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12.1 Introduction

Human fight with microorganism is not new. Past centuries have been
the witness to emergence of number of new micro-organisms. Every time
this tiny nonvisible enemy came with new approach by changing their
genetic features but the astute human has always conquered and uprooted
it from the ground. Innumerable pandemics came in past century; humans
confronted against all and surpassed every opponent whichever tried
to cease human community. But the year 2019 was different and gave
the most awful memories to human community by claiming more than
0.8 million lives across the world so far. The recent emergence of novel
coronavirus in the human population has caused dramatic and appalling
influence on world economy and prompted mobilization of public health
authorities around the world. Having stuck almost the whole world and
affecting nearly 213 countries, this vicious creature had a deadly impact on
human community and has caused colossal damage to society, swallowed
umpteen lives. The aftermath consequences are also equally harrowing
that is, the psychological impact on survivors and the social and economic
downturn are relatively more disgusting. A recent mathematical model
suggested that undocumented infections might be major drivers of SARS-
CoV-2 spread in the world [1]. The efficacy of the virus to get adapted in
new environment by modifying itself through mutation make a constant
threat to population which may turn illnesses into pandemic and testing
became more crucial.
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FIGURE 12.1 Mode of transmission of Coronavirus via different mediators (only alpha
and beta virus have ability to transmit to humans).

Corona viruses belong to the Coronaviridae family in the Nidovirales
order. They are large, enveloped, single-stranded RNA viruses which have
the largest genome among all RNA viruses, typically ranging from 27
to 32 kb (Fig. 12.1) and approx. 50-200 nm in diameter. The subgroups
of coronavirus family are alpha (a), beta (b), gamma (c), and delta (d).
Among them, alpha- and beta coronaviruses infect mammals, gamma
coronaviruses infect avian species, and delta coronaviruses infect both
mammalian and avian species.

The genome is packed inside a helical capsid formed by the nucleocap-
sid protein (N) and further surrounded by an envelope. This N protein
holds the RNA genome embraced with three structural proteins that is, M
(The membrane protein), E (The envelop protein) and S (The Spike protein)
which fabricates the viral envelope together [2]. M and E are responsible for
viral assembly whereas the S spike protein is located on the surface of virus
and plays a key role in virus entry into host cells. Viruses enter the host cells
through Receptor-mediated endocytosis. The spike proteins responsible
for the viral entry have N-terminal and C-terminal domains, and two major
subunits S1 and S2 which are present in almost all coronaviruses [3]. One
of these S1 or S2 subunits binds with the host receptors and acts as a
receptor-binding domain (RBD). Among these structural proteins, these
spikes form large protrusions from the virus surface, giving coronaviruses
the appearance of having crowns (hence their name; corona in Latin means
crown).
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These viruses were thought to infect only animals until the world
witnessed a severe acute respiratory syndrome (SARS) outbreak caused
by SARS-CoV, at Foshan municipality, Guangdong Province, China, in
November 2002 [4]. Only a decade later, in 2012 another pathogenic coro-
navirus, known as Middle East respiratory syndrome coronavirus (MERS-
CoV) occurred in April 2012 in Jordan and has been diffused within and
sporadically outside the Middle East regions [5] causing steady endemics
in the countries. The SARS-CoV and MERS-CoV are prone to infect the
lower respiratory tract, resulting in acute lung injury (ALI)/acute respira-
tory distress syndrome (ARDS), septic shock and multiorgan failure, with
high case fatality ratio (CFR). In 2019 emergence of new CoV outburst
into pandemic has 80% sequence identity to SARS-CoV (with whom it
is classified into the species severe acute respiratory syndrome-related
coronavirus) [6] and 50% to MERS CoV. [VIII] SARS-CoV-2 belongs to
the Sarbecovirus sub genus of the Corona viridae family and is the seventh
coronavirus known to infect humans. The virus has been found 96% nu-
cleotide identity with CoV isolated from bat origin, but not yet clear, that
it directly infects human or through an intermediate host [7]. The SARS-
CoV-2 full genome has been determined and published in GenBank [8].
Distinct features of SARS-CoV, MERS-CoV, and SARS Cov-2 are described
in Table 12.1.

The phylogenetic analysis of SARS-CoV-2 shows similar Beta lineage
as that of bat corona virus named as Bat CoV-RaTG13 [6]. Recent studies
have suggested that bats may be the potential natural host of SARS-CoV-
2 [7,9] and Malayan pangolin the potential intermediate host [10]. How-
ever, SARS-CoV-2 has been shown to have much higher human-to-human
transmissibility [11]. As for the new virus, it is highly infectious and has
already killed over 200,000 people with an estimated sCFR (symptomatic
case fatality risk) of 1.4% (0.9-2.1%) [12] on comparison, fatality rate of
SARS was roughly 10%, whereas, for MERS, it was approximately 36%,
making it one of the deadliest human pathogens [13].

On the basis of recent studies most of the patients develop symptoms
against infection of COVID-19 within 3—7 days [14] while clinical feature
arises in 1-14 days. In general, the most common clinical manifestations
are fever, dry cough, fatigue, sputum production, dyspnea, sore throat,
headache, myalgia or arthralgia, and chills. Less common symptoms in-
clude nausea or vomiting, nasal congestion, diarrhea, hemoptysis, and
conjunctival congestion [15]. In children, SARS-CoV-2 infection is gener-
ally mild and, in some case, asymptomatic; however, when presented,
the main symptom includes fever (43% on admission, and 88.7% during
hospitalization), cough (67.8%), diarrhea (3.8%), and fatigue [16,17]. More
recently, several studies have been suggested that COVID-19 infection
was associated with cutaneous manifestations in patients [18-20]. Major
manifestations observed in COVID-19 patients including different types
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TABLE 12.1 Comparative analysis of biological and historical features of SARS-CoV,
MERS-CoV, and SARS-CoV 2.

SARS-CoV SARS-CoV-2
Features [32,218-222] MERS [223,224] [7,143,225-229]
Genus Clade [, lineage B CladeII, lineage C | Clade I, lineage B
Emergence date | 16 November 2002 | 4 April 2012 7 December 2019
Location of Guangdong, China | Zarqa, Jordan Wuhan, China
emergence
Current status | Controlled Sporadic Still ongoing

Potential animal
hosts

Countries
infected

Total infected
cases

Total attributed
deaths

Mortality rate

Entry receptor
in humans

Sign and
symptoms

Bats, palm civets and
Raccon dogs

26
8098

776

9.6%
ACE2 receptor

Fever, cough and
shortness of breath,
ARDS

Bats, Dromedry
camels

27
2519

876

35%
DPP4 receptor
Fever, cough and

shortness of breath,
ARDS

Bats, Pangolins

2132

102 million? (as of 31
January 2021)

Above

4.4%
ACE?2 receptor

Fever, myalgia, cough,
shortness of breath,
sneezing, headache,
diarrhea, shivering, ARDS

of lesions such as purpuric, papulovesicular, livedoid, urticarial, macu-
lopapular, and thrombotic ischemic [21]. Symptoms of severe COVID-19
disease include shortness of breath, loss of appetite, confusion, persistent
pain, or pressure in the chest.

According to WHO criteria, a person is suspected of being infected with
COVID-19 in three scenarios: (i) a patient with acute respiratory illness
(fever and at least one sign/symptom of respiratory disease, e.g., cough,
shortness of breath) and a history of travel to or residence in a location
reporting community transmission of COVID-19 disease during the 14
days prior to symptom onset; (ii) a patient with any acute respiratory
illness who has been in contact with a confirmed or probable COVID-19
case in the last 14 days prior to symptom onset; and (iii) a patient with
severe acute respiratory illness (fever and at least one sign/symptom of
respiratory disease, for example, cough, shortness of breath, and requiring
hospitalization) and in the absence of an alternative diagnosis that fully
explains the clinical presentation. If a patient then tests positive with a
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laboratory diagnostic, then the infection becomes a confirmed case of
COVID-19, irrespective of clinical signs and symptoms [22].

12.2 Mechanism of infection: Key features and entry
mechanism of human coronaviruses

The human-to-human spreading of the virus occurs due to close contact
with an infected person through coughing, sneezing, respiratory droplets,
or aerosols. These aerosols can penetrate the human body (lungs) via
inhalation through the nose or mouth [23-26]. Animal models play a vital
role to uncover the mechanisms of viral pathogenicity from the entrance
to the transmission and designing therapeutic strategies. As the entire
genome of the 2019-novel coronavirus is more than 80% similar to the
SARS-like bat CoV, previously used animal models for SARS-CoV can be
utilized to study the infectious pathogenicity of SARS-CoV-2. The sequence
analysis revealed a mutation at spike glycoprotein in SARS CoV [27].
Thus, it could be another suitable option to develop spike glycoprotein
targeting therapeutics against novel coronaviruses. Recently, mice models
and clinical isolates were used to develop any therapeutic strategy against
SARS-CoV-2 induced COVID-19 [28,29]. In a similar study, artificial in-
telligence prediction was also used to investigate the inhibitory role of
the drug against SARS-CoV-2 [28]. SARS-CoV-2 infected patients were
also used to conduct randomized clinical trials [28,30,31]. The rate of
infection or the average number of people getting infected by an individual
(RO) was 2.75 in the case of SARS pandemic in 2003. The RO value of
MERS, was around 1. The SARS-CoV-2 RO value was estimated to be
in the range of 1.5-3.5. Comparative study of SARS, MERS and SARS-
CoV-2 has been displayed in Table 12.1. However, the difficulties arise for
investigating therapeutic reagent against SARS-CoV-2 infection due to (1)
basic mechanism of viral infection and incubation periods were uncertain,
(2) most of the asymptomatic individuals are equally efficient in expansion
of infection, (3) alteration in responsiveness of the society in proliferation of
infection remains unanswered. In addition, there were no control measures
for this spread [30]. With the ability to infect people through asymptomatic
carriers, it can remain unnoticed and quickly disseminate itself, making
the disease containment a confounding public health challenge [32]. It
is now important that the scientists worldwide collaborate to design a
suitable model and investigate the in vivo mechanisms associated with
pathogenesis of SARS-CoV-2.

