specimens [43]
HCoV-229E 5% 07> TCIDso/ml
MERS-CoV  RNA  rRT-PCR ~2h 10-108 10 copies/reaction or Serum, [44]
copies/- 0.0013 TCID5¢/ml nasopharyngeal/-
reaction oropharyngeal swab, and
sputum samples
MERS-CoV. RNA  rRT-PCR ~1h - 5.3 copies/reaction Respiratory specimens [45]
MERS-CoV. RNA  rRT-PCR - 10-108 10 copies/reaction Nasopharyngeal aspirate [46]
HCoV-0C43 copies/- specimens
HCoV-229E reaction
HCoV-HKU1 5 copies/reaction
HCoV-NL63
MERS-CoV  RNA  tRT-PCR ~1h - 10 copies/reaction Synthetic RNA solutions [47]
SARS-CoV  RNA  rRT-PCR - - 0.005 ng/ml Bat fecal specimens [48]
MERS-CoV 50 ng/ml Sputum specimens
SARS-CoV-2 RNA  rRT-PCR - - 2.9 copies/reaction Respiratory specimens [49]
SARS-CoV 3.2 copies/reaction
SARS-CoV-2 RNA  rRT-PCR ~1h - 275.7 copies/reaction ~ Swab samples [50]
SARS-CoV-2 RNA  rRT-PCR ~30 min - 10 copies/reaction Plasmids containing the [51]
complete N gene
SARS-CoV-2 RNA 1h - 1250 copies/ml (for Nasopharyngeal, [52, 53]
50 min CFX96™ Real-Time oropharyngeal, or anterior
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Table 1 (continued)
Coronavirus  Analyte Assay method Detection  Concentration Limit of detection Tested sample Reference
subgroup time range
rRT-PCR (Allplex™ PCR Detection nasal swabs, mid-turbinate,
2019-nCoV System) or 4167 and sputum specimens
diagnostic kit) copies/ml (for
CFX96 Touch™
Real-Time PCR
Detection System)
SARS-CoV-2 RNA  rRT-PCR ~2h - 500 copies/ml Nasopharyngeal, [54, 55]
(GeneFinder™ oropharyngeal, nasal, or
COVID-19 Plus mid-turbinate nasal swab
Real Amp kit) samples, bronchoalveolar
lavage fluid, or sputum
specimens
SARS-CoV-2 RNA  rRT-PCR (cobas® 3h - 0.009 TCIDsy/ml (for ~ Nasopharyngeal or [56, 57]
SARS-CoV-2 test) ORF1la genes) and oropharyngeal swab
0.003 TCIDs¢/ml (for specimens
E genes)
SARS-CoV-2 RNA  rRT-PCR (RealStar®  — - 625 copies/ml Nasopharyngeal, [58, 59]
SARS-CoV-2 oropharyngeal, anterior
RT-PCR kit) nasal, or mid-turbinate nasal
swabs, nasal washes or
aspirates
SARS-CoV-2 RNA  rRT-PCR (Xpert® ~30 min - 250 copies/ml (for Nasopharyngeal, [60, 61]
Xpress SARS-CoV-2 oropharyngeal, nasal, or
SARS-CoV-2 test) reference material) or ~ mid-turbinate swabs, nasal
0.0100 PFU/ml (for washes or aspirates
live virus molecules)
HCoV-NL63 RNA  RT-LAMP 1h 1-10° 1 copy/reaction Cell culture supernatant, [62]
copies/- bronchoalveolar lavage,
reaction nose wash, sputum, serum
MERS-CoV  RNA  RT-LAMP 1h - 1.6 to 3.4 Pharyngeal swab specimens [63]
copies/reaction
MERS-CoV  RNA  RT-LAMP 30-50 min — 5 PFU/ml or 72 Cell culture supernatants [64]
copies/reaction
MERS-CoV  RNA  RT-LAMP lh - 0.4 copies/reaction Nasopharyngeal aspirate [65]
specimens
MERS-CoV  RNA  RT-LAMP 35 min 50-5 x 10 10 copies/pl Throat swab specimens [66]
copies/-
reaction
MERS-CoV  RNA  RT-LAMP 30 min - 15 copies/reaction Nasal aspirate specimens [67]
SARS-CoV  RNA  RT-LAMP 20-25 min — 10* copies/reaction Synthetic RNA solutions [68]
SARS-CoV-2 RNA  RT-LAMP 20-30 min — 20 copies/reaction Nasopharyngeal swab and [69]
bronchoalveolar lavage fluid
samples
SARS-CoV-2 RNA  RT-LAMP 30 min - 5 copies/reaction Nasopharyngeal swab [28]
specimens
SARS-CoV-2 RNA  RT-LAMP lh - 120 copies/reaction Respiratory swab samples [70]
SARS-CoV-2 RNA  RT-LAMP lh - 12 copies/reaction Oropharynx swab samples [71]
SARS-CoV-2 RNA  RT-LAMP - - - Nasopharyngeal swab [72]
SARS-CoV-2 RNA  RT-LAMP 50 min - 3 copies/reaction Clinical samples [73]
SARS-CoV-2 RNA  RT-LAMP 40 min - 1.2 copies/reaction Spiked RNA samples [74]
MERS-CoV  RNA  RT-RPA ~10 min - 10 copies/reaction Plasmids containing the NC [75]
gene
HCoV-OC43 RNA  RT-RPA 20 min - 25 copies/reaction Nasal samples [76]
HCoV-OC43 RNA  RT-RPA 20 min - 10 copies/reaction Nasopharyngeal aspirate [77]
MERS-CoV specimens
SARS-CoV-2 RNA  RT-RPA 1h - 10 copies/pl Synthetic RNA sequences [78]
SARS-CoV-2 RNA  RT-RPA 40 min - 1.3 copies/reaction Plasma samples [79]
MERS-CoV  RNA ~15h - [80]
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Table 1 (continued)

Concentration Limit of detection

Tested sample Reference

Coronavirus ~ Analyte Assay method Detection
subgroup time range
Reverse
Transcription-insula-
ted isothermal PCR
(RT-1iPCR)

0.37 PFU/mL (< 10
RNA molecules)

Tissue culture fluid and sputum
specimens

TCIDs, 50% tissue culture infectious dose; PFU, plaque-forming units; R7-PCR, reverse transcription polymerase chain reactions; 7R7-PCR, real-time
reverse transcription polymerase chain reactions; R7-LAMP, reverse transcription loop-mediated isothermal amplification; R7-RPA, reverse transcription

recombinase polymerase amplification

and developed a multiplex RT-PCR for the detection of 21 re-
spiratory viruses consisting of SARS-CoV, HCoV-OC43, and
HCoV-229E. They tested 303 nasal aspirate samples, and the
amplicon was detected by agarose gel electrophoresis. The total
detection time was about 5 h and the LOD was 10
copies/reaction for all the three coronaviruses [35].

To decrease the detection time and simplify the operation,
Thaitrong and coworkers designed an integrated capillary
electrophoresis microsystem and combined the RT-PCR and
electrophoresis separation steps. They applied the designed
microsystem to detect different respiratory viruses including
HCoV-0C43 in spiked RNA solutions. This system was able
to measure the RNA concentration in the range of 25-10,000
copies/reaction within 2 h and the LOD was 10
copies/reaction [36].

In another research, Shi et al. by using RT-PCR, reported an
optical detector based on surface plasmon resonance (SPR),
which identified nine common respiratory viruses, including
SARS-CoV. The amino-functionalized oligonucleotide probes
specific to each virus were immobilized on the 12-
mercaptododecanoic-modified gold chips. Amplified extracted
viral RNA sequences from throat swab samples were detected
via the hybridization reaction occurring on the chips’ surface.
The assay took about 2 h and a detection limit of 2 nM for
SARS-specific viral RNA was observed. The downside to this
work was the required cumbersome step to amplify the extracted
RNA, which was due to the assay’s low sensitivity [37].

