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ARTICLE INFO ABSTRACT

Keywords: Existing coronavirus named as a severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has speeded its
SARS-CoV-2 spread across the globe immediately after emergence in China, Wuhan region, at the end of the year 2019.
RT-PCR

Different techniques, including genome sequencing, structural feature classification by electron microscopy, and
chest imaging using computed tomography, are primarily used to diagnose and screen SARS-CoV-2 suspected
individuals. Determination of the viral structure, surface proteins, and genome sequence has provided a design
blueprint for the diagnostic investigations of novel SARS-CoV-2 virus and rapidly emerging diagnostic tech-
nologies, vaccine trials, and cell-entry-inhibiting drugs. Here, we describe recent understandings on the spike
glycoprotein (S protein), receptor-binding domain (RBD), and angiotensin-converting enzyme 2 (ACE2) and their
receptor complex. This report also aims to review recently established diagnostic technologies and developments
in surveillance measures for SARS-CoV-2 as well as the characteristics and performance of emerging techniques.
Smartphone apps for contact tracing can help nations to conduct surveillance measures before a vaccine and
effective medicines become available. We also describe promising point-of-care (POC) diagnostic technologies
that are under consideration by researchers for advancement beyond the proof-of-concept stage. Developing
novel diagnostic techniques needs to be facilitated to establish automatic systems, without any personal
involvement or arrangement to curb an existing SARS-CoV-2 epidemic crisis, and could also be appropriate for
avoiding the emergence of a future epidemic crisis.

Diagnostic technologies
Point-of-care

Public surveillance
Mobile-health

1. Introduction existing nucleic acid-based diagnostic kits, CT scans, and symptoms

were collectively used in the initial diagnosis of SARS-CoV-2 infections.

A severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
was first appeared in the China Hubei Province, Wuhan at the end of
December 2019. Considerable number of sick patients with severe and
moderate symptoms including fever, shortness of breath, and coughing
were rushed for admission to the nearby hospitals. These patients were
underwent computed tomography (CT) scans and the results revealed
opacities in their lungs (profuse, dense, and confluent types), which
were differed from that of the CT scan images of the healthy human
lungs (Ai et al., 2020; Zhou et al., 2020c). Ahead of the development,
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Later, well-established nucleic acid-based test kits were made available
for most of the known viral panels and performed with a straight
multiplex approach using a well-known technique called real-time po-
lymerase chain reaction (RT-PCR), but, the results were found to be
negative, indicated that the contagion of the infection was novel and
thus, the origin of virus was unknown (Park et al., 2020; Zhang et al.,
2020d). In the first week of January 2020, bronchoalveolar lavage (BAL)
fluid samples of different patients were examined and mysterious virus
with great similarity to the viral genome of the betacoronavirus-B family
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was identified.

Thus, emergence of an extremely infectious novel coronavirus and its
immediate reach worldwide has led to an unexpected emergency in
public-health and global economy. Phylogenetic investigations of novel
SARS-CoV-2 suggested that it belongs to the beta-coronavirus genus
(Zheng 2020), which is of SARS-CoV and middle east respiratory syn-
drome (MERS)-CoV, and some of the other coronaviruses related to bats
and pangolins (SARS-related coronaviruses, SARSr-CoVs), as well as
some other coronaviruses known to infect a diverse range of mammalian
species including humans (Pal et al., 2020; Wu et al., 2020a). The family
coronaviridae with the closest similarity of SARS-CoV-2 seems that the
Bat RaTG13 coronavirus has more than 93.0% similarity in the sequence
of spike protein (S gene). However, many other types of SARS-CoV were
also found to be very related from SARS-CoV-2, but, sequence similarity
was only about 80% (Zhou et al., 2020b). Recent investigations revealed
that this novel SARS-CoV-2 has ~50%, ~80%, and ~96% similarity
index with the genome sequence for MERS-CoV, SARS-CoV, and the
coronavirus bat-RaTG13, respectively (Lu et al., 2020a; Udugama et al.,
2020; Zhou et al., 2020b).

As of December 30, 2020, the SARS-CoV-2 pandemic has spread
globally to more than 220 countries and territories, confirmed infections
about more than 82 million and caused deaths globally about 1, 80,000
in number (https://www.worldometers.info/coronavirus/). The num-
ber of reported SARS-CoV-2 infections are undoubtedly underestimated
since there are millions of asymptomatic or mild cases those gone un-
detected and unreported (Long et al., 2020c; Tan et al., 2020a). Most of
the asymptomatic individuals in Yokohama, Japan located on the Dia-
mond Princess Cruise Ship were found to be an infectious, suggesting
that the existence of a larger percentage of infected population and
eventually recovered than that of confirmed and reported cases (Miz-
umoto et al., 2020).

The development of vaccines and therapeutics is ongoing in a rapid
pace, but the United States Food and Drug Administration (FDA) is
proactively involved in accepting submission and providing approvals
for many of the vaccines and drugs those are in research and develop-
ment (R and D) to handle existing SARS-CoV-2 pandemic crisis (Liu
et al., 2020a). Early diagnosis and robust contact tracing as performed
by South Korean administration, revealed as an important approach in
suppressing the spread of SARS-CoV-2 infections. This initiative facili-
tated rapid implementation of administrative control measures that
curbed further spread of SARS-CoV-2 infections through individual case
documentation, monitored isolation, and be informed about case to case
travel history to avoid direct or indirect contact with a confirmed patient
(Ryu et al., 2020). Both developed and developing nations needed to
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perform surveillance measures in any legitimate manner possible to
manage the existing outbreak and to combat the disease spread with a
prompt public health prevention measures and intervention agencies in
the remote areas with involvement of experts or any trained
professionals.

In the COVID-19 era, the implementation of smartphone surveillance
and mobile health (mHealth) technologies to assist recent developments
in plug-and-play diagnostics will contribute significantly because of
their anticipated affordability for on-site early diagnosis, as well as
dampening the severity of infectious pandemic outbreak. The recently
established diagnostic tools for SARS-CoV-2 and their testing workflow,
strategies to curb infections are illustrated in Fig. 1. This review report
devotedly summarized all aspects of recently reported biological char-
acteristics, diagnostic technologies, and clinical markers, emerging
diagnostic methods, and surveillance strategies for the existing SARS-
CoV-2 epidemic. These topics are of great interest to curb rapidly
spreading SARS-CoV-2; as a result, this review article is intended to
summarize recent findings that will be useful as guiding principles and
strategies to address the existing pandemic crisis caused by the SARS-
CoV-2 coronavirus.

2. Biological characteristics of the SARS-CoV-2

Main structural features of the SARS-CoV-2 was appeared to be
identical with other reported coronaviruses. The transmission electron
microscopy (TEM) was successfully used to image the SARS-CoV-2 viral
structures (Fig. 2). TEM imaging showed that the size of novel virus is
ranging from the 60-140 nm in diameter and the RNA genetic material
is packed inside the envelope and surface is decorated with the spike
glycoproteins (Zhu et al., 2020a). This virus has a genome comprised of
single-stranded positive-sense RNAs and nucleotides with a length of
about ~30,000 (Mousavizadeh and Ghasemi 2020; Wu et al., 2020a;
Zhou et al., 2020b). The viral genome encodes different proteins about
27, comprising an RNA-dependent RNA-polymerase (RARP), in addition
to the four other main proteins responsible for structural integrity. RARP
is well known to interact particularly with non-structural proteins and
plays a role in sustaining the fidelity of the genomic materials (Denison
et al., 2011; Jain et al., 2020; Wu et al., 2020a). Genome sequence
analysis revealed that the RARP gene of SARS-CoV-2 seems greatly
identical with bat coronavirus RaTG13, with approximately about 96%
of similarity (Zhou et al., 2020b). The four different structural proteins
of SARS-CoV-2 are nucleocapsid (N), envelope (E), matrix (M), and
surface spike glycoprotein (S) (Fig. 2). The S gene encoded in corona-
viruses attributes to the S protein of the receptor-binding domain (RBD),

Transport
the sample

Fig. 1. Illustration of the SARS-CoV-2 diagnostic development and testing samples workflow during the course of the outbreak. Healthcare providers should provide
triage facilities to manage patients appropriately. Samples can either be tested on-site or transported to a central facility for nucleic acid testing.
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Fig. 2. The phenotype of novel SARS-CoV-2 virus, thin section of transmission electron microscope micrograph of Vero cells after infection. Reprinted with the
permission of reference (Kim et al., 2020). Structural features of the SARS-CoV-2 virus are illustrated to represent different structural proteins intracellular ge-

netic materials.

which assists the SARS-CoV-2 virus while bonding with the host cell
receptor (Wrapp et al., 2020). S protein thus helps to mediate interaction
with an angiotensin-converting enzyme 2 (ACE2) a host receptor,
membrane fusion, viral entry, and also determines host tropism and
basic reproduction number (Lu et al., 2020b). The S gene is quite
diverse; about <75% of the nucleotide sequence is similar in previously
reported SARS-coronaviruses and the rest of the sequence is variable
(Cui et al., 2019). The remaining three structural proteins are generally
known for conserved sequence in comparison to the S protein and are
essential to undertake overall functions in coronaviruses (Wu et al.,
2020a). The S gene also supports the encasing of the RNA and protein
assembly, thus, formation of the envelope, the budding process, and
further pathogenesis (Neuman et al., 2011; Schoeman and Fielding
2019).

2.1. Structure and function of receptor-binding domain

This report summarizes the recently reported genomic data and
presents different scenarios through which SARS-CoV-2 became
compatible with the human cell receptors. Comparative analysis of beta-
and alpha-coronaviruses have revealed distinct genomic features for
novel SARS-CoV-2. Initially it was identified through biochemical

experiments (Letko et al., 2020; Wrapp et al., 2020) and structural
analysis (Krafcikova et al., 2020; Shereen et al., 2020; Wan et al., 2020);
thus, it suggested to be the first mutated feature and is appropriate for
interaction with the ACE2 human cells receptors. And the second
notable feature revealed on the basis of the S proteins found in the
SARS-CoV-2 virus, which consisting a functional-polybasic “furin”
cleavage site.

S protein is part of RBD sequence and is the greatly diverse region of
the coronavirus genome and defines most of the virus features, in
addition to the susceptibility, host range and cellular tropism (Lan et al.,
2020; Wu et al., 2020b; Zhou et al., 2020b). Six amino acids in the RBD
sequence are confirmed for their critical interaction with the ACE2
human host receptors and thus, adapts to the new host range of
beta-coronaviruses (Wan et al., 2020; Yi et al., 2020). As reported pre-
viously, sequences are Y4911, N479, L472, D480, Y442, and T487,
which attributes to Y505, Q493, F486, S494, L455, and N501, respec-
tively for the SARS-CoV-2 (Wan et al., 2020). Five out of six amino acid
residues differs between SARS-CoV and SARS-CoV-2 (Tang et al., 2020).
Based on recent revelations, the SARS-CoV-2 has a unique RBD unit with
great affinity to the ACE2 receptor of the human cells, ferrets, cats, and
some other mammalian species are those with high receptor homology
(Andersen et al., 2020; Damas et al., 2020; Shi et al., 2020). Thus,
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scientists are now seeking a new model well suited for R and D activities,
vaccines and treatments for COVID-19, and some data have been
established on the ferrets those can effectively replicates the novel strain
SARS-CoV-2 (Richard et al., 2020).

Computational analysis of S protein present in RBD of SARS-CoV-2
revealed that it has a potent ability to bind to ACE2 receptor in
human lung cells with high affinity (Spinello et al., 2020). This inter-
action is now thought that it must quite unique from the RBD of the
SARS-CoV that was also appropriate for ACE2 receptor binding (Shea-
han et al., 2008; Wan et al., 2020). Therefore, the high binding affinity
evolved in the SARS-CoV-2 at S protein of RBD and ACE2 human host
receptor, in all likelihood, must be the consequence of natural selection
that finally led to the explosion of the pandemic worldwide. This is also a
strong indication that the SARS-CoV-2 must not be the creation of
artificial mutation or manipulation through genetic engineering exper-
iments or purposeful manipulation in a laboratory (Schroder 2020).