The respiratory droplets are the main routes of transmissions; SARS-
CoV-2 can be transmitted to a healthy person if they encounter with
infected person or any of his belongings, including clothes, doorknobs, etc.
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Studies have been reported that aerosol transmission (Airborne transmis-
sion) is also possible for SARSCoV-2, but there is no clear study on neonatal
infections (mother—to-child) [17,20,21,33,34]. During the initial phase of the
COVID-19 outbreak, a dataset was obtained from 1099 patients with lab-
oratory confirmed COVID-19 from 552 hospitals in 30 provinces of China
on January 29, 2020. Only 2% of the patients had a history of contact with
animals; more than three quarters have either visited the Wuhan city or
are residents. Hence, the outbreak patterns or the source of infection could
not be predicted from their study. The SARS-CoV-2 was detected in saliva,
blood, sputum, and urine before the development of viral pneumonia, and
some patients do not develop pneumonia at all. Asymptomatic persons
are potential sources of SARS-CoV-2 infection, which control the trans-
mission dynamics of the current outbreak [2,7,35,36]. Spikes comprises of
three segments: (1) large ectodomain, (2) transmembrane domain, and (3)
intracellular tail. The receptor-binding subunits S1 and S2 are placed in
the ectodomain region. During the infection, the S1 binds with the host
receptor, and S2 fuses the host and viral membranes, thereby releasing
the viral genome into the cell. The spike protein is a clove-shaped trimer
with three S1 heads and a trimeric S2 stalk [9]. During viral infection,
spike protein (~1300 amino acid residues) is cleaved by host proteases
into receptor binding subunit S1 and membrane fusion subunit S2. During
cell entry, the S1 subunit binds directly to the sugar receptors [37] and
ACE?2 of the host cell surface, and the S2 subunit undergoes conformational
changes and obtains postfusion state [38]. During this state, the three
pairs of heptads repeat region HR-N and HR-C in trimeric S2 form a
six-helix bundle structure [39]. The buried hydrophobic fusion peptides
become exposed and insert into the target host membrane. These fusion
peptides and the transmembrane anchors are positioned at the end of
a six-helix bundle structure, bringing the viral, and host membranes to
fuse [39,40]. During this process, a large amount of energy is released,
which accelerates the membrane fusion forward. Along with this, receptor
binding and low pH can also trigger this membrane fusion. Since the spike
protein has a good binding affinity for sugar receptors of human cells,
it uses them as a mechanism of cell entry [3]. Notably, the SARS-CoV-
2 has a higher affinity to human ACE2 than the SARS-CoV virus strain.
The ectodomain of the SARS-CoV-2 spike protein binds to the peptidase
domain (PD) of ACE2 with a Kd (equilibrium dissociation constant) of
~ 15 nM [41]. Spike protein priming is done by transmembrane protease
serine 2 (TMPRSS2), which is also essential for the entry of SARS-CoV-
2 [42]. The glycoprotein spikes on the outer surface of coronaviruses are
responsible for the attachment and entry of the virus to host cells. The
receptor-binding domain (RBD) is loosely attached among virus; therefore,
the virus may infect multiple hosts [43,44]. The spike protein of SARS-CoV-
2 contains a 3-D structure in the RBD region to maintain the van der Waals
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forces [45]. The 394-glutamine residue in the RBD region of SARS-CoV-2 is
recognized by the critical lysine 31 residue on the human ACE2 receptor
[46].

Throughout this viral entry process, the Lys31 and Lys 353 of human
ACE?2 receptors are termed as “hot spot” residues, which consist of a salt
bridge buried in a hydrophobic environment and contribute critically for
the virus and host cell receptor binding. Thus, this key residue comparison
of SARS-CoV-2 with the civet and human SARs-CoV explains how actively
SARS-CoV-2 is choosing and binding with the human ACE2 receptors,
which is likely to cause the human-to-human transmission [46]. Hussain
et al. reported that the mutations S19P and E329G in ACE2 disrupt the
intermolecular interactions and have low binding affinity with viral spike
protein. In addition to the variations in the viral spike protein, ACE2
allelic variants can also drive the potential resistance against SARS-CoV-
2 infection [47].

A diagnostic test method should have sufficient sensitivity and accuracy
to make appropriate clinical decisions rapidly during a pandemic [48].
The most effective way to curb outbreak of pandemic is early detection
and isolate patients [49,50]. The laboratory-based diagnosis assumes a
role for the clinical management of patients and the implementation of
disease control measures. Here, we review the clinical features, laboratory
methods, and imaging findings that are used for COVID-19 diagnosis.

12.3 Types of specimen

The right type of sample, appropriate collection procedure, and reliable
transportation must be placed to minimize the risk of inaccurate results.
The difference in the sensitivity of different types of swabs may depend
on disease progression. Therefore, it is important to identify the appropri-
ate type of sample considering the medical condition of the patient and
diagnostic facility available for the test.

Two types of sample specimens are being primarily used for the diag-
nosis of COVID-19. Respiratory specimens are used for direct detection of
virus and serum samples are used for identification of antiviral antibodies
[51]. For specimen collection, the sensitivity of nasal, nasopharyngeal (NP),
and throat swabs was found to be 80%, 90%, and 87%, respectively [18]. The
respiratory specimens [52] are collected most frequently from the upper
respiratory tract, that is, nasopharyngeal and oropharyngeal swab which
is considered with regard to upper respiratory specimens, collected in the
acute phase of infection—ideally within 7 days, and for lower respiratory
specimens, sputum and endotracheal aspirate or bronchoalveolar lavage
fluid (BLF) are considered [33] which should be obtained from patients
remain symptomatic after more than a week [53,54]. A case study with



238 12. Current clinical testing approach of COVID

a pneumonia patient in Thailand showed a negative test with nasal or
oropharyngeal swab samples but a positive test with bronchoalveolar
lavage fluid [20]. A study reported that the highest rates of positive were
found from bronchoalveolar lavage fluid (93%), followed by sputum (72%),
nasal swab (63%), fibrobronchoscope brush biopsy (46%), pharyngeal
swabs (32%), feces (29%), and blood (1%) [55]. Additionally, blood and
stool specimen could be collected for clinical inspection which requires less
challenging sampling procedures than respiratory specimens [56].

Serum samples are collected for immunoassay methods. Volume of
blood sample for immunoassays ranges from 5 to 10 mL for lab assays to
capillary draws of 50-200 L blood for lateral flow immunoassays (LFIA)
[57]. The virus samples should be processed and tested as soon as possible.
If immediate testing is not possible, the sample can be stored up to 72 h
at 2-8°C. However, for more than 72 h storage, the specimens should be
frozen at -70°C as soon as possible after collection [53]. It is recommended
to avoid repeated freezing and thawing of the specimen [33].

12.4 Clinical testing methods

It is of critical importance to rationally choose specific diagnostic meth-
ods to fight against viral outbreak, any negligence or compromise in the
diagnosis may lead to devastating consequences. As part of the quality
assessment of each assay, the FDA requires demonstration of specificity
and exclusivity. Exclusivity means that no other viruses or bacteria from
a specified list are detected by the test. Depending on the performance of
the internal controls of the assays, the test results are reported as positive,
negative, inconclusive, or invalid. Tests that detect 2 or more viral genes
are interpreted differently in various assays. Some assays require that all
viral genes be detected for the test result to be interpreted as positive,
whereas others rely on the detection of 1 or 2 viral genes for a positive
interpretation. These test results are positive during the incubation period,
which is several days before the onset of symptoms of the disease and
remain positive for the duration of symptoms. The tests detect parts of
the viral RNA that can be present after the virus fragments. Therefore, the
results can continue to be positive after the resolution of symptoms, even
though a complete infectious virus may no longer be present [14,58-60].