Real-time RT-PCR (rRT-PCR)

As previously mentioned, the incorporation of amplification
and detection steps is a suitable way to decrease the detection
time. After the development of fluorescent DNA labeling
technique, real-time RT-PCR emerged. Therefore, by

» [TTTTTTTTTTTITTTTTTITIIT 5 denaturation
—

s LTI 3 yrgeee
, sLLLLLLLLL LD 5

Target DNA sequence

Fig. 3 Schematic illustration of PCR process
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increasing the number of cDNA molecules in the mixture,
the emitted fluorescent light increased. SYBR Green dye is a
non-specific fluorescent DNA label that is widely used in
rRT-PCR detection. SYBR Green binds to any double-
strand DNA and light is emitted after binding. In clinical di-
agnosis, there have been some false-positive results due to the
binding of SYBR Green dye to primer-dimers or other DNA
double strands in the mixture [31, 82]. To resolve this prob-
lem, specific fluorescent probes, also known as reporters were
developed, which only worked in the presence of a specific
DNA sequence. The most common specific probe is the
TagMan probe, and methods based on this probe have been
recommended as the standard diagnostic protocol for SARS-
CoV-2 detection by WHO. In this method, fluorescence res-
onance energy transfer (FRET) is exploited and a fluorescent
dye molecule and a quencher attached to 5’ end and 3’ end of
the oligonucleotides. The quencher and fluorescent compo-
nents are closed in the same molecule at first, and light emis-
sion is prevented. After cDNA amplification, the probe is
hybridized to the specific sequence of single-stranded
cDNA. In the extension step of PCR, the hybridized probe is
split. Thus, the fluorescent and quencher components are sep-
arated which results in the increase of fluorescent intensity
[85-87].

The rRT-PCR technique is the most common method in
coronaviruses detection, due to its high sensitivity and accu-
racy, as well as relatively low detection time. Escutenaire et al.
used SYBR Green probe to develop an rRT-PCR assay to
detect SARS-CoV, HCoV-0OC43, HCoV-229E, HCoV-
NL63, and even 32 different animal coronaviruses. The detec-
tion time was almost two and half hours, and they could detect
10 copies/reaction of SARS-CoV [40].

Poon and colleagues reported an rRT-PCR assay in 2004
for detection of SARS-CoV by using TagMan probe in 86

= [T > TIN5
- 1111 E4
extension
—
yMMs 7075%C 5 M s
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nasopharyngeal aspirate specimens. The assay concentration
range was 10-10° copies/reaction, and the sensitivity and
specificity of their tests were 86.2% and 100%, respectively
[38]. Vijgen et al. performed the other TagMan-based rRT-
PCR assay in 2005 for HCoV-OC43 and HCoV-229E. They
compared the TagMan-based rRT-PCR assay with conven-
tional RT-PCR by electrophoresis detection for 100 respirato-
ry specimens including nasopharyngeal aspirates, sputum
samples, bronchial aspirates, bronchoalveolar lavage speci-
mens, and pharyngeal swabs. The diagnosis rate of the real-
time assay was 50% and 700% higher than that of the conven-
tional RT-PCR for HCoV-OC43 and HCoV-229E, respec-
tively. Moreover, the total detection time for the rRT-PCR
method was about 2 h, and the detection range was 20-2 x
10® copies/reaction for HCoV-OC43 and 2002 x 10°
copies/reaction for HCoV-229E [39].

Tiveljung-Lindell and coworkers developed an rRT-PCR
detection method by TagMan probe for detection of 15 differ-
ent respiratory viruses, including HCoV-OC43, HCoV-229E,
HCoV-NL63, and HCoV-HKU1. They applied this diagnos-
tic platform to 585 stored nasopharyngeal aspirate samples,
which were previously evaluated by immunofluorescence and
virus isolation methods. The developed rRT-PCR method
identified viruses in 57% of the samples within 4 h, while
the previous methods only detected viruses in 37% of the
samples [41]. Sanghavi et al. evaluated a multiplex rRT-
PCR assay which was using TagMan probe. They tested 728
clinical respiratory specimens for 19 different viruses such as
Flu A, Flu B, HCoV-0C43, and HCoV-229E. These experi-
ments were performed at 2 h and 30 min, and the LOD was
5% 10%° TCIDso/ml and 5 x 10" TCIDsy/ml for HCoV-
0C43 and HCoV-229E, respectively [43].

After MERS-CoV appearance in 2012, Corman and col-
leagues designed an rRT-PCR assay to detect this coronavirus
in 92 respiratory swab, sputum, and endotracheal aspirate
samples. The probe type was TaqMan. The assay took about
1 h and 20 min to complete, and was able to detect 3.4
copies/reaction or higher [42]. Then, Croman and partners
validated a commercial rRT-PCR kit for MERS-CoV that
consisted of two assays targeting upstream of the Envelope
gene (upE) and open reading frame (ORF) la. The kit was
able to detect 5.3 copies/reaction by upE assay and 9.3
copies/reaction by ORFla assay within about an hour [45].

Lu et al. reported four rRT-PCR assays for MERS-CoV
detection within 2 h by using specific sequence probes. The
TaqMan-type probes were labeled with 6-FAM and Black
Hole Quencher 1 as reporter molecule and quencher, respec-
tively. The linear range of their assays was 5-5x 10’
copies/reaction and 10-10® copies/reaction for N assay and
upE assay, respectively. Besides, the detection limit for the
different assays was in the range of 1.3 x 107>-1.3 x 107>
TCIDsq and was less than 10 copies/reaction for all the assays
[44]. Furthermore, Chan’s group developed rRT-PCR assays

with locked nucleic acid probes, which were targeting leader
sequences of coronaviruses. They could detect 10
copies/reaction or higher of MERS-CoV, HCoV-OC43, and
HCoV-229E and 5 copies/reaction or higher of HCoV-NL63
and HCoV-HKUI. In addition, the LOD values for viral RNA
were 5.62 x 1072, 5.00 x 1072, and 3.16 x 10> TCIDso/ml for
MERS-CoV, HCoV-229E, and HCoV-OC43, respectively
[46].

Hashemzadeh et al. reported a dual TagMan-based rRT-
PCR assay for MERS-CoV detection, which was designed
for upE and ORF1b targeting. They evaluated the assay for
spiked RNA solutions, and it was able to detect 10
copies/reaction of RNA in about 1 h [47]. Besides, Noh and
colleagues developed an rRT-PCR assay for simultaneous de-
tection of SARS-CoV and MERS-CoV and related bat
coronaviruses. For this purpose, they used different fluores-
cent dyes in the probes (HEX and FAM). In the duplex exper-
iment (both coronaviruses detection template), the LOD was
50 ng/ml for MERS-CoV while it was only 1 ng/ml in the
single detection template [48].

After COVID-19 outbreak, Corman and coworkers devel-
oped an rRT-PCR assay for the detection of SARS-CoV-2 in
2020. This TagMan-based assay was used for SARS-CoV
detection either, and the LOD of the assay was 2.9 and 3.2
copies/reaction for SARS-CoV-2 and SARS-CoV, respective-
ly [49]. Pfefferle and teammates performed another study for
SARS-CoV-2 by using the automated rRT-PCR method.
They evaluated their assay for 88 swab samples and the
LOD was 275.7 copies/reaction. Besides, the total detection
time was decreased to about an hour [50]. Also, Hirotsu et al.
designed a double quencher probe for the rRT-PCR method.
They could detect 10 copies/reaction of SARS-CoV-2 in
about 30 min in the positive plasmid controls, containing the
complete N gene [51].