Another most prominent characteristic of SARS-CoV-2 is that con-
tains polybasic (furin) cleavage site located at the S1 and S2 junction,
which are the two main subunits of the S glycoprotein. This facilitates
functional polybasic (furin) cleavage site and some of the other protease
enzymes to perform determining function in the viral susceptibility in
addition to the host-range of the coronavirus. In addition, a proline
residue was also reported in this site of SARS-CoV-2 and responsible for
the forming proline mediated turns that also predictable to result in
auxiliary O-linked glycans to S673, S686, and T678, those are at the
edge of this site and which also found exclusively in SARS-CoV-2. These
sites were found identical to those for SARS-CoV-2, but not been re-
flected as a completely identical to betacoronaviruses of lineage B,
though other human beta-coronaviruses, as well as human coronavirus
HKU1 (lineage A), known to have such cleavage sites and are reported to
consist of O-linked glycans (Chan et al., 2008). As genetic variations
found in the S proteins, it was possible that the SARS-CoV-2 is a novel
coronavirus with a fraction or full of polybasic (furin) cleavage site and
also needs to be investigated for the some of the other coronaviruses.

Thus, the functional significance of polybasic (furin) cleavage site of
SARS-CoV-2 got investigated immediately after the emergence, and it
was most important achievement demonstrated their novelty and bio-
logical characteristics including, how this site alters the pathogenesis
and transmissibility of the disease in a wide host range. Experimental
evidences suggested that the SARS-CoV has its own unique mechanism
of functioning through this site at S1 and S2 junction, which facilitates
cell fusion, without disrupting the entry of viruses through the host cell
membrane (Belouzard et al., 2009; Follis et al., 2006). Furthermore, an
efficient polybasic (furin) cleavage site reported for S protein of
MERS-CoV also known to makes vulnerable to MERS-like coronaviruses
in camels, bats and some other host-ranges in addition to human host
(Menachery et al., 2020). On the contrary, avian influenza viruses was
known for rapid transmission and replication in chicken populations,
where they attach to polybasic (furin) cleavage sites at the hemagglu-
tinin (HA) proteins (Sonnberg et al., 2013), which functions similar to
the S protein of SARS-CoV.

The function of O-linked glycans is yet to be fully revealed; it has
been speculated to form a “mucin-like domain” that protects epitope or
key amino acid residue sequence in the S proteins of SARS-CoV-2
(Bagdonaite and Wandall 2018), similar to those of several other vi-
ruses that function “mucin-like domains” as O-linked glycans shield,
thus, intricate the host immune system evasion. Although O-linked
glycans must be robust in SARS-CoV-2, to clarify further experiments are
required in the direction of revealing the role of such sites. Furthermore,
manipulation or possibility of creating of SARS-CoV-2 like virus in lab-
oratory settings either by cell culture or animal host ranges requires a
prior sequestration of ancestor viral strains those are with an identical
genomic makeup, which is yet to be certainly revealed.
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2.2. Receptor-binding domain—angiotensin converting enzyme 2 complex

SARS-CoV-2 binds with ACE2 human host receptors and enables
entry into host cells. ACE2 receptors are present in almost all human
organs as well as in the wide variety of cells including smooth muscle
cells and endothelial cells of the lungs, stomach cells, colon, small in-
testine cells, liver cells, kidney cells, and also brain (Shereen et al., 2020;
Zhang et al., 2020a). Recent findings revealed key structural differences
and the intrinsic sequence of the RBDs of both of the SARS-CoV and
SARS-CoV-2 (Majumder et al., 2020). The precise understanding of the
interaction of the SARS-CoV-2 virus with ACE2 human cells receptors is
now revealed after detailed structural analysis RBD-ACE2 complex
using X-ray crystallographic examinations (Lan et al., 2020). The mo-
lecular and structural analysis improved our scientific understanding of
the molecular interactions and susceptibility to the host cells (Chen
et al., 2020b). Such information provided precise targets to facilitate the
preparation of SARS-CoV-2 neutralizing antibodies and development
vaccines, which are required with a great urgency to fight the existing
global crisis emerged after SARS-CoV-2 spread (Dong et al., 2020; Pinto
et al., 2020).

Coronaviruses use their homo-trimeric spike glycoprotein (each
spike monomer consists of an S1 and S2 subunit) on the virus envelope
to bind with the ACE2 human host cell receptors. Thus, after binding
with the ACE2 receptor a key initial step enables SARS-CoV to enter in
host cells. The second event is the initiation of a cascade of molecular
events to eventually lead to a cell membrane fusion between host cell
membranes and viral particles, thus finally allows to host cell entry. The
cryo-electron microscopic examinations performed for SARS-CoV S
proteins and their interface between ACE2 receptors of host cells have
revealed that such binding encourages the dissociation of the S1 subunit
from the ACE2 receptor. However, the S2 subunit induces a transition
from a meta-stable pre-fusion form to an extra-stable post-fusion form
and both events are vital for the viral and host cell membrane fusion
(Kirchdoerfer et al., 2018; Song et al., 2018). Recent studies on in-vitro
binding demonstrated that the SARS-CoV-2 RBD predominantly binds to
human ACE2 cell receptors owing to their high affinity even when there
at a lower nano-molar concentration range of viral dose, signifying that
the SARS-CoV-2 RBD is a main functional domain inside the S1 subunit
and make highly susceptible to bind SARS-CoV-2 virus with the host
cells through ACE2 host cell receptors (Letko et al., 2020; Walls et al.,
2020).

The notable and main feature of the SARS-CoV-2 RBD-ACE2 inter-
face, the complex is made of hydrophilic interactions exerted from
amino acid residues. There were about two salt-bridges and thirteen
different hydrogen bonds responsible to play a key role in the formation
of the RBD-ACE2 interface of the SARS-CoV (Hou et al., 2010), similar
to the three salt-bridges and thirteen hydrogen bonds involves in the
formations of RBD-ACE2 interface of the SARS-CoV-2 (Shang et al.,
2020b). The second identical feature seems to be the presence of various
tyrosine residues which helps in the formation of hydrogen-bonding
interfaces within residues that contain polar hydroxyl groups (Robson
2020a), role of such tyrosine residues also been described in other recent
publications (Lan et al., 2020; Robson 2020b). The third identical
feature is the chain of Asn-90-linked glycans in the ACE2 receptor which
binds with the RBD of SARS-CoV. Similarly, the chain of Asn-90-linked
lysosomal enzyme called N-acetyl-beta-D-glucosaminidase (NAG),
-NAG-f-D-mannose may cooperate with the RBD of SARS-CoV-2 thus,
play significant roles in forming RBD or SARS-CoV-2 and ACE2 complex
(Lan et al., 2020; Li et al. 2005a, 2005b; Reguera et al., 2014).

Furthermore, such identical features reported in recent and previous
reports demonstrates that the RBD of SARS-CoV and RBD of SARS-CoV-2
with their respective ACE2 interfaces have considerable similarities in
terms of binding surface area, the number of amino acid residues
involved in complex-formation with their respective hydrophilic in-
teractions (Lan et al., 2020). However, a minor difference was reported
in terms of ACE2 interactions at both outsides and inside the region of
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the receptor-binding motifs (Lan et al., 2020; Wrapp et al., 2020). Such
identical features strongly reveals that the evolution of novel
SARS-CoV-2 either is from the SARS-CoV virus or independently from
the intrinsic RBD structure, with minor improvement in the binding
affinity for ACE2 human receptor (Andersen et al., 2020). However,
SARS-CoV-2 does not form clusters similar to the reported for
beta-coronavirus genus including SARSr-CoV and SARS-CoV (Rastogi
et al., 2020).

SARS-CoV-2 has 89.8% homology with SARS-CoV in terms of spike
S1 and S2 proteins subunits, which are involved in facilitating the fusion
process and host cell entry. Both subunits directly employ host human
ACE2 receptors after infection (Zhou et al., 2020b). Therefore, high
structural similarity of RBD of SARS-CoV-2 with RBD of SARS-CoV
suggests that they have high binding affinities to ACE2 are identical in
nature owing to the equilibrium dissociation constant (KD) for ACE2
with RBD of SARS-CoV-2 and ACE2 with RBD of SARS-CoV (Tian et al.,
2020; Walls et al., 2020). However, such findings were slightly different
from recent reports suggesting SARS-CoV-2 have 20-fold higher binding
affinities for ACE2 with spike trimer having KD about 14.7 nM, in
comparison to that of ACE2 with RBD of SARS-CoV, with KD about 325
nM (Wrapp et al., 2020). Therefore, the binding affinity alone cannot be
used to explain 10-20-fold higher transmissibility for SARS-CoV-2,
which is considered liable for the emerging existing global crisis
(Wrapp et al., 2020; Zheng 2020).

Other important feature of having a unique (furin) cleavage site
(-RRAR-) within junction of the S1 and S2 subunit of S protein in the
SARS-CoV-2 and also have a significant role while enabling the higher
rate of transmission from infected human to healthy humans (Okba
et al., 2020; Xia et al., 2020). Thus, the binding affinity of ACE2 with
RBD of SARS-CoV-2 at the S1 subunit is ranging from 10 to 20 fold
greater than that with the RBD of SARS-CoV at the S1 subunit (Xia et al.,
2020). This increased binding affinity must be triggered a global
pandemic crisis owing to higher transmissibility and infectivity for
recently evolved SARS-CoV-2 virus as compared to those of SARS-CoV
(El Zowalaty and Jarhult 2020a, b; Ferretti et al., 2020; Yang et al.,
2020d). The potential and most debated route for the global spread of
SARS-CoV-2 also suggested that of discharge of the virus particles from
the infected patient into the surrounding environment via diverse
means, which is now at the peak of rigorous argumentum in an excuse of
rapid transmission of SARS-CoV-2. However, this hypothesis warrants
further investigations to illustrate the diverse functional routes, struc-
tural features and pathogenesis of prevailing SARS-CoV-2 virus.

2.3. Antigenicity of the SARS-CoV-2 spike protein

There is a shortage of specific therapy because of the rapid spread of
SARS-CoV-2, huge efforts have dedicated to develop antiviral drugs,
vaccines, and neutralizing antibodies (Lu 2020). Vaccines helps to pre-
vent the spread of disease, it is largely reliant on instigates memory for
neutralizing antibodies against specific epitopes present on the antigen.
Among the main structural proteins, the S glycoprotein consists of RBD
and helps to mediate the entering of coronavirus to host cells, which
makes S protein a main antigenic target for vaccine and neutralizing
antibodies (Tian et al., 2020).

A recent study that, even though S protein of SARS-CoV-2 exhibits
high about 75.5% homology towards the S protein of SARS-CoV, novel
SARS-CoV-2 epitopes attributes to 85.3% of almost all of the antibody
epitopes, the RBD antibody epitopes about 85.7%, and in SARS-CoV-2
high-score antibody epitopes about 90.9%, suggesting noteworthy var-
iations in the antigenicity (Zheng and Song 2020). This report further
reveals that the antigenicity of S protein of SARS-CoV-2 is extraordi-
narily evolved and dominated with their novel antibody epitopes, which
may provide potential leads to drive the R and D activities during the
development of vaccines. In addition to the RBD, which was identified to
the spectacle as the main target for generating responses of neutralizing
antibody in human hosts (Robbiani et al., 2020), recently N-terminal
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domain (NTD) was also evidenced as a new vulnerable site in S protein
of SARS-CoV-2 for instigating another type of neutralizing antibody and
thus it could similarly function as a protein-based recombinant vaccine
(Brouwer (2020); Chi et al.,, 2020; Liu (2020c)). As predictable,
neutralizing antibodies specific for NTD can target against the S protein
in both open and closed conformations (Chi et al., 2020). Furthermore,
the apparent reports on the HR1 region and fusion peptide of
SARS-CoV-2 structure accessible in literature could help to focus on S
ectodomain trimer as well as its high conservation sequence among
SARS-CoVs coronaviruses (Tortorici and Veesler 2019). This approach
suggests that the possibility of making a good choice of immunogen
candidates while designing epitope-specific vaccines and neutralizing
antibodies aimed at targeting broad range of SARS-CoV (Pallesen et al.,
2017). The design of vaccines specific to the epitope has recently proven
as a successful strategy in producing neutralizing antibodies targeting
glycoprotein of respiratory syncytial viral fusion, but, such neutralizing
antibodies need to be isolated carefully from infected patients (Correia
et al., 2014).

Unlike other-type full-sequence of SARS-CoV-2 S protein, the
monomeric fragment has no ability to induce any infection-mediated
antibodies or unnecessary immune or hyper-inflammatory responses
(Quinlan et al., 2020; Yang et al., 2020a), all of such events could be
possibly avoided to improve immunogenicity by the structure-based
design of immunogen (Anasir and Poh 2019; Kwong 2017). On the
other hand, full-length wide-type or soluble ectodomain form of the S
protein for SARS-CoV-2 can ably trigger a strong immune response
(Grifoni et al., 2020b), which was also confirmed to play a key role in
controlling the severity of diseases caused by SARS-CoVs (Liu et al.,
2017; Yong et al., 2019), including SARS-CoV-2 (Oja et al., 2020), and
possibly also act as an imperative factor in determining the effectiveness
vaccines designed against SARS-CoV-2 (Ahmed et al., 2020; Grifoni
et al., 2020Db).