Regulatory agencies such as the World Health Organization (WHO)
and the US Food and Drug Administration (FDA) have approved the
use of a number of diagnostic methods, while some new methods are
receiving conditional approval under emergency use authorization (EUA)
[61]. These diagnostic methods have varying throughput, batching ca-
pacity, requirement of infrastructure setting, analytical performance, and
turnaround times [62]. In addition to depending on the equipment and
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method itself, the result from a method also relies on sample collec-
tion protocol, reagents used, potential for cross-contamination, and sam-
ple/reagent storage requirements. These factors must be considered while
selecting a reliable and rapid diagnostic method to help make an ap-
propriate decision and prompt public health actions. Nucleic acid am-
plification using the reverse transcription polymerase chain reaction (RT-
PCR) is the most widely used method for direct SARS-CoV-2 diagnosis
[48]. Immunoassays are used to measure the antibodies against the SARS-
CoV-2. CT imaging includes use of plain x-rays, computed tomography
(CT) scanning, magnetic resonance imaging (MRI), nuclear scanning, and
ultrasonography. Number of scientists also modified these traditional ap-
proaches and developed new accurate, error-free and faster techniques
in order to avert any obstruction in spotting of this meticulous enemy.
Despite of having these conventional procedures new emerging techniques
like CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats),
RT-LAMP, DPCR, RCA, LFA, PLA have also been reported. Apart from
laboratory-based CT imaging, RT-PCR, immunoassay and various emerg-
ing techniques, several point-of-care (POC) and rapid test methods have
become available in the last few months. This Chapter aims to summarize
the successive development of the current clinical approaches for SARS-
CoV-2 diagnosis methods and provide recently presented information on
various tests till date and compare their analytical efficiency in terms
of limit of detection (LOD), sensitivity, and specificity. In addition, their
limitations, ease of use, affordability, and availability of accessories have
also been evaluated.

12.4.1 Molecular testing (nucleic acid test)

After identification of SARS-CoV-2 as the causative virus for this pan-
demic, the SARS-CoV-2 genome was quickly sequenced [63] from which
unique sequences have been identified for COVID-19 diagnosis. PCR-
based tests are widely used for the detection of viruses in human disease
and are currently the most commonly used nucleic acid tests (NATs)
performed in clinical laboratories. eRT-PCR-based diagnostic is highly
sensitive, sequence specific, and useful in the early detection of COVID-
19. Since the test accuracy varies depending on the disease stage and
viral multiplication, the sensitivity can range from 71 to 98%, whereas the
specificity is recorded to be 95% [64]. The same technique has been used
in the diagnosis and surveillance of various other viral diseases including
SARS-CoV and MERS-CoV [16,35,65]. The RT-PCR tests take less than an
hour to a couple of days to give results, depending on the version of the
PCR. The RT-PCR assay can be carried out in one- or two-step approaches.
PCR instruments and techniques are in widespread use in both clinical
and research laboratories and the basis of the tests is well known. The
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FIGURE 12.2 (A) Schematic presentation of Coronavirus showing viral structural pro-
teins, spike (S), envelope (E), and membrane (M). (B) The single-stranded viral RNA is
associated with the nucleocapsid protein having structural and accessory genes.

tests consist of nucleic acid extraction and purification from the human
specimen using authorized extraction methods/instruments followed by
real-time RT-PCR, where the RNA is reverse transcribed into cDNA and
then amplified using the primer sets and detected using specific probes.
Laboratory RT-PCR tests the RT-PCR assays in centralized laboratories are
generally performed in 96-well plates for signal reading in batches. The
high-throughput 384-well assay system using lower volume was reported
recently with detection sensitivity down to 5 copies of viral genome per
microliter [66] which yields 100% sensitivity and specificity. Real time
reverse transcriptase polymerase chain reaction (rRT-PCR), or quantitative
reverse transcriptase PCR (qQRT-PCR), uses nucleic acid amplification test
(NAAT) that has long been used routinely to amplify the DNA for the
detection of viral RNA in clinical settings (Accelerated Emergency Use
Authorization [[67] Summary; [68]]. Heat treatment prior to RNA extrac-
tion is not recommended as studies suggest that thermal inactivation in
samples with low viral loads could result in potential false-negative nucleic
acid test [69]. The SARS-CoV-2 genes most frequently used for detection
so far include theORFlab/RdRP gene, Nucleocapsid (N) gene, Envelope
(E) gene, and Spike protein (S) gene (Fig. 12.2). One study reported that
PCR amplification of the E and SARS coronavirus RdRp genes is 95% sen-
sitivelll. Virus-specific PCR-based tests required generating primers and
probes unique to SARS-CoV-2 but not to the other closely related corona
viruses [70-73]. In silico analysis using the many sequences available on
publicly available databases (e.g., GenBank, the European Molecular Bi-
ology Laboratory (EMBL), Global Initiative on Sharing All Influenza Data
(GISAID) to discriminate the SARS-COV-2 from other respiratory viruses
is a hallmark widely employed to generate a specific primer for COVID-19
detection.
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An amplification of each of these genes can be accomplished by the
supply of proper forward and reverse primers. Studies also showed that
the clinical sensitivity of a RT-PCR assay is under the influence of specimen
type, amount of virus in a swab and the specimen collection time in relation
to the onset of symptoms and the test result relies on sample collection,
primers and probes used, analysis of fluorescence curves, use of suitable
controls, and reliability of the temperature control. Respiratory specimens
may contain different genera of coronaviruses along with other major viral
pathogens. In the last six decades, before SARS-CoV-2, the human popula-
tion was already infected with six other members (229E, OC43, SARS-CoV,
NL63, HKU1, and MERS-CoV) of the CoV family [70]. False positive results
occurring due to the cross reactivity with these viruses, human genome,
and microflora can be obliterated with the sequence fidelity Fig. 12.3. Tsang
et al. revealed that the saliva samples were more promising for use in RT-
PCR [74], while Yam et al. concluded that testing more than one specimen
could significantly maximize the sensitivity of the RT-PCR testing [73].
These findings suggest that it is rather important to apply nucleic acid-
based kits with optimized conditions to maximize their diagnostic potency.
Repeat testing, using various biospecimens (respiratory secretions, spu-
tum, stool, rectal swabs, and serum), should be considered in patients with
a high clinical suspicion of COVID-19 [51,59,72,75,76].

In a study of 205 patients, RT-PCR sensitivity was 93% for BLE, 72%
for sputum, 63% for nasal swabs, and only 32% for throat swabs [51]. The
presence of viral load that is below the assay’s LOD (limit of detection) will
also elicit false negative results. Therefore, a judicious way to increase viral
load is to collect combined nose and throat swabs. Viral kinetics of SARS-
CoV-2 showed that the viral load in respiratory specimens often peaks in
the first week of illness and decreases as the disease progresses [75]. This
posited appropriate sample collection times to enhance sensitivity. These
findings are similar to a report that showed a 100% positive RT-PCR result
by week 1 after onset of symptoms, followed by 89.3%, 66%, and 32% at
week 2, week 3, and week4, respectively. By week 5, the positive detection
rate plummeted down to only 5.4% [77]. In contrast to the widely used NP
swabs, a study more recently showed an increase in the sensitivity by 13%
when saliva samples were used [78]. Virus titers from saliva samples were
found significantly higher than NP swabs and more importantly, unlike
NP (nasopharyngeal) swabs, less temporal variation in viral titer was
observed with longitudinally collected saliva samples. There are variants
of RT-PCR methods that share the same mechanism while differing in the
detection strategy. Real-time RT-PCR reads fluorescent signals during PCR
amplification [68] to quantify the target, whereas nested RT-PCR uses two
sets of primers to avoid nonspecific PCR amplifications [79].

The FDA has already issued several other molecular in vitro diagnostics
under EUA [80]. In many protocols, RT-PCR assay of more than one gene
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target is performed for the positive authenticity of COVID-19. The CDC
Real-Time RT-PCR Diagnostic Panel was the first to receive approval and
used the N1 and N2 genome segment. The CDC generated the primers
and probes and made the materials available for other laboratories to use
with the same test. The US CDC real-time RT-PCR diagnostic panel under
EUA targets two different loci of the N genel26 and considers positive
results only when both gene targets (N1 and N2) are positive with LOD
of 1 copy of RNA per microliter for both N1 and N2 primer sets [81].
However, sensitivity was affected by the use of different RNA extraction
and purification protocols. If any of the two assays are negative, the result
isinconclusive, and the assay has to be repeated following strict guidelines.
Positive confirmation with a single gene target is possible if the amplicons
are subjected to deep sequence analysis. In addition to these controls, the
US CDC recommends the use of a human specimen control (HSC) [81] to
ensure successful lysis and integrity of extraction reagents and to minimize
false negative results by ensuring collection of enough human cellular
material [2].

A PCR assay with absolute exclusiveness to SARS-CoV-2 was made
possible in the Charité protocol with the inclusion of additional probe
(RdRp_P2) that anneals to only SARS-CoV-2 mRNA transcript. Nonethe-
less, this protocol does not discriminate between clades of the Sarbeco
viruses like SARS-related CoVs from bats. This overlap is corroborated
with the sim plot of SARS-CoV-2 showing more than 96% identity to a bat
coronavirus [7]. The Charité protocol uses the E gene as the screening assay
followed by confirmatory assay with the RdRp gene [82]. Further improve-
ment in the sensitivity was found [65] while conducting a proficiency test
for the sensitivity with E Sarbeco and RdRp genes using in vitro transcribed

RNA derived from SARS-CoV strain Frankfurt-1, where they found
LOD of 5.2 and 3.8 copies per reaction, respectively, which was in good
agreement with other participating laboratories. They also found that N
gene assay was slightly less sensitive than the RdRp and the E Sarbecogene.
However, a comparative study showed that the N2 primer/probe set
developed by US CDC was highly sensitive comparable with the E Sarbeco
set described in Charité assay at low viral copy number [83].