It should be noted that the recommended WHO protocol
for SARS-CoV-2 detection is the rRT-PCR method with
TagMan probe which has been widely used for COVID-19
diagnosis worldwide. This assay is performed more than
1,000,000 tests per day for the time being [87, 88].

Currently, besides the WHO’s suggested protocol, several
other commercial rRT-PCR assays with the United States
Food and Drug Association (FDA) approval are being
employed to clinically diagnose COVID-19. The AllplexTM
2019-nCoV diagnostic kit (Seegene Inc., Seoul, South Korea),
for instance, is an assay that concurrently detects three SARS-
CoV-2-associated genes in a single tube, i.e., E, N, and RNA-
dependent RNA polymerase (RARP), using FAM, Quasar®
670, and CAL Fluor® Red 610 fluorophore probes, respec-
tively. Human nasopharyngeal, oropharyngeal, or anterior na-
sal swabs, mid-turbinate, and sputum specimens from
COVID-19 suspects may be used as sources of these nucleic
acids, and the results will be available within 1 h and 50 min
after RNA extraction. The assay’s LOD has been confirmed as
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1250 or 4167 copies/ml, depending on whether a CFX96TM
or CFX96 TouchTM Real-Time PCR Detection System is
utilized for amplification, respectively [52, 53].

Moreover, GeneFinderTM COVID-19 Plus RealAmp kit
(Osang Healthcare Co., Ltd., South Korea) is a one-step rRT-
PCR-based assay that detects the three previously mentioned
SARS-CoV-2-related genes in nasopharyngeal, oropharyn-
geal, nasal, or mid-turbinate nasal swab samples, bronchoal-
veolar lavage fluid, or sputum specimens within roughly 2 h in
a single tube. The E, N, and RdRP genes are targeted by
probes tagged with Texas Red, JOE, and FAM fluorescent
reporter dyes, respectively. This diagnostic kit has an
established LOD of 500 copies/ml. Therefore, it is much more
sensitive than the AllplexTM 2019-nCoV assay [54, 55].

Additionally, cobas® SARS-CoV-2 test (Roche, Basel,
Switzerland) is another rRT-PCR assay that simultaneously
targets and detects two SARS-CoV-2-associated nucleic acids
in nasopharyngeal or oropharyngeal swab specimens, produc-
ing virtually 96 results within 3 h, an overall of 384 or 1056
results for the cobas® 6800 or 8800 System in approximately
8 h, respectively. The LOD of this detection kit has been
reported as 0.009 and 0.003 TCID50/ml for ORFla and E
genes, respectively [56, 57].

Furthermore, the RealStar® SARS-CoV-2 RT-PCR kit
(altona Diagnostics GmbH, Hamburg, Germany), a real-time
assay, targets the E and S genes’ nucleic acid sequences using
probes labeled with FAM and Cy5 fluorophores, respectively.
These RNA sequences are extracted from COVID-19 sus-
pects’ samples, including nasopharyngeal, oropharyngeal, an-
terior nasal, or mid-turbinate nasal swabs, nasal washes or
aspirates, through AltoStar® Automation System AM16, then
purified by the AltoStar® Purification Kit 1.5, and further
amplified and identified by CFX96TM or CFX96 TouchTM
Real-Time PCR Detection System. This assay has an LOD of
625 copies/ml, demonstrating its higher sensitivity compared
with the suggested WHO protocol with an LOD of 1250
copies/ml [58, 59].

Another rRT-PCR-based COVID-19 diagnostic kit is the
Xpert® Xpress SARS-CoV-2 test (Cepheid Inc., Sunnyvale,
California, USA), which detects E and N2 nucleic acid targets
in nasopharyngeal, oropharyngeal, nasal, or mid-turbinate
swabs, nasal washes or aspirates from COVID-19 suspects.
The rapid assay takes roughly 30 min to generate the results
and has an LOD of 250 copies/ml for SARS-CoV-2 reference
material or 0.0100 plaque-forming units (PFU)/ml for live
virus molecules [60, 61].

Isothermal amplification-based methods
DNA amplification techniques are beneficial for the identifi-
cation of genetic disorders or infectious diseases. There are

different nucleic acid amplification methods other than PCR
such as nucleic acid sequence-based amplification (NASBA),
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transcription-mediated amplification (TMA), loop-mediated
isothermal amplification (LAMP), isothermal multiple dis-
placement amplification (IMDA), strand displacement ampli-
fication (SDA), signal-mediated amplification of RNA tech-
nology (SMART), and helicase-dependent amplification
(HDA). Among these methods, LAMP is the second most
common after PCR, especially for the detection purposes.
LAMP technique requires 4 (or 6) primers which divide the
target sequence to six regions (3 regions in the forward section
and 3 regions in the backward section). Therefore, the design
of primers and their conflict prevention are more challenging
compared to the PCR method, which only needs two primers
(forward and backward). On the other hand, the LAMP pro-
cess is carried out in an isothermal condition and it is a cheaper
and faster method. Moreover, several researches reported the
application of LAMP method for coronaviruses detection [28,
29, 89].

The schematic illustration of LAMP process is represented
in Fig. 4. Double-stranded DNA must be converted to single-
stranded DNA at the first step. For the left strand in the figure,
the forward internal primer (FIP) and F3 primer are hybridized
to target, and DNA polymerase is implemented to form a new
strand from free nucleotides in the mixture. The newly formed
strand is separated due to the zip-like behavior of F3 primer.
These steps are repeated in the backward section by backward
internal primer and B3 primer. Then, the two ends of the final
strand are hybridized to the inner sections to form a loop-
shaped strand and the amplification is continued exponential-
ly. For the RNA amplification, reverse transcription step must
be done before the LAMP process, which is known as the RT-
LAMP method. Detection of the amplicon is usually per-
formed by observing the precipitates of magnesium pyrophos-
phate by-product, DNA-binding dyes, gel electrophoresis, or
real-time fluorescence [30, 90, 91].

The first research on human coronaviruses detection by
RT-LAMP method was conducted in 2011. Pyrc et al. devel-
oped an RT-LAMP assay for the detection of HCoV-NL63,
which was able to detect even 1 copy/reaction in clinical spec-
imens. They used gel electrophoresis for the amplicon identi-
fication step, and the detection time of the assay was about 1 h
[62].

After MERS-CoV discovery, 5 different researches detect-
ed this coronavirus by a rapid RT-LAMP method between
2014 and 2018. The detection time for the reported assays
was 30—60 min. Shirato’s group developed an assay by real-
time fluorescence detection in 2014 with 1.6 copies/reaction.
They reported a new real-time assay in 2018 by using a
quenching probe. The new assay’s LOD was 15
copies/reaction while the detection time decreased from 1 h
to 30 min. Bhadra et al. presented another real-time fluores-
cence assay which was able to detect 72 copies/reaction within
30-50 min [63, 64, 67]. Lee et al. used agarose gel electro-
phoresis for amplification product identification, and their
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Fig. 4 Schematic illustration of LAMP process

LOD and detection time were 0.4 copies/reaction and 1 h,
respectively. Huang and colleagues used a vertical flow visu-
alization strip for final amplicon detection and detected 10
copies/pl within 35 min [65, 66].

Besides, Kim et al. developed a multiplex RT-LAMP for
detection of SARS-CoV in synthetic RNA solutions by
targeting ORF1b and N genes. They investigated both gel
electrophoresis and real-time fluorescent methods for final
RNA identification. The LOD and detection time of the assay
were 10* copies/reaction and 20-25 min, respectively [68].