The structural investigation of SARS-CoV-2 viral structures by cryo-
electron microscope revealed the S protein trimer in recent studies
(Walls et al., 2020; Yan et al., 2020). Furthermore, the structure of S
protein was also examined by modeling of RBD, mainly to study
receptor-binding motif (RBM), which directly involves in interacting
with ACE2 (Wrapp et al., 2020). Despite the apparent cross-reactivity of
SARS-CoV-2, deactivating performance in plasma/serum recovered
from the patients after infection (Hoffmann et al., 2020; Tian et al.,
2020), isolated monoclonal-antibodies seems to be unable in deacti-
vating SARS-CoV-2 effectively (Wrapp et al., 2020). However, a detailed
modeling analysis on the binding between the ACE2 host receptor and
RBD of SARS-CoV-2 has yet to be accomplished, it may reveal some more
amino acid residues that may be involved in such interactions. The
actual amino acid residues that facilitate the interactions yet remained
unclear, as suggested in a recent report (Wan et al., 2020). The strategies
for immunogen design are explicitly described in a recently published
review report on the S glycoprotein of SARS-CoV-2 covering its function,
structure, biosynthesis, immunogenicity as well as antigenicity in
anticipation to contribute the development of effective and safe vaccine
against SARS-CoV-2 emergency (Duan et al., 2020). This report covers
recent understandings of many other biological characteristics of
SARS-CoV-2 that have certainly empowered investigators to rapidly
develop reliable diagnostics kits, some other technologies to perform
point-of-care detection, and smartphone surveillance.

3. Diagnostic technologies for SARS-CoV-2

The symptoms experienced by SARS-CoV-2 patients are common
pneumonia-like diseases and not applicable to use for an accurate
diagnosis. It was reported that about 44% of 1099 surveyed SARS-CoV-2
patients from China on the onset of spread showed mild fever like
symptoms before admission to the hospital, but, more than 80% of the
confirmed patients then showed fever-like symptoms after the admission
(Guan et al., 2020). Further examination of those admitted patients
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revealed that about 68% of patients were developed series of symptoms
of respiratory infections in addition to cough, sputum formation (34%),
tiredness (38%), and about 19% of breathing problems. However, many
such symptoms are also associated with pneumonia-like diseases. Before
the establishment of nucleic acid-based testing kits using real-time
reverse transcription polymerase chain reaction (RT-PCR) and mostly
CT scans have been employed as the primary diagnostics for screening
and diagnosing SARS-CoV-2 infections.

3.1. Nucleic acid-based diagnostics for SARS-CoV-2

Numerous RT-PCR kits were promptly developed and used to di-
agnose the SARS-CoV-2 patients. The RT-PCR method typically involves
the reverse transcription process for the extracted RNA materials con-
verts into complementary DNA strands (c-DNA), and then amplification
of those derived cDNA copies (Freeman et al., 1999; Kageyama et al.,
2003). The RT-PCR method depends on the capability of amplifying a
small concentration of viral nucleic acid materials collected in test vials
and it is also known as a gold standard protocol in the confirming
SARS-CoV-2 infections (Morales-Narvaez and Dincer 2020). The RT-PCR
process begins with the transformation of viral RNA into c-DNA through
a reaction with reverse transcriptase (RNA-dependent DNA polymer-
ase). At present, RT-PCR examinations developed for the diagnosis of
SARS-CoV-2 patients requires swab test samples that are typically
collected from the upper respiratory tracts. The RT-PCR assays are
developed by Rutgers Clinical Genomics Laboratory also uses saliva
samples (Carter et al., 2020). This method is much rapid and less hurting
than that of other test sample collection routes. It is also possible to
lower the exposure risks for healthcare providers and also allows per-
forming large-scale testing capacity (Xu et al., 2020).

The RT-PCR process is generally divided into two main phases; the
first consists of primer design and sequence alignment, while the second
involves assay optimization and testing. It is necessary to align and
analyze different types of coronavirus-related genomes before designing
a set of probes and primers (Carter et al., 2020). Three main regions that
are responsible for conserved genomic sequences from SARS-related
viruses have been discovered: (1) the nucleocapsid-protein (N gene),
(2) the envelope-protein (E gene), and (3) RNA-dependent RNA-poly-
merase (RARP gene). Both RARP and E gene showed higher analytical
sensitivity for identification of SARS-CoV-2, with a low limit of detection
(3.5 and 4 copies), respectively/reaction cycle; however, the N-gene
showed lower analytical sensitivity about 8.5 copies/reaction cycle)
(Udugama et al., 2020). The most important advantage of this assay is
that it can be designed for two different target systems, serving either as
a primer that can be universally used to detect different types of coro-
navirus including existing SARS-CoV-2 (Mollaei et al., 2020), or as the
primer that can identify SARS-CoV-2 with high specificity (van Kasteren
et al., 2020).

Once selecting designs for the probes and primers, the following step
involves is the optimization of the assay condition (reagent concentra-
tion, temperature, incubation times, etc.) and finally repeated analysis
by RT-PCR. The one-step and two-step assay procedures can be per-
formed with RT-PCR, particularly in a one-step assay RT-PCR amplifi-
cation operates normally, where reverse transcription step is combines,
thus possibly providing better reproducibility in addition to ensuing
preparation of rapid test reports (Dharavath et al., 2020). However, the
challenge with this approach lies in optimization the amplification steps
and reverse transcription, which occurs concurrently, possibly leads
towards generating lower target amplicon. However, in two-step pro-
cedure, the assay reaction gets completed sequentially in separate test
tubes (Wong and Medrano 2005), thus, this approach have better
sensitivity and accuracy than those of a one-step assay procedure.
However, the two-step assay also requires the series of optimization
protocols for some of the additional parameters and also to reduce
time-consumption (Carter et al., 2020; Wong and Medrano 2005).
Additionally, control samples are prerequisites to be performed
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simultaneously to make sure the reliability and accuracy of the assay
and to address any of the trial errors prevailing. Several different
RT-PCR based testing kits and post-infection antibody diagnosis kits are
promptly industrialized and being predominantly employed for accurate
diagnosis of SARS-CoV-2 infections at a global scale and some of such
technologies are still under validation and approval by the international
authorities (Nuccetelli et al., 2020; Vandenberg et al., 2020).

Smyrlaki et al. has performed a single-reaction RT-PCR using
nucleocapsid 1 primer-probe to record its cycle threshold (CT) values
designed for the serial dilution of the media (Smyrlaki et al., 2020) and
reported inhibitory effects in all tested three media samples and,
notably, marked variations among the media samples. Long et al. in their
recent report also compared RT-PCR method for its CT values in their
examination of nasopharyngeal swab samples received from firstly
positive 37 asymptomatic patients and 37 symptomatic individuals
(Long et al., 2020b). That report revealed that the initial CT values for 37
asymptomatic patients and 37 symptomatic individuals seemed to be
similar, the short-lived duration for viral shedding was observed about 6
days, whereas the long-lasting viral shedding duration was supposedly
appeared to be about 45 days. It is important to note the observation on
the asymptomatic group that had shown significantly longer viral
shedding duration than those of the symptomatic group, but, quantifi-
able virus shedding cannot be equated with the viral infectivity, thus,
detailed further evaluation is required to determine whether
SARS-CoV-2 viral load can be correlated with other respiratory viruses
suitable to grow in cultures (Atkinson and Petersen 2020). In one of the
prominent reports this was performed, using real-time PCR with reverse
transcription examination showed the lowest CT values for swab sam-
ples collected from upper respiratory tracts that often possible to detect
in the first week of SARS-CoV-2 was cultured from the respiratory
specimens (Kujawski et al., 2020). This report found some insightful
data to back the origin SARS-CoV-2 and its natural history. Although
infectivity is uncertain, highest levels of viral RNA were acknowledged
during the early weeks of illness. These recent reports on CT value have
an important suggestions to the clinicians, it should be anticipated that
some of the infected patients may show aggravated symptoms during the
second week of the illness onset.

3.2. Nucleic-acid testing workflow for SARS-CoV-2

Though, the RT-PCR method is being largely used for identifying
SARS-CoV-2 infections by collecting respiratory swab samples in
accordance with the recommendations designed by the World Health
Organization (WHO). Samples from the upper respiratory tract can be
collected through an oropharyngeal swab, nasopharyngeal swab, naso-
pharyngeal wash, and nasal aspirates (Pondaven-Letourmy et al., 2020).
The swab samples from the upper respiratory tract are predominantly
advised but samples from the lower respiratory tract are also recom-
mended by the Center for Disease Control and Prevention (CDC), a na-
tional public health institute in the United States, particularly for
patients suffering from coughing symptoms. Samples from the lower
respiratory tract are not compulsory to be collect either from BAL fluid,
aspirates from the tracheal region, or sputum (Thwe and Ren 2020).
Sample collection from both of the BAL fluid and aspirates from the
tracheal region have a greater risk of aerosol droplet generation and
rapid spread to the sample collection environment (Sanyaolu et al.,
2020). On the other hand, the possible viral-load is dependent on the
number of days have passed after the onset of infection and the
vulnerability of patient health (Zhou et al., 2020a). Thus, SARS-CoV-2
virus infections has to be consistently identified using sputum samples
in addition to nasal swabs after 14 days of infection onset, whereas
throat swabs are unreliable after 8 days of symptom onset (Pan et al.,
2020c). A negative test result from the respiratory tract samples some
time cannot be reliable indication of the infection due to viral load
variability. Negative test results can be expected due to incorrect sam-
pling and also in case of the low viral load, false negative test results may
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be also anticipated in the latter stages of the pandemic owing to the
mutations in the some of the viral gene sequences (Ai et al.;2020;
Winichakoon et al., 2020). Winichakoon et al. has also recommended
that the investigation using multiple test types is mandatory for the
suspected patients, particularly for patients those shown some of the
epidemiological evidence although well-adopted test results appears to
be negative for samples collected from the upper and lower respiratory
tract.

There is a need to integrate the nucleic acid detection workflow with
other epidemiological evidence to improve clinical accuracy and
throughput. Central workflows have to be proposed and implemented
for RT-PCR test results in the established diagnostic settings. A three-
step workflow was recently proposed by Corman et al. to advance the
diagnosis of SARS-CoV-2 infections (Corman et al., 2020); the authors
defined this three-step protocol for rapid screening, confirmatory test
results, and discriminatory sample testing. To scale-up the diagnosis of a
large number of suspected individuals, the first step screening has to be
performed to trace all viruses related to SARS by targeting the E gene
and different other regions in the gene. In the preliminary efforts, if the
screening test is positive, targeted diagnosis moves for the RARP gene as
recommended to perform at least using two variants of probes and two
variants of primers. If all test results appear positive or if any of the
results are mixed, a final discriminatory test has to be performed using
one of the designated probe for precisely diagnosing SARS-CoV-2.

Another unique workflow was proposed by Chu et al. for the
screening and confirmation of SARS-CoV-2 test results (Chu et al.,
2020). The authors suggested that the screening of test samples using
primers for both an open-reading frame 1b (ORFIb) gene and the N-gene
have to be used to confirm unclear test results. That report further
clarified that a positive test result for the N gene primer with a negative
test result for the ORFlb-gene would-be quit indecisive in arranged
clinical settings. In such ambiguous situation, a protein tests based on
antibody diagnosis or newly emerged protocols would-be further
required for sequencing and confirmation of the test results. The
important and recent report described an alternative workflow model
having features of simplicity and rapidity for molecular detection of
SARS-CoV-2 RNA with a higher sensitivity about 97.4%, wherein test
samples were basically processed with heat for 5 min at a temperature
about 98 °C prior to the mostly-used RT-qPCR technique (Fomsgaard
and Rosenstierne 2020).