The protocol from Pasteur Institute [82] utilizes IP2 and IP4 gene targets
as the first-line screening tool, while confirmatory testing utilizes the E
gene target. Primer sets (IP2 and IP4), when used individually in an assay,
can detect about 100 copies of RNA genome equivalent per reaction at
95% detection probability. A lower LOD of 10 copies was obtained with a
multiplex assay using these primer sets [82]. The PCR assays developed
by Pasteur Institute have been claimed that there is no cross-react with
respiratory viruses like influenza A (HIN1, H3N2), enterovirus, aden-
ovirus, human coronaviruses (HKU1, OC43, 22E, NL63), and MERS-CoV,
indicating 100% specificity.
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Assays from HKU (Hong Kong University) are specific to only subgenus
Sarbecoviruses [84] where N gene was used as the first-line screening
while the ORF1b as the confirmatory testing [85]. This assay did not dis-
tinguish between SARS-CoV and SARS-CoV-2 transcripts because SARS-
CoV-2 shares a 79.6% sequence identity with SARS-CoV BJ01 [7], and many
of the regions homologous with the primers are conserved nucleotide
regions [13]. Primers based on the receptor binding domain of the S gene
developed by Zhou et al. could discriminate SARS-CoV-2 from bat SARSr-
CoV WIV1 [7].

Some studies also shown that primer/probe sets E Sarbeco from the
Charité protocol and ORF1b-nsp14 from the Hong Kong University (HKU)
protocol were the most sensitive with an LOD of 10 virus genome equiva-
lents per microliter at 75% detection frequency [62].

The Chu et al. protocol recommends the N gene for screening, while
ORF1b provides a confirmatory test [86]. They used the cloned DNA
plasmid containing SARS-CoV ORF1b and N gene for one step real time
RT-PCR approach to calculate the LOD of their assay. With a known titer
of viral RNA, their preliminary study showed the LOD of <10 copies per
reaction [84]. A dynamic range 0f0.0002—20 TCID50 (50% tissue culture
infective dose) per reaction and detection limit below 10 RNA copies per
reaction was obtained using RNA extracted from cells infected by SARS
coronavirus as a positive control using one-step RT-PCR assays to detect
two different regions (ORF1b and N) of the viral genome [84].

Scientists from Germany used the E gene for the first-line screening
and the RARP gene for confirmatory testing [85]. This method further
increased sensitivity to detect as few as 5.6 RNA copies per reaction for the
E gene and 3.8 RNA copies per reaction for the RARP gene. In France, two
RdARP genes were used for initial screening followed by the confirmatory
E gene testing [85]. While in Japan, nested RT-PCR was used [85], which
significantly reduced nonspecific target amplification, leading to decreased
false positive results (i.e., increased specificity). In general, the sensitivity
of these assays ranges from 3.8 to 10 RNA copies per reaction, with high
specificities. In a public health emergency, highly sensitive methods are
desirable. Indeed, the Chinese authority adopted Wang et al [87] approach
for combining RT-PCR with other methods to diagnose SARS-CoV-2, in
Wuhan by combining RT-PCR with CT scans [88].

Later, WHO developed a technical guidance including the protocols
from different countries to aid COVID-19 diagnosis [85]. According to this
compilation, in the US, CDC developed a real-time RT-PCR diagnostic kit
with detection limits as low as 4—10 RNA copies per uL.

In addition, rapid test design for the detection of viral protein is also in
progress. The viral nucleocapsid (N) and spike (S) are the main immuno-
genic proteins. While nucleocapsid protein is the most abundant and 90%
similar to SARS-CoV, viral spike (S) protein is divergent and elicits strong
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immune response [89]. However, the S1 subunit of spike protein was found
to be specific for SARS-CoV-2, but the S2 subunit of spike protein was
conserved across coronaviruses [90]. Since many people have antibodies
to the four endemic human coronaviruses, targeting specific part of the
spike protein could avoid cross-reactivity.

12.4.2 Limitations

While having the advantage of assisting large mass of samples at a
time, its turnaround time is measured in days. The standard RT-PCR
test requires, high-cost facilities and machines and sample preparation
and assay procedures need well-trained manpower. These shortcomings
limit the wider use of the technology during viral pandemics. Since RT-
PCR assays amplify specific target loci, but due to behavioral frequent
change of SARS CoV, changes in its genome due to insertion or dele-
tion, recombination, and interchange are swift [91,92] so even a single-
nucleotide polymorphism due to mutation at the primer or probe binding
site could vitiate the true RT-PCR result. The sensitivity may not be enough
to detect early infections due to low concentrations of the virus, especially
in asymptomatic cases and may result in false negative results. For areas
afflicted with COVID-19, a negative PCR result does not imply the absence
of the virus since a multitude of factors including viral mutation, PCR
inhibition, improper handling of the sample, specimen collection time, low
viral RNA, inappropriate shipment, or poor specimen quality can also lead
to a negative result in an infected individual [93]. Although studies have
shown that RT-PCR may be less sensitive than CT imaging at certain stages
of COVID-19, its specificity makes it superior to other methods to detect
SARSCoV-2.

12.4.3 Chest imaging

Imaging techniques such as chest X-rays, pulmonary computed tomog-
raphy (CT) scans, and lung ultrasounds are important tools in the early
diagnosis of pneumonia in patients with COVID-19. Apart from detecting
the presence of the virus, chest CT scan can demonstrate the disease status
and severity. During the early stage of pneumonia, there are multiple small
patchy shadows seen with interstitial changes, which is unusual in the lung
periphery [94,95]. Some cases could develop bilateral multiple ground-
glass opacity, infiltrating shadows, and pulmonary consolidation with
infrequent pleural effusion [96]. Chest CT imaging studies showed that
chest CT images contained characteristic features for COVID-19 patients.
The hallmarks of these CT images include ground glass opacities, crazy-
paving pattern, consolidative opacities, septal thickening, and the reverse-
halo sign [74,97-99]. These features demonstrate a highly organized
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pattern of pneumonia. Reports indicate that COVID-19 patients submitted
to chest CT scans on admission presented abnormal results (about 90%),
showing bilateral multiple ground-glass and patchy opacity [100]. A study
with 101 patients in China showed that COVID-19 pneumonia displayed
typical imaging features, such as ground glass opacities (GGO) (86.1%) or
mixed GGO and consolidation (64.4%), vascular enlargement in the lesion
(71.3%), and traction bronchiectasis (52.5%). A recent study suggested that
CT scan is more sensitive than the PCR procedure [101]. Importantly, it
has a sensitivity that is greater than that of RT-qPCR (97.2 vs. 83.3%) for
the diagnosis of COVID-19 patients [101].

However, studies on the sensitivity of CT imaging over RT-PCR, showed
that CT imaging is more sensitive and reliable in detecting SARS-CoV-2
infections during certain stages of the COVID-19. Fang et al. studied 51
patients with COVID-19 symptoms based on their clinical manifestations
and epidemiological histories [101]. They found that the chest CT scan
was more sensitive (98%) than the RT-PCR method (71%). This study was
limited by the number of subjects involved. However, another study in-
volving more than 1000 patients reached similar conclusions [88]. Among
1014 patients, 59% were RT-PCR positive, from which 97% showed positive
CT features. In some cases, chest CT imaging showed positive SARS-CoV-
2 infection, while RT-PCR testing was negative [102]. In addition, 75% of
RT-PCR negative patients showed positive CT features. To further validate
this, Ai et al. studied multiple RT-PCR testing and serial CT imaging in a se-
lected group. They found that 60—93% people who were RT-PCR negative
showed initial positive CT images consistent with SARS-CoV-2 infections.
From the patients in the recovery stage, 42% showed improvement in CT
features before their RT-PCR results turned negative. According to these
diagnostic studies, RT-PCR assays were not as sensitive and reliable as CT
images in certain stages of the COVID-19.

Although various types of pneumonias have certain imaging features,
COVID-19 and other viral pneumonias, bacterial pneumonia, and some
lesions share some common imaging features [103]. In some cases, it is
difficult to differentiate COVID-19 from them by imaging alone, and first
clinical manifestations, contact history, and laboratory tests should also be
considered to make the final diagnosis. In the initial screening, computed
tomography (CT) examination is needed for the auxiliary diagnosis [104].
The diagnosis is then confirmed by the positive results of the nucleic acid
amplification test (NAAT) of the respiratory tract or blood specimens using
reverse transcription real-time fluorescence polymerase chain reaction (RT-
PCR) [65]. Chinese researchers strongly recommend CT imaging as the
main basis for the diagnosis of COVID-19 in the current situation [46].
An academician of the American Society for Radiation Oncology called
for the immediate establishment of a CT-based diagnostic method for
COVID-19 and improvement of the detection rate of the severe acute
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respiratory syndrome coronavirus 2 (SARS-CoV-2) [105]. If a patient with
clinically suspected COVID-19 has negative NAAT results but positive
imaging results, the patient should be isolated and treated as soon as
possible. The advantage of CT examination in the diagnosis of COVID-19
is obvious. Below, we analyze some typical patients who were examined
and diagnosed by our institution.