There are several studies for the rapid diagnosis of COVID-
19 employing the RT-LAMP technique. Yan et al. designed
primer sets for ORF1ab and S genes for COVID-19 diagnosis
within 20-30 min in 130 nasopharyngeal swab and broncho-
alveolar lavage fluid samples. The LOD values were 20 and
200 copies/reaction for ORFlab assay and S gene assay, re-
spectively [69]. Moreover, Yang and coworkers presented an
RT-LAMP assay by targeting ORFlab, E, and N genes to
achieve high sensitivity and specificity. After investigation
of 208 nasopharyngeal swab specimens, the sensitivity was
similar to RT-PCR as the standard assay and the specificity
was 99%. The LOD and the detection time of this assay were 5
copies/reaction and 30 min, respectively. It should be noted
that in both mentioned assays, calcein dye was used for the
identification step [28].

Zhang and teammates targeted ORF1la and N genes, and
they could detect SARS-CoV-2 after about 1 h by a simple
colorimetric identification. They performed real-time mea-
surements either, and the LOD was 120 copies/reaction [70].
Also, Zhu et al. designed primer sets for ORFla and N genes,
and the RT-LAMP product was visualized by nanoparticles-

based biosensor for COVID-19 diagnosis. Their tested sam-
ples were oropharynx swab specimens, and both the sensitiv-
ity and specificity of the assay were 100% comparing to the
rRT-PCR results. The total detection time from sample collec-
tion to final identification was 1 h, and the LOD was 12
copies/reaction [71]. Furthermore, Butt et al. reported an
RT-LAMP assay by ORF1la and N genes targeting and simple
colorimetric identification. They tested the assay on 70 naso-
pharyngeal swabs and the sensitivity and specificity of the test
were 95% and 100%, respectively, when compared to the
rRT-PCR results [72].

In the other colorimetric RT-LAMP assay, Lu et al. de-
signed 6 primer sets and could detect 3 copies/reaction of
SARS-CoV-2 in about 50 min [73]. Broughton et al. reported
the next RT-LAMP based assay, which used the clustered
regularly interspaced short palindromic repeats (CRISPR)
method for the detection step by lateral flow strip. Their assay
was able to detect 1.2 copies/reaction of SARS-CoV-2 within
40 min. It should be noted that CRISPR is a gene-editing
technique that could detect a specified sequence and edit it.
Recently, this technique is applied for the detection of the
specified nucleic acid sequences. [74]

The next isothermal nucleic acid amplification method is
recombinase polymerase amplification (RPA), which is work-
ing on body temperature (3742 °C). This method employs
three enzymes. A recombinase is pairing to oligonucleotide
primers with a homologous sequence in DNA. A single-
stranded DNA-binding protein prevents the primers from dis-
placement by binding to displaced DNA strands. The third
enzyme, strand-displacing polymerase, synthesizes the DNA
starting from the primer-DNA binding point. So, on the
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presence of forwarding and backward primers, the amplifica-
tion process goes on like PCR. For RNA amplification, the
reverse transcription step must be carried out first [92, 93].

El Wahed et al. reported an RT-RPA-based assay for de-
tection of MERS-CoV NC gene fragment, while a fluorescent
tube-scanner was used for amplification detection. The detec-
tion time and LOD were 10 min and 10 copies/reaction, re-
spectively [75].

Afterward, an all-in-one assay is developed by Koo and
coworkers by using the RT-RPA technique. This device,
which was based on an arch-shaped direct amplification sili-
con microring resonator (SMR) platform, comprising the
immobilized recombinase polymerase amplification enzymes
and primers specific to the targets, allowed for the high-speed
simultaneous analysis of multiple viruses, including MERS-
CoV and HCoV-OC43. Instead of employing the hybridiza-
tion reaction concept, this assay utilized long primers at high
concentrations to produce an arch on the SMR platform,
which then allowed for label-free detection of viral RNA se-
quences in a real-time manner. This assay could detect path-
ogens within 20 min and observed a detection limit of 10
RNA copies/reaction for both coronaviruses [76, 77].

Curti and colleagues reported another RT-RPA assay com-
bined with the CRISPR technique for SARS-CoV-2 detection.
They applied both lateral flow and ssDNA fluorescent reporter
for the final visualization of the result. The LOD and the
detection time of their method were 10 copies/pl and 1 h,
respectively [78]. Ding et al. designed an all-in-one RT-RPA
assay that used the CRISPR technique with ssDNA fluores-
cent reporter for the detection step of COVID-19 and HIV
diagnosis. The assay progress took about 40 min to complete,
and it could detect 1.3 copies/reaction of SARS-CoV-2 [79].

Insulated isothermal polymerase chain reaction (iiPCR) is
another amplification method, which was used by Go et al. for
MERS-CoV diagnosis. Ralyeigh-Benard convection is the ba-
se of this method. There is a thermal gradient in the amplifi-
cation reactor, but each part of the reactor works at a constant
temperature. In this method, the positions of the molecules are
changed during the PCR progress instead of changing the
whole reactor temperature. Go and coworkers used TagMan
probes for the rapid detection of MERS-CoV in tissue culture
fluid and sputum specimens by RT-iiPCR method. The detec-
tion time of the assay was about 1.5 h, and its LOD was 0.37
PFU/ml, which was equal to less than 10 copies/reaction [80,
94].

Biosensors for viral RNA detection
RNA-based biosensors are highly promising substitutes for
the conventional RT-PCR diagnostic techniques due to their

simplicity, cost-effectiveness, rapid detection, and high sensi-
tivity and specificity; particularly, since they can eliminate the
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need for RNA amplification [95-98]. In the field of
coronaviruses diagnosis, most assays make use of the binding
of synthetic single-stranded DNA probes to the target viral
RNA or oligonucleotide sequences through hybridization re-
actions, which result in the formation of double-stranded
nucleic acids [99]. Free or immobilized DNA probes were
tagged with transducing elements in advance or become sub-
jected to them after hybridizing with the targets.
Electrochemical [100—103] and optical agents [24, 37, 77,
104-106] are examples of transducers that have been
employed in these gene-based sensors to produce measurable
signals corresponding to the presence or absence of viral
RNA. Figure 5 presents a schematic of the principle underly-
ing of these biosensors. Table 2 summarizes the RNA-based
biosensors developed for the detection of coronaviruses.

Electrochemical biosensors

These biosensors are appropriate candidates for amplification-
free detection of viral RNA; since they offer minimum sample
requirement, simple operation, inexpensiveness, and ultrasen-
sitive rapid real-time detection [108, 109]. In these sensors,
biorecognition cues triggered by the hybridization reactions
result in assessable impedimetric, potentiometric,
chronoamperometric, or voltammetric signals. The most com-
mon electrochemical techniques in viral biosensors are cyclic
voltammetric (CV), square-wave voltammetry (SWV),
chronoamperometry (CA), electrochemical impedance spec-
troscopy (EIS), and differential pulse voltammetry (DPV)
[110, 111]. Various studies have exploited these sensors to
detect SARS-CoV-specific 30-mer oligonucleotides. Abad-
Valle et al. developed a genosensor for the detection of these
oligonucleotide sequences. In this hybridization-based elec-
trochemical assay, thiol-terminated complementary probes
for the specific target of viral sequences were immobilized
on a sputtered gold film through sulfur-gold interactions.
After surface blocking with 1-hexanethiol, the hybridization
reaction between the probes and biotinylated target strands
took place. Subsequently, the insertion of streptavidin (Strp)-
tagged alkaline phosphatase (AP) enabled the electrochemical
detection of SARS-related virus; this enzyme hydrolyzed the
deposited 3-indoxyl phosphate (3-IP) to soluble indigo car-
mine, which indirectly led to the identification of the oligonu-
cleotide sequences. The biosensing progress took approxi-
mately 2 h to complete and employed SWV, as the electro-
chemical measurement technique, which resulted in signals
linearly correlating with a concentration range of 0.01—
1.01 nM and a detection limit of 6 pM [100]. Gonzalez-
Lépez and Abedul also detected these oligonucleotides in
spiked solutions with the same described platform and elec-
trochemical measurement method but within a linear range of
0.1-10 nM and an assay time of 3 h [103].
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Additionally, Diaz-Gonzalez and coworkers constructed
two hybridization-based biosensors for the detection of these
30-mer oligonucleotides. In both sensors, screen-printed