Throughout the pandemic SARS-CoV-2, economic aspects associated
with diagnostics are multifactorial and complex to understand. Influ-
ence by administrative control, cost-effective concerns of workflow in
clinical laboratory settings, technological advances, the needed in-
vestments to arrange laboratory devices, levels of R and D funding, in
addition to this there is need for considerable high-end tests and
enhanced database management (Jin et al., 2020), and the arrangement
of IT solution, altogether has an important economic significance
(Vandenberg et al., 2020). The two important but opposite significance
for laboratory diagnostic activities have to consider prudently, the first
one, how to manage huge rush over microbiological departments in
addition to their diagnostic activities considering a significant increase
in the number of suspected patients with SARS-CoV-2 (Dhama et al.,
2020). The second one is the clinical laboratory activities those are not
concerned directly to SARS-CoV-2 drops significantly, comprising, e.g.,
genetic sequence testing, when it adapts to the different or countryside
facility model (Pereira et al., 2020). Moreover, when the lockdown was
enforced, portability efficiency clogged (Rajan and Joshi 2020), delivery
of surgical services impacted (Sgreide et al., 2020), thus caused an im-
mediate influence on the economy of the workflow managers and ulti-
mately on the health-care providers. International Gemological Institute
testing consortium has developed a dynamic training program for the
SARS-CoV-2 testing team, proficiency assessment for those members
involves in biosafety and assay workflow team responsible in the entire
test workflow, whereas other members are likely to get trained specif-
ically for the specific tasks they execute (Amen (2020)). In view of, there
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is mounting demand for molecular reagents and RT-qPCR diagnostic kits
involve in the extraction and detection of SARS-CoV-2 RNA, at the same
time there is the possibility of the global risk of scarcities (Feng et al.,
2020).

Some challenges with the RT-PCR method has to be reported,
including the limited availability of reagent kits owing to their large
demand, lockdown, lack of facilities in rural cities, shortage of the
infrastructure essential for RT-PCR, and some other limitations over
accommodating high testing throughput. Another challenge with RT-
PCR is that the test results rely on the existence of a measurable
amount of SARS-CoV-2 test sample. RT-PCR method being not appli-
cable for those patients who have been completely recovered after
asymptomatic infection of SARS-CoV-2. Thus, SARS-CoV-2 infection is
currently diagnosed predominantly using RT-PCR kits and patients can
be also screened using chest CT and some other serological tests; how-
ever, each of these techniques has its own limitations.

3.3. Computed tomographic scans for SARS-CoV-2

On the onset of emergence, there was nonexistence or shortage in
supply of RT-PCR kits, mere facilities for providing testing services, and
the possibility of resulting false-negative results, thus, clinical person-
nels were suggested to use chest CT scans for clinical examination of
SARS-CoV-2 infections severity (Yang and Yan 2020). Chest CT test can
provide a detailed report on pathophysiology that could be useful to
reveal the severity of disease evolution and detection (Yu et al., 2020b).
A normal chest CT scan is a non-invasive technique that allows exami-
nations of the infected patient’s chest by performing with many different
angles of X-rays collecting cross-sections in the form photographic im-
ages (Lee et al., 2020; Whiting et al., 2015). Such images need to be
examined by expert radiologists to identify abnormal features that in the
chest tissues, that helps with other diagnosis. The imaging features of
SARS-CoV-2 patient’s chest are not specific but vary depending on the
viral load and severity of infection after the onset of severe symptoms.
For instance, Bernheim and group revealed that CT findings frequently
appears to be normal (55%) during the initial stages of the SARS-CoV-2
infection (0-2 days) (Bernheim et al., 2020); however, the diverse range
of lung tissue distortions was observed at about 10 days of symptom
onset (Bernheim et al., 2020). However, most predominant symptoms
with the highest peak can be observed for SARS-CoV-2 patients
including peripheral and bilateral grounds with glass-like opacity (chest
regions with foggy opacity), such observations were most noticeable on
and around 4 days after the onset of symptoms (Kobayashi and Mitsu-
domi 2013).

Likewise, evident observations like compacted lung tissues with
consolidation of different features in addition to the solid, fluid, and
some physical matter reported (Bernheim et al., 2020; Pan et al., 2020b).
When SARS-CoV-2 infection severity progresses, some other types of
observations like grounded glass-like opacities, bizarre paved-like pat-
terns (paved stone with irregular shapes) appears (Pan et al., 2020b), in
addition to swelling of lung tissues. (Bernheim et al., 2020; Pan et al.,
2020b). Based on chest CT scan imaging observations, numerous
retrospective studies have shown the technique has good sensitivity
(85-95%) but a higher possibility for false-negative results as compared
to the well-established RT-PCR testing kits (Fang et al., 2020; Guan
et al., 2020). CT and RT-PCR mostly come in concordant, CT scans are
applicable to detect early SARS-CoV-2 infection in those patients were
negative by RT-PCR test (Xie et al., 2020), in those patients were without
any symptoms, or earlier to the development of symptoms or even after
symptoms got resolved (Ai et al., 2020; Inui et al., 2020).

Moreover, chest CT scan machines are expensive and require tech-
nical experts and radiologists. A recent consensus report made by in-
ternational radiologist experts supporting the use of chest CT scan for
diagnosis of SARS-CoV-2 patients particularly those are with poorest
breathing status or in a resource-limited settings at clinical triage
equipped for patients suffering from moderate to severe symptoms in
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addition to those have high pretest possibility of SARS-CoV-2 (Rubin
et al., 2020). The technique also cannot diagnose SARS-CoV-2 with high
specificity, therefore, some of the recently developed technologies need
to be adapted to simplify the confirmatory tests for SARS-CoV-2.
Consequently, some guidelines provided by experts were against using
chest CT particularly in screening or confirmatory diagnostic settings
partly owing to similar radiographic images with other disease associ-
ated with influenza. Besides this, the potential limitation of using chest
CT scan imaging has low specificity of about 25% to diagnose
SARS-CoV-2 and another reason is that imaging features may be similar
to those for other viral-caused pneumonia-like infections (Zheng et al.,
2020b). Emerging artificial intelligence techniques useful for dis-
tinguishing between these observations may reinforce support in the
direction of practice of CT scan in the diagnostic settings (Mei et al.,
2020). A recent report developed Al algorithm and evaluated for the
diagnosis of SARS-CoV-2 using chest CT scans applicable for data from a
worldwide and from all sort of institution datasets (Harmon et al.,
2020). This study showed the possibility of preparing robust models that
can achieve accuracy up to 90% in diverse test populations, with
retaining high specificity in other related pneumonia infections, and
thus validated sufficient predictability to unnoticed patients.

4. Emerging diagnostics for SARS-CoV-2

At present, RNA detection of SARS-CoV-2 by BAL and nasopharyn-
geal swab samples, together with some blood testing parameters and
chest CT scan, are the predominant tests for confirmation of suspected
patients (Nuccetelli et al., 2020). Detection of any reported viral nucleic
acids can be performed by real-time quantitative PCR (RT-qPCR)
method in the approved test centers, under bio-hazard safety class II.
However, RT-qPCR test kits are encountered to give some false-positive
or -negative results, are thus, subject to swab sampling route and RNA
extraction protocol, and there is the possibility with the virus, even
though present in the patient, is not detectable within the mucous
membrane of the nose-pharynx (Nuccetelli et al., 2020). In recent times,
some claims are about a discrepancy between diagnostic efficiency of CT
and RT-qPCR, the latter been identified as more sensitive. There was
incidences of appearing false negative reports with molecular tests,
sometimes there were forceful attempts of repetition of the same tests,
frequent tests in clinically suspected patients and/or with CT scan
pattern (Nuccetelli et al., 2020). A novel, molecular user-friendly tests
are on the prospect for point-of-care (POC)/out of lab screening tests for
SARS-CoV-2 RNA, using test samples without heating and extraction
obliterate nuclease and cards that runs on clusters of regularly inter-
spaced short palindromic repeats (CRISPRs), as a method DNA endo-
nuclease targeted trans reporter with CRISPRs (Nuccetelli et al., 2020).
On this context, constant debate is broke on discussing the significance
of rapid serological assays those are based on detection of IgA, IgG, or
IgM in plasma serum samples as anti-SARS-CoV-2 (Liu et al., 2020e;
Okba et al., 2020), or in capillary blood, to make various decisions and
clarify picture magnitude of the existing outbreak in each state or
country, to support the final decision made by physicians and also to
assess the need of scale of immunization (Nuccetelli et al., 2020).

Some of the POC tests, serological assays have been recently devel-
oped after the emergence SARS-CoV-2 pandemic, including rapid anti-
body immuno-chromatographic tests (RAICT), enzyme-linked
immunosorbent assays (ELISA), POC-fluorescence assays, and chemi-
luminescence immunoassays (CLIAs) (Nuccetelli et al., 2020; Okba
et al., 2020). Hundreds of different brands have been recently proposed
to provide diagnostic kits and ready to approval and ship to the market,
many of them are approved from European countries and few are being
approved by Food and Drug Administration (FDA) (Abbasi 2020; Okba
et al., 2020). Serological diagnostic tests are applicable to detect
anti-SARS-CoV-2 antibodies against generates as responses to the viral
antigens are yet to be widely used during the existing pandemic, how-
ever somewhat in a “POC” manner in private and public facilities (Okba
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et al., 2020); however, such diagnostics would be also as worthwhile as
they were throughout the SARS epidemic of 2002 and recent studies
have demonstrated that the IgG/IgM occurrence as anti-SARS-CoV-2 in
diagnostically confirmed patients with negative results from RT-qPCR
tests (Liu et al., 2020e). Serological diagnostic tests are more
cost-effective than those of molecular tests based on nucleic acid
detection (Dowdy et al. (2020a); Kubina and Dziedzic 2020), also
require shorter testing time, thus screening at the large scale populations
can be achieved than those of molecular tests, in case of medium to large
size hospitals with automated instrumentation facilities employing
ELISA and CLIA (Montesinos et al., 2020).

Though the RT-PCR method is a gold standard considered for the
molecular identification of SARS-CoV-2 (Corman et al., 2020; Zhu et al.,
2020a), its necessity of thermal cycler makes non-ideal for POC appli-
cations. Alternative emerging techniques based on exponential ampli-
fication, e.g. recombinase polymerase amplification (RPA),
loop-mediated isothermal amplification (LAMP), exponential amplifi-
cation reaction (EXPAR), rolling circle amplification (RCA), and expo-
nential strand displacement amplification (E-SDA), each of them can be
performed at particular temperature setting. These potential techniques
can be used without thermal cycling and also have the potential for POC
applications. High sensitivity provided by RPA and LAMP technique is
achievable using PCR detecting nucleic acids with low copy number,
while some of these techniques are incompetent to accomplish the
higher level of sensitivity (Ganguli et al., 2020; Zhao et al., 2015).

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

Nucleic acid-based testing with isothermal-amplification is presently
under readiness with their good accuracy and ease of diagnosis for
SARS-CoV-2 infection. This method is named so because the technique
gets conducted at a selected temperature condition and it does not
require expensive or special laboratory settings to provide an excellent
analytical sensitivity like RT-PCR (Craw and Balachandran 2012). The
technique involves either helicase-dependent amplification or RPA,
named as a loop-mediated isothermal-amplification (LAMP). Numerous
institutions are now successfully investigating and developing LAMP
technology combined with reverse-transcription (RT-LAMP) and it has
also being evaluated clinically for their accuracy, rapidity and POC
diagnosis service for SARS-CoV-2 suspected patients (Yang et al., 2020c;
Yu et al., 2020a; Zhang et al., 2020f). The RT-LAMP technology involves
DNA polymerase with different target primers those has to be identified
while interacting with distinct target regions of the viral genome
sequence. Herein, this process may also employ two different
inner-primers also called as forward primers and reverse primers, and
two different outer-primers in the four-primer setting. RT-LAMP tech-
nology can be highly sensitive and specific because it is applicable to
many distinct primers (Notomi et al., 2000). In RT-LAMP diagnostic
examinations, the test samples in the tube use to amplify the target DNA
strands that would be detected with different strategies such as a
colorimetric reactions, pH-sensitive dyes, or fluorescence assays using a
fluorescent dye those specifically binds to the c-DNA strands (Mori et al.,
2001). The RT-LAMP assay can be completed within 1 h at 60-65 °C and
its analytically sensitivity is within a limit of detection of ~70 to 75
copies/pL, present in the test samples. RT-LAMP reactions are easy to
visualize and simple to perform, with low background noise signals. The
detection SARS-CoV-2 infections can be also performed at POC service
centers located remotely without need of thermocycler (Notomi et al.,
2000; Zhang et al., 2020f). The accuracy and versatility of the newly
developed RT-LAMP method conveys that such developments are suit-
ably applicable to curb the existing threat of SARS-CoV-2 spread, even
without the sophisticated infrastructure and availability of advanced
molecular biology machinery. However, limitations of the RT-LAMP
method has to considered by investigators, finding the better ways to
improve primers selection and optimization of assay conditions,
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hopefully, these developing technologies would assist in tracing and
detection of SARS-CoV-2 infections (Mori et al., 2001).