12.4.4 Limitations

Although chest X-rays are less expensive and more convenient for fol-
low up in pneumonia cases, the technique has low-resolution and projec-
tion overlapping, which could lead to many false-negative COVID-19 cases
[106]. However, CT scans has drawbacks as the mechanism cannot differ-
entiate pneumonia and other pulmonary anomalies from COVID-19 [107].
Despite its high sensitivity in diagnosing COVID-19, chest CT findings in
COVID 19 share similarities with other viral pneumonia findings, resulting
in false positives [108]. This is because features of the chest imaging from
COVID-19 patients may overlap with other infections caused by influenza,
HINT1, or SARS-CoV [109,110]. The caveat for the CT scans is that, at an
early stage of infection, the lungs of a patient may not develop damaging
features that can be picked up by CT scans, increasing its false negative
rate.

Despite giving reliable results, the Centres for Disease Control (CDC)
in the US does not currently recommend CT to diagnose COVID-19. Lab-
oratory testing of the virus remains the reference standard, even if the CT
findings are suggestive of SARS-CoV-2 infections [111].

12.4.5 Immunological test

Immunoassay is another widely used bioanalytical methods to diag-
nose and/or quantify an analyte using an antigen-antibody interaction.
Sensitivity of the immunoassays for the presence of antibodies in human
samples may depend on the viral titer and time of sample collected after
viral infection; both factors impact circulating antibody concentration [72].
These methods detect viral protein antigens or serum antibodies in patients
who have been exposed to the SARS-CoV-2. Several immunoassay kits
are already on the market for emergency detection of COVID-19 specific
antibodies. These antibody tests are important in detecting prior infections.
In the SARS-CoV-2 infection, studies have shown that the seroconversion
in the patient generally starts after a week of the first symptom [112].
In a study of postsymptomatic patients, Amanat et al. detected high IgA
and IgM immune responses [113]. Most immune assays used for testing
individuals for COVID-19 exposure detect specific antibodies (IgG and
IgM) in the serum that react with SARS-CoV-2 proteins. Using recombinant



248 12. Current clinical testing approach of COVID

viral proteins, this immunoassay could detect antibodies as early as 3 days
after the development of the first symptom. IgM is expressed earlier during
an infection (~ 3-6 days) and IgG is the late antibody detectable only after
~ 8 days. IgG is generally more specific for a protein antigen than IgM and
affinity generally increase with continued exposure to the (viral) antigen
[114]. Liu et al. reported that the accuracy of the ELISA for IgG and IgM
antibodies was more than 80% [115]. The efficacy of the immunoassay also
depends on the specificity of the antigens used to capture the antibodies
from the patients. Between the spike (S) proteins and nucleocapsid (N)
proteins, the sensitivity of the S proteins is higher for the antibody capture.
Among various spike proteins, the S1 protein has shown more capability
to bind to SARS-CoV-2 antibodies [116].

Enzyme-linked immunosorbent assays (ELISAs) and lateral flow im-
munoassays (LFIAs) are the most widely practiced techniques to detect the
antibodies against SARS-CoV-2 [117]. In a comparative study, both ELISA
and colloidal gold immunochromatographic kits showed equal sensitivity
with 100% specificity for the SARS-CoV-2 detection [86]. A two-stage
ELISA protocol was described for measuring human antibody responses
to the recombinant receptor-binding domain (RBD) of the spike protein
or full-length spike protein of SARS-CoV-2 by Krammer’s group from the
Icahn School of Medicine in New York [118]. The first stage included a
high through put screening of samples in a single-serum dilution against
the RBD, followed by a second stage in which positive samples from the
first stage underwent a confirmatory ELISA against the full-length spike
protein.

Recently, a peptide-based magnetic chemiluminescence enzyme im-
munoassay was also developed for the diagnosis of COVID-19 [119]. The
test has high throughput and can perform simultaneous clinical tests for
other biomarkers, such as C-reactive protein (CRP), which should also be
tracked in COVID-19 suspects [120].

ELISA and chemiluminescence assays based on the antibodies have
shown a sensitivity of 70-95% and 82-97% respectively [121-123]. A pep-
tide luminescence method was developed with recombinant S protein to
detect IgM and IgG antibody. The total positive rate of detection was
81% with < 6% coefficient of variation. The immunoassay-based rapid
diagnostic test (RDT) kits, depending on the vendor type, are reported
to have sensitivity in the range of 60-80% and selectivity of 85-100%
at a confidence interval of 95% [124]. The RDTs that are LFIAs have
shown 86-88% sensitivity and 90-99% specificity to detect total antibodies
[121,122,125,126]. Arapid (10 min) and sensitive LFIA that uses lanthanide-
doped polystyrene nanoparticles to detect anti-SARS-CoV-2 IgG has also
been reported [127]. A study by Bendavid et al. demonstrated 82% sensi-
tivity and 99.5% specificity for detecting antibodies to SARS-CoV-2 tested
in 3330 adults and children in Santa Clara County, CA, using LFIAs [57].
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A test that detects both IgM and IgG produced a sensitivity, specificity,
and accuracy of 57%, 100%, and 69% for IgM and 81%, 100%, and 86% for
IgG, respectively. Combining the results from both IgM and IgG yielded a
clinical sensitivity of 82% [86].

The Single Molecule Array (SIMOA) multiplexed method developed by
Quanterix targets three immunoglobulin responses (IgG, IgM, and IgA)
to four viral proteins (spike protein, S1 subunit, receptor binding domain,
and nucleocapsid) in a single sample, thereby enabling the quantification
of 12 antibody isotype-viral protein interactions. It gives a high-resolution
profile of immune response of SARS-CoV-19 when compared with a tra-
ditional ELISA where only a single interaction can be interrogated. The
SIMOA method demonstrated a sensitivity of 86% and a specificity of
100% during the first week of infection, and 100% sensitivity and speci-
ficity thereafter [128]. RDTs employing serological immunoassays are less
complex, cost less than the molecular tests, and can give results in a
short time period. Immunoassays are good tools to track and study past
infections, especially in asymptomatic cases. Serological assays can be used
to determine the infection rate and to estimate the population extent and
prevalence of infection. Results from a serological survey can also be used
to project mortality rates in a community. Furthermore, they are useful to
characterize the immune response to the virus.

12.4.6 Limitations

Nevertheless, immunoassays are faster [129] and cheaper than the RT-
PCR methods. They can be used for rapid screening of previous SARS-
CoV-2 infections. This is particularly useful in the reopening stages of
society at which people recovered from previous COVID-19 infections,
and therefore immune to the virus, can safely re-engage with society. This
method also has a unique advantage of identifying individuals who have
strong immune responses against the virus and, therefore, can serve as
potential donors for therapeutic and research purposes. However, im-
munoassays are not as specific, as the antibody tests may cross-react with
other pathogens similar to human coronavirus and give false positive
results [75,130].

In the past, molecules like interferon, rheumatoid factor, and nonspecific
IgM have been shown to cause problems in immunoassays [123], and levels
of such potential interferents can be highly variable in COVID-19 patients.
There are a few reports where affinity of antibodies used in a biosensor
[131], is not sufficient for direct detection of small numbers of virus par-
ticles. Results may also be biased due to prior COVID-like illnesses that
confound the specificity of the antibody response. One of the difficulties in
validating an assay for antiviral antibodies is the availability of appropriate
negative and positive controls. Other drawbacks of immunoassay include
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changes in viral load over the course of infection [132], potential cross
reactivity (less specific) [133], and low sensitivity with respect to nucleic
acid-based methods. To improve the sensitivity, it is paramount to include
other biomarkers of the early stage ofSARS-CoV-2 infection [120]. In addi-
tion, the complexity of interpreting results from diagnostics for antiviral
antibodies, the antibody response in a patient depends on age, nutritional
status, and existing medical conditions and medications [75,116]. Most of
the patients develop antibodies only after the second week of infection, that
is, in the recovery phase of COVID [134,135]. It loses the main course of pe-
riod for probability to intervene the disease. WHO has not recommended
the use of antibody-based POC systems in clinical decision-making
[136].