Table 2  Biosensors for coronaviruses-specific RNA detection

carbon electrodes (SPCE) were electrochemically pre-
oxidized and then modified by cationic polylysine. DNA
probes were then immobilized onto the surface of the

Coronavirus Analyte Assay method Detection  Concentration Limit of Tested sample Reference

subgroup time range detection

SARS-CoV Oligonucleotide Electrochemical 2h10min 0.01-1.01 nM 6 pM Spiked oligonucleotide [100]
(SWV) solutions

SARS-CoV Oligonucleotide Electrochemical 3h25min - 8 pM Spiked oligonucleotide [102]
(CA) solutions

Electrochemical 1 h 30 min 0.5 nM

(V)

SARS-CoV Oligonucleotide Electrochemical 2h20 min 2.5-50 pM 2.5 pM Spiked oligonucleotide [101]
(CV) solutions

SARS-CoV Oligonucleotide Electrochemical 3h 0.1-10 nM - Spiked oligonucleotide [103]
(SWV) solutions

SARS-CoV Oligonucleotide Optical 5 min - <100 fmol Spiked oligonucleotide [107]
(colorimetry) solutions

SARS-CoV RNA Optical (SPR) ~2h - 2 nM Throat swab samples [37]

MERS-CoV RNA Optical 30 min - 0.1 pM Pseudo-serum samples [104]
(fluorescence)

MERS-CoV Oligonucleotide Optical - 20-1000 nM 1.53 nM Spiked oligonucleotide [106]
(colorimetry) solutions

MERS-CoV Oligonucleotide Optical 10 min - 1 nM Spiked oligonucleotide [105]
(colorimetry) solutions

SARS-CoV-2 Oligonucleotide Optical (LSPR and  ~ 14 min - 0.22 pM Spiked oligonucleotide [24]
PPT) solutions

SWV, square-wave voltammetry; CA, chronoamperometry; CV, cyclic voltammetry; SPR, surface plasmon resonance; SMR, silicon microring resonator;
LSPR, localized surface plasmon resonance; PPT, plasmonic photothermal effect
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modified electrodes via electrostatic interactions. One of these
biosensors was based on the direct CV detection of indigo
carmine, the product of 3-IP hydrolysis in the presence of
AP. This sensor had a detection time of 3 h and 25 min with
a detection limit of 8 pM. In another sensor, target oligonu-
cleotides labeled with Au (I) complex were detected by CA
through the hydrogen evolution reaction catalyzed by this la-
bel. A detection limit of 0.5 nM in a remarkably lower time-
frame of 90 min were observed for this assay [102].

Moreover, Martinez-Paredes and colleagues reported an
electrochemical hybridization-based genosensor incorporat-
ing an SPCE modified with gold nanoparticles. Thiolated
single-stranded DNA probes complementary to the 30-mer
SARS-CoV-specific oligonucleotides were immobilized onto
the modified electrode. After the blocking step with casein, a
hybridization reaction occurred with the insertion of biotinyl-
ated target oligonucleotides. The targets were then labeled
with AP through biotin-Strp binding. After the addition of a
3-IP and silver nitrate solution, 3-IP produced a compound
that reduced the silver ions to metallic silver and deposited
them on the AP labels, which were then oxidized and mea-
sured by anodic stripping voltammetry. The usage of gold
NPs and the stripping voltammetry of silver ions improved
the sensitivity of this assay by several orders of magnitude,
when compared to usage of gold films and direct voltammetric
measurement of indigo carmine. Upon using CV, a linear
range and sensitivity of 2.5-50 pM and 1.76 pA/pM were
reported for this assay, respectively [101].

Optical biosensors

These biosensors detect the biorecognition process between
the capture probes and target analytes without a direct electri-
cal connection. Optical detection has enabled the construction
of cost-effective, easy-to-operate sensors for rapid and sensi-
tive analysis of pathogens, with the option of high-throughput
screening [110, 112]. The optical biosensors designed for de-
tecting coronaviruses-specific RNA sequences are based on
SPR [24, 37], fluorescence [104], SMR [77], and colorimetry
[105-107].

Several conducted studies incorporated optical platforms for
coronaviruses RNA detection, but they were not sensitive
enough to eliminate the RNA amplification step. In order to
decrease total detection time, they have been designed all-in-
one instruments. As mentioned in the previous section, Shi and
coworkers reported an optical biosensor based on SPR coupling
with RT-PCR step, which detected SARS-CoV and eight other
respiratory viruses. Also, Koo et al. presented an arch-shaped
direct amplification SMR platform for simultaneous detection
of MERS-CoV and HCoV-OC43 and some other viruses [37,
77]. Furthermore, In an attempt to create all-in-one direct RNA
amplification and sensing platforms, Jung et al. designed a
microfluidic chip, based on DNA hydrogel development by
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isothermal amplification of complementary target sequences
(DhITACT-TR) for rapid and robust detection of MERS-
related coronavirus RNA in pseudo-serum specimens. The opti-
cal device provided an observable result by the naked eye or
fluorescent ultraviolet light. In comparison to the laborious con-
ventional RT-PCR procedure, this 30-min assay only required
the injection of the extracted RNA into the chip, which led to the
hybridization reaction between first and second generation of
amplified DNA strands. This method could detect as low as
0.1 pM of pathogenic targets [104].

The next step was to design ultrasensitive biosensors that
would eliminate the need for RNA amplification and provide
straightforward and rapid detection platforms. Li and
Rothberg proposed a colorimetric assay for SARS-CoV oli-
gonucleotide sequence detection. This sensor exploited the
different inclinations single-stranded and hybridized DNA
molecules possessed for electrostatic adsorption on colloidal
gold NPs. They demonstrated that in contrast to the hybridized
oligonucleotides, single-stranded DNA molecules stabilized
the NPs and prevented them from aggregation after salt addi-
tion. Thus, this biosensor detected the change of color
prompted by the NPs aggregation, as a result of the hybridi-
zation reaction. The assay progress took about 5 min and
enabled visual detection for < 100 fmol of the targets [107].