4.2. Isothermal amplification combined with CRISPR technology

Clustered regularly interspaced short palindromic repeats (CRISPR)
based diagnostics tools emerged from the findings of microbial CRISPR
and (Cas) proteins associated with CRISPR. Cas12 and Cas13 are two
types of Cas proteins (Abudayyeh et al., 2017; Chen et al., 2018), which
are particularly reported as useful for developing analytical platforms.
Both Cas12 and Cas13 proteins can be guided by CRISPR RNA (crRNA)
technology specifically targeted nucleic acid sequences, though the
single-stranded regions of crRNA are complementary to the target (Chen
et al., 2018). The mechanism of Cas12 and Cas13 bindings to the nucleic
materials are different, Casl2 typically targets single-stranded DNA
(Chen et al., 2018), whereas Cas13 targets specifically single stranded
RNA (Abudayyeh et al., 2017). The targeting sequences for Cas12 are
typically chosen immediately to be next to the protospacer adjacent
motifs (PAM). Thus, PAM can facilitate the unwinding of the chosen
dsDNA target and binding between DNA targets and crRNA. Such
binding then induces conformational changes within Cas12 proteins and
finally activates its collateral cleavage activity to make cleave at any
ssDNA arbitrarily. However, other Cas13 proteins target specifically the
ssRNA (Chen et al., 2018), and its process does not need any requirement
of PAM-like sequence.

Feng et al. demonstrated the possibility of combining isothermal
amplification with the CRISPR technology for the improving detection
of SARS-CoV-2 (Feng et al., 2020). RNA of the SARS-CoV-2 is first to get
extracted from suspected patient samples, then purified RNA samples
need the reverse transcription to form c¢cDNA copies and thus, gets
amplified by isothermal techniques either RT-LAMP and RT-RPA. The
cDNA amplicon generated are either mixed directly to the
Cas12-CRISPR system or transcribed to ssRNA copies first and then
mixed to the Cas13-CRISPR system (Broughton et al., 2020). That report
further describes the process for Cas12 gets activated by dsDNA within
CRISPR-specific targeted sequence (in red) to the cleaved reporters of
ssDNA. Similarly, Casl3 proteins recognizes the RNA within CRISPR
targeted sequences and thus ably cleaves its available reporters of RNA.
The cleavage of the provided reporters generates fluorescence response
within a fluorescence assay and in lateral flow assay, cleavage of re-
porter moves to the appearance of test line with clear signal.

Both Cas12 and Cas13 proteins can be successfully employed using
the CRISPR technique combined with an isothermal amplification
approach for the improved detection of SARS-CoV-2. The targeting
sequence of CRISPR must be carefully considered and examined while
designing specific primers applicable to the RNA amplification of SARS-
CoV-2. The targeting sequence of CRISPR should be in between primers
and within the amplicon, this way Cas protein-crRNA complex thus ably
scans the amplicons and then specifically binds with the available
complementary sequence targets. After the precise targeting, Cas pro-
teins get activated and lead to complete their own collateral cleavage
activity, thus non-specific cleavage of those ssDNA substrates by Cas12
and multiple ssSRNA sequences by Casl3 proteins (Broughton et al.,
2020).

A short single-stranded nucleic acid signaling reporter’s ably labeled
using fluorophore and their corresponding quencher can be also
employed as substrates (Broughton et al., 2020; Gootenberg et al.,
2017). The signaling reporter cleavage ably separates quencher from the
fluorophore and establishes fluorescence signals that can be monitored
in real-time or visually under the LED light source. Otherwise, such
substrates can be timely labeled using biotin probe and fluorescein
amidite (FAM) probe can be thus also used in the detection on
SARS-CoV-2 test strips (Broughton et al., 2020). The lateral flow test
strips coated with gold nanoparticles (AuNPs) and with anti-FAM anti-
bodies are also effective to capture FAM fluorescein. Gootenberg et al.
suggested that in the absence of the target sequence, the reporter
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remains unreacted and gets involved with streptavidin present on the
control line, maintain AuNPs in a dispersion state which upholds red
band, representing negative test report. However, in the presence of the
RNA target of SARS-CoV-2, the amplicons activate Cas proteins and
cleave the signal reporters thus facilitates the freed FAM and capped
AuNPs to move to the test line, producing second red indicators,
showing positive test report. Similar to any test strip reports, the
signaling reporters used in excess helps to develop in a positive test
report, owing to the excess intact reporters that are coated as well on the
control line.

The important aspect of CRISPR-based detection technologies that
should be highlighted is that the isothermal amplification sequences of
products produces signals if the sequences exist correctly, which thus
provides high analytical specificity than those of using pH indicators or
fluorescent dyes owing to their non-specificity (Kellner et al., 2019). In
contrast, assays using just Casl2 or Cas13 are not analytically sensitive
enough in detecting viral RNA in samples (Kellner et al., 2019). In a
short period of time, isothermal amplification accomplishes an expo-
nential amplification, thus the combination of CRISPR technology helps
to overcome limitations in terms of better analytical sensitivity. This
method was ably detected 10 copies of RNA/microliter of RNA extract of
SARS-CoV-2, both amplification and detection were achieved within 30
min of incubation, which was suggested to be useful for on-site analysis
and POC testing.

RPA is also compatible to integrate with CRISPR technology for the
reason that both requires identical optimal reaction temperature con-
ditions. Patchsung et al. has previously reported a Cas13-RPA-mediated
CRISPR approach, named “specific highly-sensitive enzymatic reporter
unlocking system” (SHERLOCK) (Patchsung et al., 2020), and demon-
strated its detailed protocol and application for the detection of SAR-
S-CoV-2(Zhou et al., 2020d). The detection limit for SHERLOCK was
reported about 10 copy/pL was demonstrated for the extracted RNA
specimens and both amplification and detection protocols can be per-
formed within about 1 h (Guo et al., 2020Db).

Though compatibility of CRISPR and RPA technology has been
already proven by using the DETECTR platform a single-step detection
protocol for human papillomavirus (HPV), a similar single-tube Cas-RT-
RPA assay protocol for SARS-CoV-2 detection is yet to be investigated
and reported literature. A single-tube method has the potential to
simplify the protocol, thus, leading this method as more suitable for on-
site detection and there is also the possibility of reducing time and
reduce the chances of amplicon contamination in the laboratory set-
tings. However, all steps involved in such assays, including isothermal
amplification, reverse transcription, and CRISPR-facilitated detection,
need at least the involvement of the enzymatic system. The leading
challenge of accomplishing all molecular reactions in a single tube
system has to find cooperation in the reaction settings that allows used
enzymes to work optimally.

Recent studies have revealed that the CRISPR-based technologies
have great potential for developing POC test kits detecting SARS-CoV-2,
although it has yet to be available for medical diagnosis. Few CRISPR-
based technologies are ready to be applied to perform analysis of sus-
pected patients. Broughton et al. reported aanalysis of 78 respiratory
samples after extraction of RNA samples from 36 confirmed positives
using DETECTR for SARS-CoV-2 with the achievement of 100% speci-
ficity and 95% sensitivity (Broughton et al., 2020). Still, more validation
related studies are required before moving CRISPR-based techniques for
on-site diagnosis and POC tests of SARS-CoV-2 if it can be performed
with minimal instruments of sample treatment techniques those are
user-friendly with the CRISPR diagnostic technologies.

Another prominent hybrid method based on DNA nano-scaffold is
being recently developed, it also involves a chain reaction of extracted
RNA from serum and saliva samples, it is now validated for rapid
diagnosis of SARS-CoV-2, therefore, this method has the possibility to
emerge as a good alternative to the existing RT-PCR method (Jiao et al.,
2020). The DNA nano-scaffolds method involves the first construction of
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self-assembly of self-satiating probes and nucleic acid strands. Subse-
quently, the SARS-CoV-2 RNA initiates hybridization of DNA probes like
H1 and free H2 along with the nano-scaffold, thus, illuminated DNA
nanostrings can be rapidly reached (Chauhan et al., 2020). This method
is also advantages because the possibility of designing their probes
locally and also temperature tolerance with the isothermal amplifica-
tion, thus, can be projected to diagnose specific targets within short
reaction time about 5-10 min and at mild temperature condition 15-35
°C (Bui et al., 2019). This report further describes several opportunities
to meet together integrating a diverse range of optically active agents
including fluorescent proteins, light-forming enzymes, nanoclusters, and
metal chelates, and composite nanomaterials with a novel structural
composite on designed DNA scaffolds are emerging with rapid pace
(Yuan et al., 2014).

5. Emerging serological tests for SARS-CoV-2

Serological tests detecting SARS-CoV-2 specific antibodies in pa-
tient’s blood are important at this time to: (a) trace suspected contacts;
(b) stimulate serological surveillance at the national, regional, and local
level; and (c) categorize those who might already have passed infection
asymptomatically (Abbasi 2020). Let’s assume there is defensive im-
munity, serological data can be utilized to choose who can be allocated
at the workplace of infected patients, especially health professionals
who work in the environments where can possibly be exposed to
SARS-CoV-2. Mostly, in vitro diagnostic corporations avoid to report the
details of the antigens involved in the assay, and thus it is challenging to
recognize whether antibodies detected with such kits and procedures
have a neutralizing effect or not on the infection, probably through the
binding to viral S proteins of a receptor-binding domain (RBD) (Chen
et al., 2020a; Tai et al., 2020). Tai et al. further reveal that the S protein
of SARS-CoV-2 plays a significant role in viral and host cell interaction,
fusion and intracellular entry, and thus, serves as an important target for
developing antibodies, cellular entry inhibitors, and also development
vaccines. Moreover, various serological tests can be developed and used
retrospectively for autopsy diagnosis purposes and, also, such methods
can be finally used collectively with recently established molecular tests
successful owing to their higher diagnostic accuracy. In addition, on the
horizon, serological diagnostic tests could play a significant role in
improving the efficacy of the evaluation of any approved vaccines
(Madore et al., 2010).

Though IgM antibodies formation may initiate as the viral particles
reache in the respiratory tract, usually the timing of immunoglobulin
generation from the 4 days on the onset of symptom from one to two
weeks, thus limits its suitability in the acute phase proteins diagnosis
(Padoan et al., 2020; Xiang et al., 2020a). However, it is also important
to be pointed out that most of the molecular diagnostic tests signify an
“instantaneous” scenario of probable virus infection, while serological
tests show virus infection all through a wider phase of the transmissible
process, whether or not it appears to a clinical significance. In case of
serious symptomatic, the practical use of various serological tests in
improving patients are recommended, wherein sampling of
hyper-immune plasma should not be left off since antibodies responses
may reach the competence to achieve deactivation of the virus popu-
lation and avoid possible side effects of the prescribed treatment (Bloch,
2020). About this, FDA is directing international efforts toward devel-
oping blood sampling-based antibody-rich SARS-CoV-2 therapeutics.
The investigations of clinical observations and humoral response profile
using serological tests may contribute to account IgG serum concentra-
tion those are suitable for reveal details related to immune response, and
also persistence time involved in any of the immunization trials.

Thus, diagnosis of viral proteins along with the detection of viral
nucleic acids of viral particles provides complimentary evidence useful
to confirm viral infection, also epidemiological and immunological
status. Unlike nucleic acid methods based on exponential amplification
that may result in false-positive owing to accidental amplification of
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contaminants nucleic acids, protein samples cannot be amplified
directly or indirectly, thus reduces the possibility of false-positive re-
sults. Alternatively, if proteins cannot be amplified, detection of minute
protein content is a challenging task of analytical chemistry, thus, there
is the demand for ultrasensitive detection methods.