12.4.7 Serological testing

Serological tests are fundamental to determine the acquired immunity
of patients who had the disease and to establish the level of immunity in
the general population. This assay overcomes two important limitations
of SARS-CoV-2 PCR-based techniques. One that it could be done under
biosafety level 2 and second is that no weight given to sampling issues.
Serologic testing helps to determine the abundance of an outbreak or
extent of infection in society under study. It provides more accurate data
of infected population with SARS-CoV-2 and can also assess unknown
cases which have not been identified through routine or active surveil-
lance. To analyze the explosion of COVID-19 society-based serosurveys
has been done to determine the specificity and sensitivity of SARS-CoV-
2 ubiquity and transmission dynamics [137-139]. Moreovet, serology can
also be useful in situations where RT-qPCR is negative and there is a strong
epidemiological link to COVID-19 infection [140]. In these cases, paired
serum samples collected in the acute and convalescent phase can be of
diagnostic value. Several studies have reported hematologic and blood
chemistry alterations in patients infected by SARS-CoV-2 [141,142] which
allows us to understand the pattern of infections and help us to opt better
defensive measures. It also helps in recognizing asymptomatic individuals
who are at higher risk of infections.

Major laboratory findings in COVID-19 patients identified by meta-
analysis include leukopenia, leukocytosis, decreased albumin levels, in-
creased levels of C-reactive protein, lactate dehydrogenase (LDH), creati-
nine kinase, and bilirubin, and a high erythrocyte sedimentation rate (ESR)
[143]. Development of an impeccable antibody testing is a major challenge,
and as of now, hundreds of trials are going on. There are important
considerations like immune status, previous infections of infected person,
and cross reaction and time of testing which could differ the test result for
antibody testing.
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Most serological assays are based on the SARS-CoV-2 nucleocapsid pro-
tein (N), transmembrane spike protein (S), or S receptor-binding domain
(RBD) because of their high antigenicity [144-146]. As mentioned before,
SARS-CoV-2 enters host cells using its spike protein and represents the
main target of neutralizing antibodies produced by the host [147]. Several
studies have demonstrated that serological tests using the S antigen are
more sensitive than those using N-antigen-based antibody assays [148]. In-
stead of a single antigen, some companies have combined N- and S-based
antigens to develop serological assays for SARS-CoV-2 detection [148].
Cross-reactivity between SARS-CoV-2 and SARS-CoV-1 has been reported
against the N protein but not against the S1 subunit of the S protein [140].
Cross-reactive antibodies between SARS-CoV-2 and SARSCoV-1 have been
detected in both the RBD region located in the S1 subunit and also in non-
RBD regions [149].

In the past few months, a variety of serological tests have been designed
to detect SARS-CoV-2, mainly neutralization tests, enzyme-linked im-
munosorbent assays (ELISA), immunofluorescence assays (IFA), chemilu-
minescence enzyme immunoassays (CLIA), and lateral flow assays (LFA).
[148] and are used for the first-line screening of patient samples with
COVID-19.

1. Neutralization tests specifies about vital and effective antibodies in
the patient by measuring the proportion of viral growth inhibition by
antibodies in the lab. This can be used with SARS-CoV-2 virus in a BSL-
3 setting, or pseudo viruses that express certain SARS-CoV-2 proteins in
a lower BSL setting.

2. Chemiluminescent immunoassay (CLIA) interprets the presence of an-
tibody by exhibiting fluorescent signals during the interaction of viral
protein with antibodies in infected patient.

3. Enzyme-linked immunosorbent assays (ELISAs): It is a most common
test performed in labs to determine the antigen antibody interaction.
Sandwich Elisa is carried out in which antibodies elicited from patients
are “sandwiched” between the viral protein and detector antibody to
identify active antibody against virus.

4. Lateral flow assays (LFAs) Mostly used in point of care settings pro-
viding the qualitative presence of antibodies via color reflection. In this
sample from patient passed through a membrane coated with target
antigen. Colored band appears if sample is having complementary an-
tibodies interpreting the formation of complex between target antigens
with specific antibody. These are similar to pregnancy tests.

However, a few antibody-based tests got emergency approval by the
FDA, for instance, COVID-19 ELISA IgG Antibody Test from Cellex, which
has a sensitivity of 93%, and gSARSCoV-2IgG/IgM Rapid Test from Mount
Sinai Laboratory with 92.5% sensitivity [13,150]. Another method includes
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lateral flow chromatographic immunoassay that qualitatively assesses the
presence of an analyte (e.g., antibody) from a patient’s whole blood, serum,
or plasma specimen. Recently, Abbott launched an IgG antibody test re-
ceived CE mark with its 99.6% specificity [94]. TheElecsyAntiSARS-CoV-
2 antibody test from Roche also received FDA approval that employs in-
solution double-antigen sandwich format. This test can detect antibodies
in human serum or plasma samples with specificity greater than 99.8% and
sensitivity of 100% after 14 days of PCR confirmation [151].

The adaptive immune response to SARS-CoV-2 infection has also been
studied [60,140,152,153] by Long et al. in 285 patients with COVID-19
in China. Seroconversion for IgM and IgG occurred simultaneously or
sequentially, and the median day of seroconversion for both immunoglob-
ulins was 13 days after COVID-19 onset. The seroconversion rate for IgG
reached 100% 19 days after symptom onset [140].

In a related work, Zhao et al. showed that the median seroconversion
times for total antibodies, IgM, and IgG were 11, 12, and 14 days after
SARS-CoV-2 infection [154]. In addition, several studies have been used to
evaluate the clinical sensitivity of serological tests with COVID-19 patient
samples collected on different days after the onset of symptoms [155-158].
Pan et al. evaluated a commercial lateral flow immunochromatographic
test targeting viral IgM or the IgG antibody and compared it with RT-
gqPCR. The sensitivity of the assay for SARS-CoV-2 detection was 11.1%
in early-stage patients (1—7 days after onset), 92.9% in intermediate-stage
patients (8—14 days after onset), and 96.8% in late-stage patients (more
than 15 days after onset) [157]. In similar study, Tang et al. compared
the diagnostic performance of two SARS-CoV-2 commercial serologic tests
using 103 specimens from PCR-confirmed SARS-CoV-2 patients and 153
control specimens from different days after disease onset. The IgG antibod-
ies bind to the recombinant SARS-CoV-2 antigen-coated gold nanoparticles
(AuNP); the rabbit IgG gold-conjugates are used as control that binds to
the anti-rabbit antibodies. The assay resembles a lateral flow pregnancy
test but detects antibodies instead of a human glycoprotein.

The serological assays are relatively quick and easy to use which re-
quires no highly trained staff and sophisticated equipment. Therefore, they
are being increasingly used for diagnosis, contact tracing, herd immunity
assessment, and vaccine efficacy evaluation. Serology testing emerges into
a useful tool which may have several more applications in the future. It
could be useful for complementing RNA tests, for the rapid identification
of cases and for recommending quarantine to remarked raceme. It could be
areliable way to identifying the route of transmission to monitor the spread
of the pandemic and facilitate epidemiological studies. Serology assay may
also be useful to check immune status after vaccination. Seroepidemiologic
studies can assist in the investigation of the ongoing pandemic and the
retrospective assessment to determine the attack rate or the progress of
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the pandemic through antibody detection. These studies can assist health
authorities and governments in making sound decisions with respect to the
implementation of public health measures during the course of the current
pandemic

12.4.8 Emerging test

As discussed in Ideal Characteristics of Diagnostic Methods, diagnostic
tests developed so far rarely meet all the ASSURED criteria. The most
important features for the SARS-CoV-2 detection are sensitivity, specificity,
and efficiency (throughput and cost-effective ness). In addition to the
modification of conventional methods approaches like RT-PCR, isothermal
amplification for nucleic acid targets, lateral flow based detection of nucleic
acid targets sections, and immunoassay other emerging methods named
CRISPR technology, differential diagnostics, Al assays have further been
developed to fasten and specified diagnostic features. Besides all these
techniques single molecule detection capability is used to improve the
sensitivity [159-161].

12.4.8.1 Isothermal amplification for nucleic acid targets

Although RT-PCR is a widely used method in the confirmatory screen-
ing of COVID-19 infections (see Nucleic Acid Based Methods section),
it is time-consuming and requires a sophisticated laboratory facility and
trained personnel to operate [68]. Apart from conventional RT-PCR, addi-
tional molecular diagnostic tools are emerging for SARS-CoV-2.

Whole-genome sequencing of SARS-CoV-2 has the potential to over-
come the limitations of RT-PCR. Genomic sequencing can detect fragments
even when a complete genome is not present in the sample. Notably, the
SARS-CoV-2 genome is free of repeats, making it susceptible to complete
characterization using short sequence reads. The genome sequencing in-
volves the construction of RNA library, next-generation sequencing (NGS)
of the RNA construct, de novo assembly of the quality trimmed reads
to generate a contig map and phylogenetic analysis [162]. The genome
sequencing may overcome the false results arising from specious priming.
However, due to cost, technical complexities associated with the instru-
ment, data analysis, and higher turnaround time of 24-48 h, this method
may not be a routine use for clinical diagnosis during pandemic [163].

Droplet-based digital PCR (dPCR) methods have also been sought as a
more sensitive method to test for the RNA of SARS-CoV-2. This method,
when tested in 77 patient samples, showed an improved sensitivity from 44
to 94% and the same specificity when compared with the RT-PCR method
[164]. As the LOD reported for RT-PCR has been 2.1 copies/reaction for
ORFlab and 1.8 copies/reaction for N primer/probe set and in d PCR
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method, it was found as 2 copies/reaction [165]. When tested in 103 fever-
suspected patients, the d PCR method improved the sensitivity from 28.2%
with RT-PCR to 87.4%.