Furthermore, Teengam and coworkers developed a
paper-based colorimetric genosensor, which operated
based on the citrate-stabilized silver NPs aggregation pro-
moted by the presence of positively charged pyrrolidinyl
peptide nucleic acids (PNA). PNA were used as substitutes
for RNA probes, due to their stability, ease of synthesis,
and efficient hybridization with the target sequences. In the
presence of synthetic MERS-CoV oligonucleotides, PNA
were hybridized with the targets and produced anionic
double-stranded molecules, which led to the dispersion of
the silver particles, due to the electrostatic repulsion, and
generated a visual color change. A linear concentration
range of 20—100 nM was observed for spiked target se-
quence solutions with a detection limit of 1.53 nM [106].
Another work in the field of MERS-related coronavirus
detection is the study carried out by Kim et al. They de-
signed a colorimetric biosensor that detected MERS-CoV-
specific oligonucleotides. In the absence of targets, the two
designed thiol-terminated probes interconnected together
through disulfide bond formation and failed to shield the
citrate-capped gold NPs from positively charged
electrolyte-induced particle aggregation. However, in the
presence of the targets, disulfide-induced self-assembly of
the targets and the two probes took place. These products
acted as shields for the NPs, due to the sulfur-gold covalent
bonds formed on the particles’ surface, resulting in a sub-
stantial color change visible to the naked eye. The 10-min
assay had a detection limit of 1 nM for 30 bp MERS-CoV
oligonucleotides [105].
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In the context of COVID-19 diagnosis, Qiu et al. proposed
an optical biosensor exploiting localized surface plasmon res-
onance (LSPR) and plasmonic photothermal effect. In this
assay, the SARS-CoV-2 oligonucleotides were hybridized
with the immobilized DNA probes on the gold nanoislands-
modified platform. The photothermal heat triggered by the
illumination of the substrate at gold NPs’ LPSR frequency
was able to increase the hybridization temperature and provide
an ultrasensitive assay. The designed biosensor detected as
low as 0.22 pM within a relatively short time of 14 min [24].

Whole virus or viral proteins detection

In addition to coronaviruses-related disease diagnosis through
CT imaging, RT-PCR, direct RNA biosensing, and host anti-
body detection, an alternative strategy is to identify the viral
proteins or whole virus in collected samples. Spike and N
proteins are two of the four structural proteins in
coronaviruses [113]. Spike protein is one of the membrane
proteins that makes up the viral envelope. This 180 kDa gly-
coprotein comprises S1 and S2 subunits. The S1 subunit, an
extremely immunogenic antigen, is the main target for neu-
tralizing antibodies, since it encompasses a receptor-binding
domain. Therefore, S1-specific antibodies have been studied
throughout the years as bioreceptors for whole virus detection
[114, 115]. N protein, a 40 kDa phosphoprotein encapsulating
the viral RNA, can be directly detected in serum, nasopharyn-
geal aspirate, and urine samples within the first 10 days of
infection, with a positive detection rate higher than that of
the RT-PCR analyses [116]. Its detectable characteristic is
due to its relatively large size and using sandwich-like immu-
noassays for its detection and also, the high immunogenicity
that it exhibits during this period [117]. Albeit, studies have
shown that the sensitivity of the N protein detection reduces to
less than 30% when more than 11 days have elapsed since the
onset of the viral invasion [118]. Hence, there is still a sub-
stantial need for developing ultrasensitive assays to detect this
viral protein [119]. Consequently, since the outbreak of
coronaviruses in 2002, efforts have been made to produce
assays with high sensitivity to detect viral N proteins or whole
coronaviruses by targeting their spike structural proteins.
Figure 6a depicts a schematic of whole virus-based assays
designed for coronaviruses detection. In most cases,
immobilized antibodies specific to spike proteins are used as
bioreceptors to capture the virus molecules. Subsequently,
label-free or label-based detection is carried out to analyze
the captured analytes. In addition to the conventional
enzyme-linked immunosorbent assay (ELISA) technique
[120], electrochemical [121, 122], electrical [27, 123], and
mass-based biosensors [124], have been developed to detect
coronaviruses via their spike proteins. As illustrated in Fig. 6D,
the detection of viral N proteins has almost the same concept

as identifying whole virus molecules but with slight differ-
ences. Most biosensors designed for this cause have utilized
antibodies specific to N proteins as the capture probes. After
the capturing step, label-free or label-based detection has been
accomplished by employing optical [125-127] and electro-
chemical transducers [121]. Apart from these biosensors, typ-
ical western blotting, ELISA, and lateral flow immunoassay
(LFIA) have also been exploited in diagnosing coronaviruses-
related diseases through the viral N protein detection [118,
128-132]. However, it is notable that a couple of the proposed
biosensors for either whole virus or N protein detection have
been incorporated with other bioreceptors or detection probes,
which will be further elucidated in the following sections.
Table 3 provides a summary of the developed assays for the
detection of coronaviruses through whole virus or viral N
protein analysis.

Conventional detection methods

Traditional assays, including ELISA, LFIA, and western blot-
ting, have been proposed for the detection of whole
coronaviruses via their spike membrane proteins, or viral N
proteins.

Whole virus detection

ELISA technique has been employed in whole virus detection
by targeting its spike proteins. In 2013, Sunwoo and co-
workers reported an assay for SARS-related coronavirus de-
tection, which exploited anti-S1 monoclonal capture antibod-
ies, as well as HRP-labeled bi-specific monoclonal detection
antibodies to detect the S1 subunits of spike proteins by the
addition of 3,3",5,5'-Tetramethylbenzidine (TMB) chromo-
genic substrate. This method detected as low as 19 ng/ml in
approximately 2 h [120].

Viral N protein detection

Conventional detection techniques such as western blotting,
ELISA, and LFIA have been utilized to detect coronaviruses
N proteins in spiked or real clinical samples. For instance, Che
and colleagues employed the western blot analytical method
to detect recombinant Hise-tagged viral N proteins specific to
SARS-CoV, HCoV-0OC43, and -229E using anti-His mono-
clonal antibodies [132]. The popular ELISA technique has
also been extensively used for SARS- and MERS-CoV N
protein detection. In a study performed by Lau and coworkers,
an ELISA was designed to identify SARS-specific N proteins
in nasopharyngeal aspirate and serum samples within 3 h and
31 min. The proteins were first captured by guinea pig anti-N
protein antibodies coated on immunoplates. Then, rabbit anti-
N protein antibodies were introduced to form the sandwich-
like structures. After the addition of HRP-tagged goat anti-
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Fig. 6 The general principle of a whole virus- and b viral N protein-based assays for coronaviruses identification by label-free or label-based detection.
In both cases, antibodies are used as capture and detection probes, if label-based detection is employed

rabbit antibodies, detection was carried out by incubating the
plates with TMB substrate. The method observed detection
limits of 2.5 ng/ml and 0.4 ng/ml for nasopharyngeal aspirate
and urine specimens, respectively [118]. In another work,
Kammila et al. developed a rapid immunoswab assay for
SARS-CoV-related N protein detection. This assay was a
pseudo-ELISA performed on the surface of calcium-alginate
swabs used for collecting the nasopharyngeal aspirate sam-
ples. After the capture of N proteins by the antibodies
immobilized on the swab surface and incubation with
Immunoglobulin Y (IgY), HRP-tagged rabbit anti-chicken
IgY antibodies were added, followed by incubation with
TMB. The 90-min assay had a detection limit of 0.5 pg/swab
or 10 pg/ml for NA samples [129].

Moreover, in 2015, Chen’s group proposed an ELISA
for MERS-CoV N protein detection and quantification.
Two anti-MERS-CoV recombinant N protein antibodies
were used as the capture and detection probes. The assay
principle was similar to prior studies. The designed ELISA
took about 1 h and 12 min and detected as low as 1 ng/ml
of the analytes in spiked recombinant N protein solutions
[128]. Also, in 2016, they designed an LFIA for MERS
disease diagnosis via N protein detection using two spe-
cific monoclonal antibodies against MERS-CoV recombi-
nant N proteins. The 30-min rapid detection assay had a
sensitivity and detection limit of 81% and 10°7-10*2
TCIDso/ml for spiked nasopharyngeal aspirate samples,
respectively [130]. Additionally, in 2020, Fung et al. pro-
vided a step-by-step protocol for the detection of MERS-
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CoV using an ELISA. The proposed assay employed two
N protein-specific monoclonal antibodies and took 1 h and
12 min to complete [131]. Furthermore, in a recent work,
Li and coworkers developed an ELISA to measure the
concentration of inactivated SARS-CoV-2 N proteins in
vaccines. The 2-h assay, which utilized polyclonal anti-N
protein antibodies to form the sandwich-like structures had
a detection limit of 100 ng/ml within a concentration range
of 200-1600 ng/ml [140].