Several proteins of the virus SARS-CoV-2 are sequenced and identi-
fied, includes four structural key proteins named E, S, N, and M, and
other 25 proteins (Feng et al., 2020). High-abundance structural pro-
teins are known as the key targets in the diagnosis of SARS-CoV-2. There
are two potential viral target proteins called S and N proteins that can be
used in the diagnosis of SARS-CoV-2. N protein identified from
SARS-CoV, which has now revealed for their high degree of sequence
homology with the recently emerged SARS-CoV-2 (Grifoni et al.,
2020a), this protein also identified to be produced in high concentration
in both the SARS-CoV and the SARS-CoV-2 infected individuals (Kam-
mila et al., 2008; Yarmarkovich et al., 2020). Although the N is a
structural internal protein of virus particle, it was also found in the blood
serum samples of infected patients in response to SARS-CoV (Li et al.,
2005c¢). There are no reports suggesting the presence of N protein in
human serum in response to SARS-CoV-2 even though the relationship
of N protein of SARS-CoV and SARS-CoV-2 viral infections (Tilocca
et al., 2020). Detailed examination of the SARS-CoV-2 transcriptome
demonstrated that the transcript of N protein covers a great section and
might indicates N protein to be with high abundance after SARS-CoV-2
infection. On the other hand, a quantitative analysis of the SARS-CoV-2
proteome has to be established. Alternatively, S protein can be
well-preferred target for the diagnosis of SARS-CoV-2 since it is involved
in the entry of the virus into the host cells and thus directly involved in
contributing SARS-CoV-2 virulence (Ou et al., 2020). Though the pres-
ence of such proteins in serum samples does not certainly signpost active
infection, Li et al. reported the possibility of detecting SARS-CoV N
antigen for a long period of time about 25 days at the beginning of
symptoms (Li et al., 2005¢).

Presently certain affinity ligands existing headed for both the N and S
proteins were revealed by independent studies. Monoclonal antibodies
produce in the response to the S1 subunit of the S proteins (Goo et al.,
2020) and also in response of the SARS-CoV-2 N protein have been well
established (Che et al., 2004). Enzyme-linked immunosorbent assay
(ELISA) kits are accessible worldwide allowing immediate diagnosis of
antigen samples resulted in response to the SARS-CoV-2 (Carter et al.,
2020). The ELISA kit was testified for recombinant produced N protein
detecting successfully after addition to the human serum samples with
attractive LOD values about 1 ng/mL of sample (Feng et al., 2020). The
previous report suggest that the ELISA kit developed for the detection of
SARS-CoVs N protein and successfully achieved concentration around 3
ng/mL in human serum (Che et al., 2004).

The key challenge that emerged while developing diagnostic tools
that can successfully detect trace levels of viral proteins is that of the
lack of availability of specific antibodies against each and every protein
of the SARS-CoV-2 (Jiang et al., 2020). The alternative measure is to
discover various affinity ligands other than those of the antibodies
(Orooji et al., 2020). Song et al. described how to select aptamers that
could target RBD of the SARS-CoV-2 of the S glycoprotein (Song et al.,
2020). That report further revealed that two different DNA aptamers of
having 67 nt (Kq = 19.9 nM) and 51 nt (Kq = 5.8 nM) in length. In
another report by Zhang et al. also established peptide blocker agents
that could interact efficiently with the RBD of the S glycoprotein (Kq =
47 nM) (Zhang et al., 2020b). These reports further suggested that both
the peptide and the aptamers can be used in biotinylation, which can be
also favorable to develop their possible applications as affinity ligand
agents while establishing novel diagnostic assays. The earlier invention
of synthetic peptides or aptamers proficient in the production of anti-
bodies can be responsible for the development of improved user-friendly
technologies. Aptamers were used in targeting the SARS-CoVs N protein,
those have been proposed recently to be modified to diagnose
SARS-CoV-2s N protein (Chen et al., 2020d). Although N protein found



G.S. Ghodake et al.

identical about 90% for both SARS-CoV and SARS-CoV-2 (Feng et al.,
2020), thus cross-reactive possibilities cannot be denied with SARS-CoV,
however, is not a major issue as currently lack of SARS-CoV spread.
SARS-CoV-2 proteins N, E, S, and M share 70-95% sequence similarity
with proteins of SARS-CoV and at least about 30-50% with the
MERS-CoV (Chen et al., 2020d). Thus, epitope relevant to each of the
viruses can be carefully preferred to help to identify possible vaccine
targets and reduce chances of cross-reactivity from the specifically
selected proteins during the assay procedures (Ahmed et al., 2020).

Viral protein-based diagnosis involves both viral antigens and anti-
bodies that generates from the immune response to viral infections, thus
can also be castoff for diagnosing SARS-CoV-2 infections. However,
changes in viral-load during the infection time-course for SARS-CoV-2
could make the diagnosis challenging task for these methods owing to
variations in concentrations of viral such proteins. In particular, high
viral-load observes in salivary samples during the first week of infection
and onset of severe symptoms, however, such viral load scenario can
gradually decline over time course of infection (To et al., 2020).
Antibody-based protein tests are known to be advantageous for
post-infection surveillance measures implemented to curb SARS-CoV-2
crisis. On the other hand, antibodies forms in response to the
SARS-CoV-2 infections, thus offers longer window of opportunity for
post-infection detection and accurate data collection. Potential chal-
lenges for the developing such diagnosis for high throughput screening
and accurate serological diagnosis is the likely experiencing
cross-reactivity among those antibodies produced in response to the
SARS-CoV-2 infections and also to those formed in response to other
types of coronaviruses. Plasma samples obtained from completely
recovered SARS-CoV-2 patients are reported for the S protein that to
exhibit a high incidence of cross-reactivity reactions among SARS-CoV
and SARS-CoV-2 as well as with some of the other coronaviruses (Lv
et al., 2020).

At present, some of the serological tests are in use for diagnosis of
SARS-CoV-2-specific antibodies after series of trials, validation, and
approval from the administrative control (Zhang et al., 2020e). Zhang
et al. reported that enzyme-linked immunosorbent assay (ELISA) ably
detects immunoglobulin M and G (IgM and IgG) produced in serum
samples of SARS-CoV-2 infected patients. This approach also uses the
Rp3 nucleocapsid protein specific marker for SARS-CoV-2 that has
amino acid sequence homology of about 90% with some of the other
SARS-family coronaviruses. In this method, recombinant viral proteins
allows first to adsorb onto the 96-well Petri plates and the excess pro-
teins get washed out followed by dilution of human serum added to the
plates needs to be washed again. Functionalized anti-human IgG in
addition to the horseradish peroxidase enzyme allowed to perform re-
action and bind to the target serological marker, finally, those plates
used in this test have to be washed again and treated with substrate 3,3/,
5,5'-tetramethylbenzidine (Harpaz et al., 2020). Enzyme horseradish
peroxidase reaction with substrate provided can be used for developing
colorimetric sensors that are easy to monitor with a naked eye and
microplate readers (Zhao et al., 2020). The extracted IgG
anti-SARS-CoV-2 samples present in the test tube reacts with a horse-
radish peroxidase enzyme and forms sandwich between the antihuman
IgG probe and the adsorbed nucleoprotein, thus produces accurate
result. A detailed protocols are still under development for IgM testing,
which is similar however when (anti-human, IgM) get fixed onto mi-
crotiter plate surface, anti-Rp3 nucleocapsids perform as a target probe
(Udugama et al, 2020). Serological markers from the
SARS-CoV-2-confirmed patients are being tested and also can be
confirmed using the RT-PCR method, it was revealed that the levels of
such antibodies increases during the initial 4-5 days of onset of symp-
toms (Zhang et al., 2020e).

Furthermore, 80% and 50% of SARS-CoV-2-positive patients pro-
duces IgG and IgM in the first few days after infection, respectively, but
these values may increases up to 100% and 81% on after day 5 of onset
of symptoms (Huang et al., 2020a). Antibodies were also being detected
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in different samples from the infected patients, including blood, respi-
ratory tract, and fecal samples (Wolfel et al., 2020). The sensitivity for
ELISA IgG, ELISA IgM, and colloidal gold-immunochromatographic
assay (GICA-IgM, and GICA-IgG) diagnosis was found to be above 80%
(Xiang et al., 2020b). There were no significant differences in sensitivity
between GICA and ELISA (IgM, IgG) tests and these techniques shows
negative signals for healthy controls, thus, specificity is almost 99%
(Xiang et al., 2020b). The GICA assay used for the diagnosis of IgM and
IgG antibody proteins specific to the SARS-Cov-2 has litter lower
sensitivity but higher specificity, showing great potential for rapid
detection of SARS-Cov-2 (La Marca et al., 2020). However, further
studies should be performed to assess this method in diverse populations
and different clinical settings (Shen et al., 2020).

Besides the recent reports, there are many other options that are
emerging based on protein or clinical markers that are currently in the
phase of research and development (R and D) that would be applicable
to perform diagnosis of SARS-CoV-2 suspected individuals. Guan et al.
has recently reported that the SARS-CoV-2 patients show elevated levels
of both the serological markers include C-reactive proteins and a fibrin
degradation product (D-dimer) in addition to the decline in levels of
white blood cells (lymphocytes, blood platelets, and leukocytes, etc.)
(Guan et al., 2020). Furthermore, the major challenge with this
approach lies in the use of low levels of biomarkers, which are similar to
the levels observed in other illnesses (Morales-Narvaez and Dincer
2020). In this scenario, a multiplex detection test based on both anti-
bodies and molecular markers can not only improve the sensitivity but
may also improve specificity to diagnoseSARS-CoV-2 virus-infected in-
dividuals. In future studies, there is a need to compare diagnostic plat-
forms, such as ELISA and magnetic chemiluminescence enzyme
immunoassay (MCLIA) (Long et al., 2020a), which can be widely used
for diagnosis without involving test centers to fulfill different practical
needs including personalized home testing, large population screening,
and alternative POC solutions in diagnostics (GeurtsvanKessel et al.,
2020). Long et al. succesfully compared three different platforms, which
can be widely used in most of the diagnostic laboratories (some rapid
tests, four ELISA tests, and high throughput CLIA assay, which are
appropriate to address essential needs: for customized home testing, as a
complement to molecular diagnostics and suspected population
screening.

So far, emerging antibody detection assays are still away from
satisfactory results. The lateral flow assay based on metal nanoparticle
(paper test strips) are attractive options for routine POC diagnostics and
rapid sensing of IgM/IgG antibodies. Though it can provide rapid results
within 5-20 min, it gives simply binary information (yes/no) with very
minimum sensitivities. Consequently, such methods are not appropriate
to cast-off for the qualitative estimation of the recovering human serum
samples (Tan et al., 2020b). Alternatively, conventional ELISA tests can
results sensitive and accurate analysis, but it needs expensive and
complicated instrumentation and also a longer assay time about ~3 h
(Ju et al., 2020; Wang et al., 2020a). Manifold dilution factor is
mandatory to perform the serological tests for S1-specific IgG of
SARS-CoV-2 in a given dynamic narrow range about <2 orders of
magnitude, these factors increases the cost and decreases the throughput
of the assay. Moreover, conventional ELISA is not able to measure the
real concentration of the flowing IgG of anti-S1, thus, quality control
practices for convalescent serum make harder owing to lack of having an
internal calibration standard (Ju et al., 2020).

Microfluidic in diagnostic technologies are developing extensively in
addition to their establishment in other applied fields (Chin, 2011; Han
et al.,, 2013; Ng et al.,, 2018). Microfluidics-based technologies are
appropriate to integrate the preparation of samples, reaction conditions,
and detection steps into the preparation of miniaturized chips. Micro-
fluidic technologies offer several advantages: (1) high throughput,
portability, multiplex, and automation (2); it enables rapid, sensitive
detection, ease of quality control, (3) it also saves requirement of re-
agents and cuts the testing cost (Ye et al., 2019).
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In recent work, Tan et al. presented technology of microfluidic
chemiluminescent based on ELISA for a portable quantitative, rapid
about 15 min, and highly sensitive diagnosis for IgG specific to the S1 of
the SARS-CoV-2 (Tan et al., 2020c). That report first considered four
different traits of chimeric humanized IgG monoclonal antibodies and
also described an appropriate candidate (D006) having high specificity
and binding affinity to SARS-CoV-2s1 protein, it subsequently served as
the accurate calibration standard for IgG of Slanti-SARS-CoV-2 in given
serological tests. Furthermore, this report also revealed the ability of the
developed microfluidic portable technology to demonstrate ultrasensi-
tive detection of N and S1 protein antigens for SARS-CoV-2 with a low
LOD value about ~10 pg/mL within 40 min of reaction for spiked serum
samples.

As a result, the monitoring of specific immunoglobulin G/M, IgG/M
antibodies, and corresponding antigens is an easy procedure, rapid,
reliable, and handy approach for diagnosing SARS-CoV-2 infections as
well as appropriate for establishing large-scale and efficient screening of
suspected population at POC centers (Seo et al., 2020). The diagnosis of
IgG and IgM in serum samples or whole blood has been established as a
reliable technique to diagnose SARS-CoV-2 with high specificity and
sensitivity (Cai, 2020; Li et al., 2020b). Furthermore, detecting antigen
proteins of SARS-CoV-2 from swab samples in nasopharyngeal area also
exhibited exceptional advantages for performing clinical testing (Seo
et al., 2020). To encounter the challenge of the worldwide epidemic,
there is a need to develop POC microfluidic platforms compatible with
fluorescence detection analyzer, multiplex immunoassays, and diag-
nostic microchips for detecting different biomarkers (IgM, IgG, and
antigen).