Dual-functional plasmonic biosensor combined the plasmonic pho-
tothermal effect and localized surface plasmon resonance sensing trans-
duction was reported as an alternative for the clinical diagnosis of COVID-
19 [136]. Two-dimensional gold nanoislands functionalized with com-
plementary DNA receptors were used to detect SARS-CoV-2 through
nucleic acid hybridization. The biosensor was able to detect 0.22 pM
and allowed precise detection of the specific target in a multigene mix-
ture. Gold nanoparticles (AuNPs) functionalized with antisense oligonu-
cleotides were developed for the simultaneous detection of two regions
of the SARS-CoV-2 N gene [166]. In the presence of RNA target, AuNPs
agglomerate, and the agglomeration is further enhanced by the addition
of RNAse H enzyme to generate a distinguishable visible precipitate.

To simplify the testing procedures, isothermal nucleic acid amplifica-
tions have been developed. These methods do not require any thermal
cycler to perform the amplification and, therefore, can be carried out in
a simple water bath at a constant temperature of 40—65°C [167].

Reverse transcription loop mediated isothermal amplification (RT-
LAMP) is an amplification approach in which RNA genome of SARS-CoV-
2 is first reverse transcribed to cDNA and is then amplified using four to
six target-specific primers. Prior to the LAMP amplification, a dumbbell-
shaped single-stranded DNA (ssDNA) is formed through the annealing
and the strand-displacing cycle on both ends of the target sequence with
the help of the primers and a strand-displacing polymerase. The looped
ssDNA on each end then serves as a seed for the LAMP amplification cycle
[168-171]. As a result, the target sequence is amplified exponentially, which
is detected by turbidometry [172] or fluorescence/colorimetry [171]. As an
example, RNA extraction and LAMP amplification have been performed
in the same tube [168,173]. This method has LOD ranging 80—500 SARS-
CoV-2 RNA copies per milliliter, which is comparable to the RT-PCR assay.

Rolling circle amplification (RCA) [174] is another isothermal ampli-
fication method that gives sensitive detection of nucleic acids. In this
method, a segment of the target genome is circularized and amplified by
a highly processive strand displacing DNA polymerase. Wang et al. used
this method to develop a highly sensitive and efficient assay for SARS-
CoV [175]. Compared to the LAMP assay, the RCA method is simpler
since it requires fewer steps and can be performed at room temperature.
The method offers high sensitivity comparable to RT-PCR [176] since it
amplifies the target sequence by ~10,000. In addition, it presents high
specificity, as the RCA is initiated only after the formation of a circular
template upon which a specific primer is hybridized [176]. Therefore,
RCA reduces false-positive results often encountered in PCR-based assays.
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A major difficulty in this method is that it requires a circular template
whose preparation is dependent on the length of a linear template and
the ligation efficiency of the DNA circularization. Inappropriate design of
complementary sequences therefore results in failure of amplifications.

Penn-RAMP was developed by, El Tholoth et al.to improve the LOD. It is
atwo-stage closed tube test combines LAMP with recombinase polymerase
amplification [177]. In the Penn-RAMP, each amplification was performed
ata separate compartment in a single tube followed by mixing. The method
demonstrated 10 times higher sensitivity than LAMP or RT-PCR alone. A
new platform with engineered complementary recombinant RNA (crRNA)
has been reported with LOD as low as ~700 fM cDNA from HIV, 290 M
RNA from HCV, and 370 fM ¢cDNA from SARS-CoV-2 in 30 min without
a need for target amplification. In this case, the isothermal amplification
of SARS-CoV-2 RNA was performed using RT-LAMP, and the modified
crRNAs were incorporated in a paper-based lateral flow assay that could
detect the target within 40-60 min [178].

Some commercial COVID-19 diagnostic kits based on isothermal RT-
LAMP assays are already on the market (see Table 12.1). Abbott ID Now
is such an example. This method only requires 5 min to give positive
results. Recently, however, issues on false negativity have been raised for
the Abbott ID Now because of its relatively high LOD [179]. This may be
attributed to the compromised performance of the RARP target [180,181]
used in this assay, which is found to be mutating and evolving [182].

12.4.8.2 Lateral flow-based detection of nucleic acids and
proteins (LFA)

The nucleic acid based isothermal amplifications discussed above par-
tially overcome the limitations of conventional RT-PCR assays, as they
do not require sophisticated laboratory facilities while their turnaround
time is short. However, these methods still require trained staff to operate
various sample collection and processing steps. In LFAs, both nucleic acid
detection methods and immunoassays can be utilized. The device is often
made of papers with immobilized capture probes. Upon binding with
nucleic acid targets, the probes give a visible signal [183-185].

Paper-based lateral flow assays have gained interest because of their
low cost, easy manufacture, and full compatibility with POCT, which
allow them to be conveniently performed by anyone at home. Byers et al.
developed a 2D paper network to perform immunoassay for the detection
of nucleic acids of SARS-CoV-2 with the POCT format [186]. Such methods
still require initial nucleic acid extraction and amplification steps, the latter
of which can be accomplished by the PCR or isothermal amplifications as
discussed above. On the POCT platform, all those steps are integrated in a
single device.
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TABLE 12.2 Screening and confirmatory genes with their limit of detection of various
research organizations during COVID-19 pandemic.

Screening Confirmatory
S.No. | Agency gene gene LOD
1. CDC N1-N2 1 micro It
2. Charite protocol E gene RdRp-P2 5.2 and 3.8 /rexn
3. Pasteur Institute 1P2-1P4 E gene 10/rexn
4. Chu et al. N gene ORF1b <10
5. HKU (Hon Kong University) 10/microlitre
6. Germany E gene RdRp 5.6&3.8
7. France RdRp gene | E gene

Anovel method based on the Sanger sequencing was developed by the
Chandler-Brown group that targets the SARS-CoV-2 N protein [187]. This
method uses COVID-19 spike-in DNA as an internal control that provides
quantification of the viral mRNA. The major advantages of this method are
the omission of RNA extraction procedure so there will be no impedance
in the testing capacity due to shortage of RNA extraction kits and potential
for a very high performance of one million tests per day with proper
customization of the sequencer.

12.4.8.3 Immunoassay

Similarly, Byers et al. developed a 2D paper network to perform im-
munoassay for the detection of nucleic acids of SARS-CoV-2 with the POCT
format [186]. Although nucleic acid based lateral flow assays are sensitive,
lateral flow immunoassays have gained interest in the massive surveillance
of the COVID-19 pandemic because of their simplicity and cheap cost.
An electrochemical ultrasensitive POC device named eCovSens detects
the spike protein of SARS-CoV-2 within 10-30 s [188]. This device was
fabricated by immobilizing antibody against S1 protein on screen-printed
carbon electrodes. With spiked saliva samples, the LOD of the device was
found to be 90 fM.

Currently, IgM/IgG rapid test kits are available for qualitative antibody
testing of COVID-19. Many such commercial devices have already been
developed (see Table 12.2). One problem associated with the immunoassay
based lateral flow assay is the weak signal, which results in reduced sen-
sitivity [183]. Various signal enhancement strategies therefore have been
proposed. A promising signal amplification strategy in lateral flow assays
is the use of colloidal gold nanoparticles conjugated with the probes. Upon
binding with the target, the gold nanoparticles linked to the capture probe
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aggregate to change the color, enhancing the signal [189]. Other signal
amplification strategies include solvent evaporation for analyte precon-
centrations nanoparticle, catalyzed nanoparticle labeled assays, and ion
concentration polarization methods [190]. Due to the low-cost requirement
of the POCT, detection in the LFA is usually achieved by visual inspec-
tion. To improve detection sensitivity, cameras in smartphones have been
used [191]. These cameras are sensitive to subtle color changes and hence
provide more effective color detection than traditional RGB sensors or the
naked eye [192]. For improved readout of the results and data processing, a
machine learning algorithm could also be used [193]. Smartphones can also
be coupled with external adapters to integrate external biosensor platforms
for more versatile POC testing [194].

The single molecule enzyme-linked immunosorbent assay (ELISA) has
been developed to offer a detection limit of subfemto molar protein con-
centrations [195]. In this method, each microscopic bead decorated with
specific antibodies is loaded into individual femtoliter wells. Sensing was
accomplished by the ELISA on each bead, whereas the excellent concen-
tration detection limit was achieved by a large array of such beads. To
be applicable in clinical setting, however, this method requires special
equipment, increasing its cost.

12.4.8.4 Proximity ligation assay (PLA)

The method utilizes two or more DNA tagged aptamers or antibodies
for binding of multiple targets. [196] The DNA tags on the probes are
amplified only when the two different targets are in close proximity. The
multiple targets ensure the specificity of target detection. However, this
method requires intact SARS-CoV-2 virus particles from which two dif-
ferent targets are present for positive detection. This demands stringent
sample processing steps to increase the throughput.