The first FDA-approved coronavirus-associated antigen
detection assay was introduced on the 10th of May, 2020 as
a means to rapidly diagnose COVID-19. The Sofia SARS
Antigen FIA (Quidel Corp., San Diego, California, USA) is
a fluorescence-based sandwich LFIA that enables the qualita-
tive detection of the SARS-CoV and SARS-CoV-2 N proteins
from nasopharyngeal and nasal swabs within 15 min.
Nevertheless, the test cannot distinguish between the two vi-
ruses. This assay has observed an LOD of 113 TCID50/ml,
with a clinical sensitivity and specificity of 80% and 100%,
respectively [133, 134].

Biosensors

As clarified earlier, on top of the use of conventional tech-
niques for coronaviruses-related disease diagnosis, biosensors
have become emerging platforms for whole virus or viral N
protein detection. According to the related studies conducted
to date, the developed biosensors were either electrochemical,
electrical, optical, or mass-based.
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Table 3 Reported assays for coronavirus-specific whole virus or viral proteins detection
Coronavirus ~ Analyte  Assay method Detection Concentration Limit of detection Tested sample Reference
subgroup time range
SARS-CoV  Viral ELISA 35h - 2.5 ng/ml [for Nasopharyngeal  [118]
protein naso-pharyngeal aspi- aspirate
N rate] and 0.4 ng/ml samples and
pro- [for urine] urine
tein)
SARS-CoV  Viral WB - - - Spiked [132]
HCoV-229E protein recombinant N
HCov-0c43 (N protein
pro- solutions
tein)
SARS-CoV  Viral Immunoswab detection ~1h - 0.5 pg/swab (10 pg/ml) pig [129]
protein (pseudo-ELISA) 30 min nasopharyn-
N geal aspirate
pro- samples
tein)
SARS-CoV  Virus ELISA 2hS5min — 19 ng/ml Spiked spike [120]
(spike protein
pro- solutions
tein)
MERS-CoV  Viral ELISA lh - 1 ng/ml Spiked [128]
protein 12 min recombinant N
(N protein
pro- solutions
tein)
MERS-CoV  Viral LFIA 30 min - 10*7-10*? TCIDso/ml  Spiked [130]
protein nasopharyn-
N geal aspirate
pro- samples
tein)
MERS-CoV  Viral ELISA lh - - - [131]
protein 12 min
(N
pro-
tein)
SARS-CoV-2 Viral LFIA (Sofia SARS Antigen ~15 min — 113 TCID5y/ml Nasopharyngeal —[133,
protein FIA) and nasal 134]
N swabs
pro-
tein)
MERS-CoV  Virus Electrochemical (SWV) 20 min 1 pg/ml-100 ng/ml 1.04 pg/ml Spiked nasal [121]
(spike samples
pro-
tein)
HCoV-OC43 Viral 10 pg/ml-10 pg/ml 0.4 pg/ml
protein
(N
pro-
tein)
SARS-CoV-2 Virus Electrochemical (DPV) - 1 ftM-1 uM 10 ftM Spiked saliva [122]
(spike  Electrochemical (voltage 1 min samples
pro- change using the in-house
tein) device” eCovSens”)
SARS-CoV  Viral Electrical (FET) 10 min nM range - Spiked N protein [135]
protein solutions
(N
pro-
tein)
SARS-CoV  Viral Electrical (FET) 10 min 5-50 nM - Spiked N protein [136]
protein solutions
N

@ Springer



240

Eur J Clin Microbiol Infect Dis (2021) 40:225-246

Table 3 (continued)

Coronavirus ~ Analyte  Assay method Detection Concentration Limit of detection Tested sample Reference
subgroup time range
pro-
tein)
SARS-CoV-2 Virus Electrical (FET) - - 100 fg/ml Nasopharyngeal  [27]
(spike aspirate swabs
pro-
tein)
SARS-CoV-2 Virus Electrical (FET) ~2min - 0.2 pM Spiked spike [123]
(spike protein
pro- solutions
tein)
SARS-CoV  Viral Optical (SPR) - - - Spiked N protein [137]
protein solutions
(N
pro-
tein)
SARS-CoV  Viral Optical (chemiluminescence) 3 h - 20 pg/ml Spiked [138]
protein  Optical (fluorescence) 4 h 2 pg/ml recombinant N
N protein
pro- solutions
tein)
SARS-CoV  Viral Optical (LSPCF) - 0.1 pg/ml-1 ng/ml 0.1 pg/ml Serum [125]
protein
(N
pro-
tein)
SARS-CoV  Viral Optical (LSPCF) 2h 0.1 pg/ml-1 ng/ml 0.1 pg/ml Serum [127]
protein
N
pro-
tein)
SARS-CoV  Viral Optical (fluorescence) 1h - 0.1 pg/ml Spiked [139]
protein recombinant N
(N protein
pro- solutions
tein)
SARS-CoV-2 Viral Optical (fluorescence) 10 min - Not specified Nasopharyngeal — [126]
protein aspirate swabs
(N and urine
pro-
tein)
SARS-CoV  Virus Mass-based (QCM) 17 min 1-4 pg/ml 0.6 pg/ml Spiked sputum [124]

samples

N, nucleocapsid; ELISA, enzyme-linked immunosorbent assay, WB, western blot; LFIA, lateral flow immunoassay; 7CIDs,, 50% tissue culture
infectious dose; SWV, square-wave voltammetry; DPV, differential pulse voltammetry; FET, field-effect transistor; SPR, surface plasmon resonance;
LSPCF, localized surface plasmon-coupled fluorescence; QCM, quartz crystal microbalance

Electrochemical and electrical biosensors

The merits of electrochemical biosensors were discussed ear-
lier in Electrochemical biosensors section. These sensors are
also ideal candidates for whole virus or viral protein detection.
Layqah and Eissa proposed an electrochemical immunosensor
for the detection of MERS-CoV and HCoV-OC43 using a
panel of gold NPs-modified carbon working electrodes. The
S1 subunits of spike proteins and N proteins were the target

@ Springer

analytes for MERS whole virus and HCoV-OC43 protein de-
tection, respectively. The target molecules competed with the
immobilized MERS-CoV S1 subunits or HCoV-OC43 N pro-
teins, for specific antibodies further added to the platform.
Potassium ferrocyanide/potassium ferricyanide complex was
used as the redox probe, and label-free electrochemical detec-
tion was achieved by SWV. The 20-min assay observed sig-
nals linearly correlating with concentration ranges of 1 pg/ml—
100 ng/ml and 10 pg/ml-10 pg/ml, and also, detection limits
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of 1.04 pg/ml and 0.4 pg/ml for MERS-CoV and HCoV-
0OC43, respectively [121].

Furthermore, in a recent study regarding the detection of
SARS-CoV-2, Mahari and teammates designed two label-free
electrochemical biosensors that identified the SARS-CoV-2 virus
in spiked saliva samples via its spike proteins. Both biosensors
employed antibodies as capture probes for these membrane pro-
teins. The first sensor, a potentiostat-based device, used a fluorine-
doped tin oxide working electrode modified with gold NPs. After
investigating its analytical performance using the DPV technique,
it was shown that it could detect SARS-CoV-2 in the concentra-
tion range of 1 fM—1 puM, with an LOD of 10 fM. The second one
utilized an SPCE with an in-house built electrochemical device
called eCovSens, which correlated voltage with concentration.
This device could also detect as low as 10 fM of spike proteins,
in a relatively short assay time of 1 min [122].