Some other reliable diagnostic techniques for protein detection are
needed. Matrix-assisted laser desorption/ionization (MALDI-MS)
equipment exists in most of the clinical diagnostic laboratories, which
are mostly being used for the identification of fungal and bacterial in-
fections. Recent reports proposed to influence the POC use and versa-
tility for large-scale detection of SARS-CoV-2 testing using MALDI-MS.
Such MALDI-MS assay does depend on the reference spectra collected
for the particular pathogen and their bioinformatics database analysis
while performing identification of strain with high-specificity and high-
sensitivity with the help of proteomic profiling and database analysis.
Such approaches are well established in most of the countries for daily
diagnostic practices for the detection of common infections caused by
yeast, fungal, and bacterial. However, proteomic spectral libraries are
yet to be publicly available for the identification of SARS-CoV-2 using
MALDI-MS assays. A recent report has firstly assimilated mass spectra of
MALDI for samples from nasal swabs was tested for SARS-CoV-2 with
RT-PCR and also examined then using machine learning approach
(Nachtigall et al., 2020) with the MALDI mass spectra method to sys-
tematize assay procedures for SARS-CoV-2. Those nasal swabs samples
first acquired for RT-PCR was also found useful for getting MALDI mass
spectra without any sample purification protocol. Thus, the sample
tested positive for SARS-CoV-2 can be also suggested to use in the
follow-up the confirmatory test after the gold standard RT-PCR.
Matching MALDI/ML and RT-PCR results reported, it with good
concordance, thus, was acceptable for a performing alternative diag-
nostic method (Nachtigall et al., 2020). That report also proposed a
systematic diagnostic protocol that could be applied through a level
system integrating most of the robust ML prototypes, which could be
also rapidly authenticated in any new laboratories, while being accepted
as a rapid screening assay diagnose SARS-CoV-2 infections.

Validation experiments against gargle/saliva spiked samples with
the cultivated virus have to be completed since a recent study specified
that sensitivity was near 99% for determining S1 peaks particularly as an
indicator of SARS-CoV-2 virus infection (Iles et al., 2020a). Straightway
comparison of the RT-PCR testing with MALDI-ToF MS diagnosis of
SARS-CoV-2 in clinically approved samples are desired. However, the
MALDI-ToF MS method is not recommended for stored samples partic-
ularly pharyngeal-nasal swabs as they have to be either been inactivated
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by heat (heating the viral proteins and envelope membrane) or depos-
ited in either SDS or Triton storage media which helps to suppress
ionization and correspondingly abolishes the viral envelope materials. If
there is a lack of freezer facility for prior-collected gargle/saliva samples
to perform RT-PCR examination, those are already known, and in that
case, only prospective testing is possible. Several of the researchers are
effortlessly working with numerous other researchers collecting gar-
gle/saliva test samples and process as a demo where a PCR testing for
selected swabs can be simultaneously processed (Iles et al., 2020b;
Rocca et al., 2020). Such research groups have to analyze different
samples also using their MALDI-ToF instrumentation with necessary
reagents involved and by their all possible technical support. As
comprehensive research efforts may assist to make an analysis of all
possible other notable markers by this technique, thus it may provide
further essential medical information including the possibility of other
viral infections and the degree of immune responses both humoral and
mucosal.

Another method called Terahertz (THz) is a plasmon-based proced-
ures are great for use as highly sensitive field analysis and detection, but
exhibits the challenges of frequency tenability limits designed for fixed
structures (Deng et al., 2019). THz-based methods however are showed
strong potential to use as a molecular tool for a variety of analytical
applications owing to its unique nature, including medicine, security,
quality control inspection, and many more (Cai et al., 2014; Clery 2002;
Kulesa 2011; Nakajima et al., 2007). The major hindrance in the
consideration of THz uses is that the THz waves to the longer wave-
length is relative to the ultraviolet, visible, and infrared light. The THz
wavelength scale about 300 pm at 1 THz deters thorough studies of
minute samples since the power expected by those samples considerably
loses as the sample size reduces below to the sub-wavelength scale. This
problem is largely critical for probing micro-, nano-scale objects such as
nano-materials, cells, as well as biomolecules molecules, which is thus
hindering the competence and utility of THz based diagnostic mea-
surements. This concern needs to be highlighted for their importance of
developing highly effective THz wave coupling and concentration with
such nanoscale samples.

The effect of geometrical parameters is suggested to optimize the
sensitivity of the devices, including a refractive index of substrate and
antenna width to improve sensitivity. For example, for a better sensi-
tivity, it is important to reduce the operational refractive index located
at the gap area, which can be established with substrates having a low
refractive index and essentially free-standing films (Tenggara et al.,
2017). Thus, it is well-known that the sensitivity of devices can be
considerably improved in relation to decreasing at the gap width due to
the improved field localization (Park et al., 2015; Seo et al., 2009).
Recently, nanoscale-gaps were prepared using metamaterials with
nanolithography techniques to achieve sensitive detection of viruses
having more than 100 nm (Park et al., 2015). However, such an
approach is time-consuming and expensive to construct devices with
nano-scale structures by using traditional lithographic techniques; thus,
advanced techniques prerequisite accomplishing localized fields pre-
cisely. Consequently, it would be desirable to integrate novel functional
nanomaterials that having inherent nanoscale sizes for example nano-
wires having one-dimensional. Recently, network-like films made up of
nano-scale materials for example reduced graphene oxide, single-walled
nanotubes, and silver nanowires have appeared as a potential alterna-
tives for developing THz optoelectronic devices (De et al., 2009; Kim
et al., 2013). Furthermore, solution-based procedures involve to practice
relatively low-cost spin-coating approaches, in particular, AgNWs
exhibit also exhibits superior optical and electrical properties, which
makes them interesting to develop applications in THz based optoelec-
tronic devices (2017); however, biomedical sensing applications with
improves sensitivity are yet to be addressed.

Considering epidemiological concern, it would be important to
examine the host-specific virus relationship, together with a correlation
of immune-protection, includes a set of viral pathogen-specific
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neutralizing antibodies that limit the SARS-CoV-2 infection (Ju et al.,
2020) and correlate as immune dysregulation, such as over-expression
cytokine that may increase the susceptibility to symptoms (Huang
et al., 2020b; Sepe et al., 1981). Immune response factors, those related
can constitute a fundamental immune signature associated with viral
disease and various other elements of which do exist in other
pneumonia-like infections and/or immune-pathologies, together with
however not limited to those of immune response factors causes by some
other animal and human coronaviruses (Saif 2004).

However, the viewpoint on a consensus SARS-CoV-2 immune
signature has been challenged our scientific aspects by the viral infected
patients heterogeneity, age, span, ethnicity, gender, clinical perfor-
mance, and core symptoms of infection illness (Pan et al., 2020a; Saif
2004). Therefore, the increase of specific antibodies and T cells to
SARS-CoV-2 (Grifoni et al., 2020b; Ju et al., 2020; Sekine et al., 2020;
Weiskopf et al., 2020) have been identified variably set against the
portrayal of immune-deficiency and lymphopenia (Blanco-Melo et al.,
2020; Kuri-Cervantes et al., 2020), affiliated with the transfusion of
infected patients with neutralizing antibody-rich convalescing plasma
(Duan et al., 2020a); and metaphors of cytokine storms and neutrophilia
(Moore and June 2020) (Huang et al., 2020b), for which
immune-suppressants those are been recommended.

Admitting huge complexity immunogenic factors, we however
thought that there is the existence of a core immune signature, analo-
gous to the measurements of extremely diverse biomolecules those make
signature responses to the infection and vaccination (Sobolev et al.,
2016)or either displays alike dysregulation of immunological factors in
a severe symptomatic stage (Ghnewa et al., 2020).

Laing et al. determined thyroid peroxidase and thyroglobulin auto-
antibodies in the serum sample using the electro-chemiluminescence
assay by analyzer cobas 6000, after receiving recommendations from
the Roche diagnostic manufacturer (Laing et al., 2020). That study also
performed longitudinal analyses for treated patients at hospital suffering
from SARS-CoV-2, it was revealed a vigorous, prevailing immune
response, and it clearly helps to segregate patients from normal,
including recovering seropositive patients. The immune response in-
cludes numerous discrete adaptive and innate traits, comprising changes
in dendritic cells and B cell together with severely altered phenotypes of
T cell those may perhaps undermine immunity of immune-protective T
cell (Grifoni et al., 2020b) (Grifoni et al., 2020b). Furthermore,
remarkable correlations have been currently appeared for example that
related to the elevated interferon-inducible protein 10 (IP-10) and
basophil pool depletion.

Some of such traits occur in other settings too, concerning but not
limited to the immune-protective non-lower respiratory tract SARS-CoV-
2 infection, sepsis and vaccination (Ghnewa et al., 2020; Sobolev et al.,
2016). Alternatively, those mentioned and other traits together have can
be composed with a core SARS-CoV-2 immune signature, while clinical
characteristics detectible in other circumstances pool to constitute core
symptoms of SARS-CoV-2. There is a need for providing a database on
core immune signatures in open dataset maintained by online websites
or portals like www.immunophenotype.org, in that way easing auton-
omous validation at different settings. However, the immune signature’s
comprehensive applicability have been suggested in the various reports
for numerous of those traits in other SARS-CoV-2 research groups (Guo
et al., 2020a; Liu et al., 2020b; Vabret et al., 2020; Wilk et al., 2020;
Zheng et al., 2020a), though some other traits e.g., eosinophil, neutro-
philia depletions, and natural killer cells composition may also support
to be more diverse (Kuri-Cervantes et al., 2020; Wilk et al., 2020).

The core immune signature does offer several potential opportunities
in developing rapid and accurate molecular diagnostics also by identi-
fying matches with new settings, traits consist of upregulation of
interleukin-8, depletion of CD5" B cells, activation of plasmablast,
reduction of human leukocyte antigen-DR isotype expression by
monocytes and subset-discerning to the T cytopenia (Ghnewa et al.,
2020) (Cunha et al., 2009; Dunning et al., 2018; Ferreira da Mota et al.,

13

Biosensors and Bioelectronics 177 (2021) 112969

2018). Thus, such accounts may help in the interpretation of shared
pathogenesis and also may offer models for specific infectious disease
management, also as illustrated by the interleukin-8 capacity to increase
T cell competency in conditions like sepsis and also in SARS-CoV-2 as
clinical trial report described on website portal (https://clinicaltrials.
gov/ct2/show/NCT04379076). Some alternative traits, including
pre-dendritic cells, basophil and V82" T cell depletions those are
mostly-related, and not evidently shared with non-SARS-CoV-2 lower
respiratory tract infection and/or any other infectious diseases, thus,
may provide tool to better understand and to track unique markers of
SARS-CoV-2 pathogenesis (Varadé et al., 2020).

A possibly practical opportunity can be offered by the persistent triad
of IP-10, IL-6, and IL-10 and some newly explored traits if quantified in
early stage may help to diagnose accurately but also anticipate the
severity of infection progression and need for admitting in hospital
(Laing et al., 2020b). Potentially these traits can be used in performing
routine clinical diagnostic tests to aid initial risk-based delamination of
confirmed patients, which would be of foremost advantage when the
healthcare system is over-stressed. Moreover, precisely targeting storm
or depletion of SARS-CoV-2 specific inflammatory mediators may aid to
strain therapeutic benefit, more probably contributing to the execution
of therapeutic treatments (2020a). Although involvingthe application of
this triad, the core immune signature has to be explored for a broad-base
of cytokine storm experienced in most of the prevailing SARS-CoV-2
infections.