12.4.8.5 Next generation sequencing [197] and DNA microarray
[198]

In the case of COVID-19, evidence has suggested that the SARS-CoV-2
is rapidly evolving while infecting people. Therefore, it is critical to rapidly
identify the genome of the causative agent [199]. The DNA microarray
has been used in high-work rate identification of mutations in SARS-CoV-
2 [200]. However, for these methods, the time limiting step becomes the
sample collection, which must be performed one-at-a-time. In addition,
these methods involve rather advanced equipment with high cost; there-
fore, they may not be appropriate for the economic and rapid screening in
the COVID-19 pandemic.
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12.4.8.6 CRISPR/Cas-based diagnostic methods

The clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas machinery has recently been adapted as a POC tool
for the rapid detection of nucleic acids (DNA or RNA) [154,201]. Overall,
this CRISPR machinery is programmed to cleave specific sequences in the
DNA /RNA target where the results can be easily observed by combination
with a lateral-flow strip. CRISPR gene editing tool has been employed to
construct an accurate, faster, and simple-to-use SARS-CoV-2 detection test.
Arapid (<40 min), easy-to-implement, and accurate CRISPR-Cas12-based
lateral flow assay for the detection of SARS-CoV-2 from respiratory swab
RNA extracts has been recently reported.

DNA endonuclease-targeted CRISPR trans reporter (DETECTR) devel-
oped by Mammoth Bioscience Company based on the CRISPR/Casto
detect any RNA or DNA target, which has now been used to detect the
SARS-CoV-2 RNA genome from respiratory swab RNA extracts [202]. It is
based on CRISPR-Cas12 and it can distinguish SARS-CoV-2 with no cross-
reactivity for related coronavirus strains using N gene gRNA within 40 min
[202]. The result is visualized by using a FAM-biotin reporter molecule and
lateral flow strips to capture labeled nucleic acids. The suitability of DE-
TECTR technology for the detection of SARS-CoV-2 was evaluated using
78 patient specimens, including 36 patients with COVID-19 infection and
42 patients with other viral respiratory infections, and then compared with
the CDC RT-qPCR as a reference method to confirm COVID-19 infection.
Clinical sensitivity and specificity were 95% and 100%, respectively, for the
detection of the coronavirus in 83 total respiratory swab samples [202].
The SARS-CoV-2 DETECTR test had 95% positive predictive agreement
and 100% negative predictive agreement when compared with RT-qPCR
results. The LOD of this method was 10 copies per microliter reaction.

Specific high-sensitivity enzymatic reporter unlocking (SHERLOCK),
was developed by Zhang’s team on the basis of CRISPR/Cas-based plat-
form that combined isothermal preamplification to detect strains of single-
strand RNA viruses, identifies mutations and human genotype DNA, and
distinguishes pathogenic bacteria [154,201]. More recently, using the same
knowledge, they adapted a protocol using the SHERLOCK system for
SARS-CoV-2 detection [203], which incorporates a thermostable Cas12b
enzyme from alicyclobacillus acidiphilus and targets S and ORFlab gene
fragments of SARS-CoV-2 was described by Sherlock Biosciences. The test
recently got FDA approval under emergency use authorizations [204]. The
test can be conducted by extracting RNA from patient samples and can be
read out in less than an hour using a dipstick, without requiring extensive
instrumentation. This method was able to detect synthetic COVID-19 RNA
sequence in a range between 10 and 100 copies per microliter and could be
completed within 1 h [203].
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FnCas9 Editor Linked Uniform Detection Assay (FELUDA) is a different
approach taken to build a CRISPR-based tool in India. It is a highly accurate
enzymatic readout for detecting nucleotide sequences [205]. The assay is
quick to provide output and can be used in rapid diagnosis.

In other developments, Zhang’s group [203] and Chiu’s group [202] in-
tegrated the LAMP with the CRISPR-based SHERLOCK (see Table 12.1)
[206] and CRISPR-Cas12 based methods, respectively, to detect the SARS-
CoV-2 RNA with a detection limit as low as 10 copies/ L on a point-of-care
testing (POCT) format. Taken together, these results highlight the great po-
tential of CRISPR-based diagnostic methods as a rapid, specific, portable,
and accurate detection platform for the detection of the SARS-CoV-2
genome in patient samples. Despite these promising results, CRISPR/Cas-
based diagnostic methods are not widely used by diagnostic laboratories
and need further implementation.

12.4.8.7 Artificial intelligence

Though relatively slow and expensive, computed tomography (CT)
of the chest has also been explored in the diagnosis of COVID-19 as a
complementary tool to molecular techniques when combined with med-
ical history and clinical observations [46,187]. In a recent study, artificial
intelligence (AI) algorithms were used to integrate chest CT findings with
clinical symptoms, exposure history, and laboratory testing to rapidly
diagnose patients who are positive for COVID-19 [207]. Moreover, the
machine learning approach shows potential to predict criticality in patients
[208]. The Al system had equal sensitivity as compared with a senior
thoracic radiologist. In addition, it improved the detection of patients who
were positive for COVID-19 via RT-PCR who presented with normal CT
scans, correctly identifying 17 of 25 (68%) patients, whereas radiologists
classified all of these patients as negative for COVID-19. When CT scans
and associated clinical history are available, the proposed Al system can
help to diagnose COVID-19 patients. The supplementary CT scan imaging
may help to rule out negative RT-PCR results [88]. Some Al inspired
mobile application-based tools are in development to preliminary detect
suspected COVID-19 patients [13].

12.4.8.8 Differential diagnosis

Differential diagnosis is the process by which a single disease or condi-
tion is differentiated from those having similar clinical features. Patients
with COVID-19 can have coinfection or superimposed infection by other
viruses or bacteria simultaneously. Differential diagnosis is therefore im-
portant to differentiate SARS-CoV-2 induced infection from other viral or
bacterial and mycoplasma pneumonia. Since the clinical manifestations of
COVID-19 are similar to those of other respiratory diseases, differential
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diagnosis is of paramount importance in assisting physicians in the thera-
peutic management of patients and health officials in establishing disease
control policies.

In an effort to do so, respiratory pathogens in patients suspected of
COVID-19 in Italy have been investigated [109]. Here, researchers tested
the nasopharyngeal swabs of 126 suspected causes using SARS-CoV-2
RT-gqPCR and a commercial multiplex respiratory cartridge that detects
and differentiates viral and bacterial pathogens. Only 3 patients were
confirmed to be infected with SARS-CoV-2, and 67 (53.2%) were posi-
tive for other respiratory pathogens, including 26 (20.6%) positive for in-
fluenza A and 10 (7.9%) positive for influenza B. Other pathogens detected
in the patient samples were common cold CoV (H-CoV 229 E, H-CoV
NL63, and H-CoV HKU1), rhinovirus, enterovirus, metapneumovirus,
adenovirus, Mycoplasma pneumoniae, Streptococcus pneumoniae, and
Legionella pneumophila [109]. These results highlight the diagnostic dif-
ferential and demonstrate the importance of using a spectrum of molecular
kits for the rapid detection of respiratory pathogens in order to improve the
clinical management and treatment of patients infected with COVID-19. In
another study, Yan et al. reported the cases of two patients in Singapore
who initially had moderate symptoms including myalgia, a mild cough,
and diarrhea and presented with thrombocytopenia and a normal chest
radiograph [209]. Dengue was suspected, and a rapid serological test for
dengue produced false-positive results. As patient symptoms worsened,
they were later diagnosed with COVID-19 by RT-qPCR. Taken together,
these findings suggest that special attention is needed in the differential
diagnosis between arboviruses and SARS-CoV-2 infection, especially in
countries where is there a circulation of DENV, ZIKV, and CHIKV. More-
over, coinfection with SARS-CoV-2 and other respiratory viruses, such as
common cold CoV, influenza, and metapneumovirus, have been reported,
highlighting the need for repeat testing based on clinical indications [210-
213].
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Abstract

December 2019, when the world was busy in welcoming New Year, unaware
of the fact that the spark of COVID-19 has been ignited in Wuhan, China,
will outbreak into wildfire to scorch the entire World. Nobody could have
imagined that a single cell microorganism which even does not have any
kind of cellular structure could be such a huge threat to human society. WHO
and Public Health of Emergency of International Concern (PHEIC) declared
COVID-19 as highly contagious within a month after reporting of the first
case on January 11, 2020. As it started spreading across the globe, it was
declared as a pandemic by WHO on March 12, 2020. Several scientists of
government and nongovernment organizations started working toward the
prevention and treatment of this novel disease. Its high rate of transmission,
global spread, and high mortality rate started raising concerns worldwide.
But as the disease was spreading at an extremely high rate through person-
to-person contact, the main challenge was to develop fast and accurate
diagnostic methods. Diagnostic tests during such pandemic are crucial as
they help to evaluate the effectiveness of the prevention, treatment, and
population-wise containment measures. This chapter discusses the various
clinical methods that are currently being used worldwide to detect the
presence of deadly Corona virus. The procedures of the tests are detailed and
are compared based on their specificity, sensitivity, limit of detection (LOD),
reliability, and affordability.
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