Field-effect transistors (FET) are electrical biosensors
consisting of source and drain units separated by a channel,
all typically fabricated on a silicon/silicon dioxide substrate.
Their simplicity and low-cost fabrication, as well as ultrasen-
sitive, label-free, and rapid real-time detection, have made
them highly attractive biosensing platforms [141]. In 2009,
Ishikawa’s group developed a FET-based biosensor for the
detection of SARS-CoV N proteins. Instead of using antibod-
ies against these analytes, they employed fibronectin, as
antibody-mimicking polypeptides. The sensor had gold
source and drain electrodes, which were linked by an indium
oxide nanowire. The device detected viral N proteins in only
10 min [135]. In 2010, this group reported another FET-based
sensor for SARS-CoV N protein detection. The platform was
almost the same as the previous one, except that it had single-
walled carbon nanotubes as the channel linking the gold elec-
trodes. The 10-min assay could detect between 5 and 50 nM of
spiked N protein solutions [136].

Due to the capability of FET-based biosensors to detect min-
ute amounts of analytes with ultrahigh sensitivity, they have
recently been thoroughly utilized in developing assays for
SARS-CoV-2-related whole virus detection via spike membrane
proteins. For instance, Seo and colleagues designed a label-free
FET-based device with gold source and drain electrodes, as well
as a graphene sheet channel with anti-spike protein antibodies
immobilized onto it. The device could detect as low as 100 fg/ml
of the analytes in the clinical transport medium used for naso-
pharyngeal aspirate swabs [27]. Furthermore, Zhang et al. pro-
posed another graphene FET-based biosensor that could detect
COVID-19-related virus via its spike proteins in about 2 min,
again by employing spike protein-specific antibodies. A 0.2 pM
detection limit was observed for the assay [123].

Optical biosensors

The benefits of optical biosensors were previously explained
in Optical biosensors section. This section reviews the optical

biosensors reported for coronavirus-related N protein detec-
tion; including chemiluminescent [138], fluorescent [126,
138, 139], SPR-based [137], and localized surface plasmon-
coupled fluorescence (LSPCF) fiber-optic biosensors [125,
127].

Fluorescence-based detection has been investigated as a
means to detect viral N proteins. Ahn and coworkers devel-
oped two methods for the detection of SARS-CoV N protein,
a chemiluminescent assay and a fluorescent one. Both assays
employed aptamers specific to the proteins as bioreceptors,
and polyclonal anti-N protein antibodies to create the
sandwich-like structures. The 3-h chemiluminescent tech-
nique, then used AP-conjugated anti-immunoglobulin G
(IgG) antibodies, followed by the addition of disodium 3-(4-
methoxyspiro {1,2-dioxetane-3,2'-(5'-chloro) tricyclo
[3.3.1.1*”7] decan}-4-yl) phenyl phosphate as the chemilumi-
nescent substrate, and observed a detection limit of 20 pg/ml.
In comparison, the 4-h fluorescent assay exploited fluorescein
isothiocyanate (FITC)-labeled anti-IgG and detected as low as
2 pg/ml [138]. In another study, Roh and Jo designed a chip
that detected SARS-CoV N proteins in only an hour with a
detection limit of 0.1 pg/ml. The target proteins were
immobilized on the chip via ProLinker™ capture probes, then
quantum dots-labeled specific aptamers bound to the targets,
and fluorescence intensity was evaluated using confocal mi-
croscopy [139]. In a recent study, Diao and colleagues pro-
posed a fluorescent immunochromatographic strip assay that
detected the N proteins in nasopharyngeal aspirate and urine
samples of COVID-19 patients that took only 10 min with a
sensitivity of 68-98%. The sealed strip comprised sample and
conjugate pads, a nitrocellulose membrane with test and con-
trol lines on its surface, and also an adsorption pad. The con-
jugate pad contained europium (III)-labeled monoclonal anti-
N protein (M4) or IgG antibodies. Monoclonal anti-N protein
(M1) and anti-IgG antibodies were immobilized onto the test
and control lines, respectively. Due to the capillary effect, N
proteins present in a given sample bounded to the labeled M4
or IgG antibodies located on the conjugate pad and, then, were
captured by the M1 or anti-IgG antibodies on the test and
control lines, respectively; leading to fluorescent-colored
lines. The results were further assessed by an immunofluores-
cence analyzer [126].

SPR-based biosensors are promising platforms for the de-
tection of pathogens, including coronavirus-specific N pro-
teins, due to their label-free real-time sensing characteristic.
Yang et al. developed a Strp-coated chip to study the RNA-N
protein interactions related to SARS-CoV. Immobilized bio-
tinylated DNA oligonucleotides underwent a hybridization
reaction with synthetic RNA probes specific to SARS-CoV
N proteins, and then, after the introduction of the target pro-
teins, the probe-target interactions were investigated by SPR
with high sensitivity [137]. Moreover, Chang and Huang’s
research group designed two biosensors incorporating
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LSPCF-based fiber optics for SARS-CoV-specific N protein
detection. Each sensor utilized a polymethyl methacrylate fi-
ber as the substrate and exploited the sandwich-like structure
by using two monoclonal anti-N protein antibodies as the
capture and detection probes. The fluorophore-labeled detec-
tion probes were tagged with protein A molecules conjugated
to gold NPs. Evanescent waves, exciting the surface plas-
mons, enhanced the electromagnetic field surrounding the
NPs and led to the excitation of fluorophores. Both sensors
could detect SARS-CoV N protein within a range of 0.1 pg/
ml-1 ng/ml in serum samples. An assay time of 2 h was
reported for one of the sensors [125, 127].

Mass-sensitive biosensors

Mass-sensitive biosensors provide label-free detection of
pathogens, by directly altering the frequency during the inter-
action between the analyte and bioreceptor. The most promi-
nent gravimetric sensors developed for pathogenic detection
have incorporated quartz crystal microbalance (QCM) as the
transducing agent [142]. Zuo and coworkers developed a pie-
zoelectric QCM-based biosensor for the detection of SARS-
CoV molecules in spiked sputum specimens. This device en-
abled the label-free detection of viral particles by the
immobilized capture antibodies. The sensor could detect and
analyze the presence of the virus in 17 min, within a concen-
tration range of 1-4 pg/ml, and a detection limit of 0.6 pg/ml
[124].

Conclusion and future perspectives

The detection methods for all the seven identified human
coronaviruses have been reviewed in this article. Due to the
significant false-negative results for COVID-19 diagnosis by
current methods and non-specific clinical symptoms, especial-
ly in early stages, searching for a reliable diagnostic technique
will be continued. Also, it will be more challenging if simple
usage, low detection time, high sensitivity and specificity, and
cost-effectiveness concerns are considered. In the other words,
As SARS-CoV-2 is one of the most contagious viruses, we
need some simple and portable (or easy to install everywhere)
techniques instead of these heavy technical platforms for ef-
fective fight against the COVID-19 pandemic.

So far, WHO recommended protocol is based on the rRT-
PCR technique. This is an expensive method having a detec-
tion time of more than 2 h; nevertheless, the sensitivity is not
high enough. RT-LAMP and RT-RPA techniques could be a
suitable substitute for RT-PCR because of their similar results
to those of RT-PCR, simpler usage, and lower cost, as well as
faster detection.

Furthermore, working on biosensors for direct viral RNA
detection without amplification is encouraged to attain a cost-
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effective, rapid, and user-friendly method. SWV- and EIS-
based electrochemical and SPR-based optical biosensors are
suggested for this purpose.
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