The essentially consistent production of RBD-specific IgG after SARS-
CoV-2 infection indicates that patients may have immune-competent
possibility to limit viral infection. However, the supposedly high affin-
ity of SARS-CoV-2 cellular entry may be partly immune-evasive (Shang
et al., 2020a), growing the dependence on the mechanisms eradicating
viral-infected cells. In this regard, the burden of viral infection correlates
rather with natural killer cells and V51" effector cells, which both are
involved in immune responses to the antiviral treatments (Agrati et al.,
2001; Biron et al.,, 1989; Lafarge et al, 2001). Furthermore,
immune-protective possibly was proposed by activation of multi-faceted
T cell, together with upregulation of human leukocyte antigen DR iso-
type and expression of CD38 that was described specific T cells for
SARS-CoV-2 (Sekine et al., 2020). Current and future revelations would
portray SARS-CoV-2 virus-specific T cell responses, but their reports
were applied to establish a profound T cell phenotypes of SARS-CoV-2
that evident frequency on either depletion or cycling, was almost
indeed exceeded occurrences of virus-specific immune cells (Grifoni
etal., 2020b; Sekine et al., 2020). Certainly, extensive dysregulation of T
cells may weaken immune-protection mediated by T cells mostly as it
significantly affects memory T cells wherein adult individuals get
perhaps more dependent than those of children’s owing involution
thymic system as reported in previous studies (Lyu et al., 2020; Salam
et al., 2013). Such immune cells may take account of being possibly
protective but the elderly population certainly suffers from metabolic
diseases such as diabetes and hypertension, thus, commonly involving
memory T cells apparently remained well-informed against common
cold infections like pneumonia as well as coronaviruses (Grifoni et al.,
2020b). Worth mentioning, seropositive persons those had newly
recovered without any treatment, therapeutic interventions, or hospi-
talization confirms lingering traits with activation of T cells (Li et al.,
2020a).

Postmortem reports of SARS-CoV-2 victims helped to reveal lung
infiltration specifically myelomonocytic (Carsana et al., 2020) those
may partially justify the loss of plasmacytoid dendritic cells and/or
basophils from the blood, with that of latter develop implication while
lung tissue gets repaired (Crivellato et al., 2010) and while coagulation
regulation (Merle et al., 2015; Swystun and Liaw 2016) that may be
useful to create recurrent thrombotic events also in SARS-CoV-2 in-
fections. Similarly, T cytopenia may replicate trafficking, e.g., in the
lung tissues, though merely diverse infiltrations of lymphocytic were
shown after postmortem analysis (Carsana et al., 2020; Crivellato et al.,
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2010), and Tgy residual cells does not clearly show any significant
expression of chemokine receptors.

As an alternative, T cells may perhaps be in a hyper-activated form,
develop susceptible to apoptosis (Chen and John Wherry 2020). Yet
again, some other postmortem reports have shown white pulp of splenic,
and pulmonary and necrosis of hilar lymph nodes with the depletion of T
cells in a setting of activation of B cells (Prilutskiy et al., 2020). How-
ever, depletion of both CD4" Ty and CD8' Ty seems challenging to
characterize wherein cell death or homing gets induced by activation,
those may perhaps reveal an active differentiation of central memory
T/effector memory T cells; CD8" T cells mediated fratricide event or
hemo-phagocytosis (Yang et al., 2020b). It may also be expected that the
diverse metabolic profiles from distinct T cell subgroups may possibly
render them specifically vulnerable to dysoxia, hypoxia, or particular
inflammatory molecular markers that are yet to be identified.

A noteworthy observation of upregulation of interferon gamma-
induced protein 10 (IP-10) a near-universal (Coperchini et al., 2020),
assumed to depletions of T helper cells 1, T helper cells 17.1, and plas-
macytoid dendritic cells, and cells those might normally be causes of
both type-I and type-II interferons those acts as the key inducers of [P10.
Though IP-10 levels exhibited some relationships with
interferon-gamma (Chen et al, 2020c), and even though some
confirmed patients showed a high level in addition to the transient
interferon-gamma levels, IP-10 may perhaps be also boosted by some
other factors and virus-associated mechanisms. Certainly, an elevated
levels of IP-10 can be specifically characterized as reported for
SARS-CoV (Huang et al., 2005) and MERS-CoV (Shin et al., 2019), those
enters to the T cells via CD26, an as reported ecto-peptidase do control
the activity of IP-10 (Casrouge et al., 2012). Possibly, dysregulation of
chemokine is known for a core component of coronavirus infections and
pathogenesis, perhaps interfering with ordered chemotaxis of immu-
nocyte and thus, contributes to a setting wherein coronaviruses report-
edly thrives (Ye et al., 2020). Probably relevant to this concern, three
kinds of receptor genes for chemokine lies within a region related with a
severe respiratory SARS-CoV-2 disease susceptibility (2020c).

In conclusion, the multi-faceted immune signatures of SARS-CoV-2
may convey a solid basis for addressing many of the current research
and clinical inquiries, together with whether or not individual immu-
nological traits, can be considered discretely or collectively together, are
institute or significances of progression of SARS-CoV-2 disease. Without
a doubt, our current understandings on SARS-CoV-2 disease and its
immune response are rapidly evolving, appearing with the rapid pace,
intensity, and with the global range of R and D activities. The global
scope would provide great relevance to the context for immediate and
depth assessments on the SARS-CoV-2 specific immune signatures in
various settings, improving the predictions of agreement considerate
and collective activities to enhanced curb infectious diseases and
thereby to reduce the life-threatening possibilities caused by SARS-CoV-
2 infections.

6. Point-of-care services

The SARS-CoV-2 diagnostic research with the urgency mostly
focused on nucleic acid molecular diagnostic kits, protein test kits, and
testing at POC service centers are being establishes. The long-term pri-
ority also needs to be seriously considered to integrate different tests
into multiplex panel systems (Zhu et al., 2020b). Serological tests using
protein-based test kits are now being deployed in addition to nucleic
acid-based test kits to improve surveillance efforts. Protein-based diag-
nostic tests can detect asymptomatic infections following complete re-
covery of patients unlike nucleic acid-based test kits, which have
limitations in detecting those patients being already recovered patients.
Protein-based test kits may, thus enable clinicians to screen and
contact-trace both infected and recovered patients, which increases the
possibility of estimating the entire SARS-CoV-2 infected population.
POC service centers can make testing SARS-CoV-2 infections more
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cost-effectively and portable and enables the diagnosis of patients far
from centralized facility centers in urban community health centers,
thus reducing the burden on clinicians, as reported for POC in cancer
detection (Mahmoudi et al., 2020).

POC test approach allows diagnosing suspected and infected in-
dividuals without transporting their test samples to the central facilities,
thus allowing detection of SARS-CoV-2-infected patients at local com-
munity centers, without sophisticated laboratory facilities. A lateral
flow SARS-CoV-2 antigen assay is under development for POC diagnosis
of infected patients (Xiang et al., 2020b). Lateral flow commercial assays
are based on the membrane or paper-like strips coated with two lines,
with antibody-conjugated gold nanoparticles on a line and captured
antibodies to the other line. The sample (either blood or urine) has to be
exposed to the membrane where test proteins from the sample are
strained across the test strip the mechanism is based on capillary action.
After the test sample crosses the noticeable first-line wherein antigen
proteins do bind with the target antibody conjugated onto the metal
nanoparticle like gold (AuNPs) and the resulting complex travels
together throughout the used membrane. Consequently, the test sample
reaches onto the second line where the final complex interacts with the
captured antibody proteins and becomes immobilized; thus either blue
or red line appears visible to the naked eye. Monodispersed AuNPs
exhibit a dark red color, while aggregated one in a solution exhibits a
dark blue color owing to the surface plasmon resonance coupling band.
The recently developed lateral flow antigen assay for SARS-CoV-2 was
found to have an analytical sensitivity, accuracy, and specificity
approximately about 60%, 69%, and 100%, for IgM antibodies,
respectively, and for IgG antibodies for about 81%, 86%, and 100%,
respectively (Udugama et al., 2020). Thus lateral flow assay can also be
integrated with nucleic acid testing. A previous report on the RT-LAMP
test results suggests that this approach could be also incorporated with a
lateral flow assay system for the diagnosis of MERS-CoV (Huang et al.,
2018). Thus, such assays are suitable for single-use tests and also have
lower analytical sensitivity than RT-PCR. Therefore, researchers need to
develop a variety of techniques that can be used in signal amplification
including the assembly of small antibody functionalized AuNPs and
thermal imaging systems that would improve the assay readout signal
(Spengler et al., 2015).

Another important method that can be considered for a POC system
is a microfluidic device-based method. These devices involve a small-
sized chip imprinted with reaction cavities and micrometer-sized pas-
sages. The chips are getting prepared using common materials such as
glass, poly-dimethyl sulfoxide, as well as functionalized paper to sepa-
rate and mix some liquid samples using a mechanism of capillary, vac-
uum, or electro-kinetic forces. The main benefits of the microfluidic
system include the need for small sample volume, rapid diagnosis,
miniaturization, and good portability (Foudeh et al., 2012). Progress on
techniques using microfluidic platforms is necessary to simplify the
detection of biomarkers, amplification, sample preparation, and fluid
handling to achieve POC diagnosis as well as high-throughput multi-
plexing. A microfluidic system and smartphone dongle-based attach-
ment was suggested to detect different types of antibodies after the onset
of infection by successively moving reagents on a sample holder (Lak-
sanasopin et al., 2015). Laksanasopin et al. reported that this alternative
platform has a clinical sensitivity of about 100% and a specificity of
about 87% for the human immunodeficiency virus (HIV). The possibility
of adapting technologies based on microfluidic devices to diagnose the
target RNA or proteins of SARS-CoV-2 should be constantly investigated.

Herein, we summarized some other diagnostic tools that would be
appropriate in terms of clinical practicability. Table 1 is prepared to
presents a wide-ranging list for various emerging methods which would
be appropriate after improvement for accurate and specific detection of
SARS-CoV-2. Such alternative platforms’ diagnostic applications would
also be introduced by R and D teams and academic laboratories,
including paper-based colorimetric systems, electrochemical devices,
and surface-enhanced Raman scattering systems (SERS), MALDI, and
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Table 1
Currently emerging wide-range of diagnostics tools applicable for SARS-CoV-2.
Platforms Biomarker Technology Sample Source Contagion Sample POC (Y/ References
Tested N)
CRISPR Nucleic acid RT-RPA Nasopharyngeal swabs ~ — 384 Y Kellner et al. (2019)
CRISPR Nucleic acid RPA swine serum ASFV 110 Y Wang et al. (2020b)
LAMP Nucleic acid LAMP Throat swabs H5N1 influenza 53 N Imai et al. (2007)
LAMP Nucleic acid RT-LAMP Nasopharyngeal Respiratory syncytial 59 N Shirato et al. (2007)
aspirates virus
RPA Nucleic acid RT-RPA Fecal and nasal swabs Bovine coronavirus 30 N Amer et al. (2013)
RCA Nucleic acid Rolling circle Serum Hepatitis B virus 7 N Martel et al. (2013)
amplification
NASBA Nucleic acid Real-time NASBA Nasal swabs Respiratory viruses 138 N Wat et al. (2008)
Quantum dot Nucleic acid Barcode assay Serum Hepatitis B virus 72 Y Kim et al. (2016)
Smartphone dongle Protein ELISA Blood Sexually transmitted 96 Y Laksanasopin et al.
diseases (2015)
Paramagnetic bead Protein Magnetic biosensor Serum Dengue virus 12 N Aytur et al. (2006)
Magnetic bead Nucleic acid Magnetic Stool Helicobacter pylori 17 N Nilsson et al. (1996)
Magnetic bead Whole Magnetic separation Synovia Staphylococcus aureus 12 N Bicart-See et al. (2016)
isolation bacteria
SIMOA Protein Digital ELISA Serum - 30 N Rissin et al. (2010)
ELISA Protein ELISA Serum Avian influenza A 30 N Rowe et al. (1999)
Rapid antigen test Protein Lateral flow Serum Zika virus 117 Y (Bosch et al., 2017)
Biobarcode assay Protein DNA-assisted Serum Prostate-specific antigen 18 N Thaxton et al. (2009)

immunoassay

*Clustered regularly interspaced short palindromic repeats (CRISPR), recombinase polymerase amplification (RPA), African swine fever virus (ASFV), Recombinase
polymerase amplification (RPA), Nucleic Acid Sequence Based Amplification (NASBA), Rolling circle amplification (RCA), enzyme-linked immunosorbent assay

(ELISA), Single-molecule enzyme-linked immunosorbent assay (SIMOA).

ELISA and many more. The exploration of such attractive approaches is
in the initial stage and thus these techniques would be employed to
detect SARS-CoV-2 infections in local settings. Emerging diagnostic
technologies that can play a key role in facilitating POC approaches
should be further investigated to control the current SARS-CoV-2 and
future outbreaks.

The diagnostic technologies currently in development can be clas-
sified into at least four phases (Fig. 3). Phase 1 consists of technologies in
the proof-of-concept stage in research and development laboratories
where researchers may use synthetic biomarker targets to confirm the
concept. In phase 2, the newly developed diagnostic technologies are
used to analyze a small number of patient samples in independent
groups. Both phases 1 and 2 are normally conducted in academic lab-
oratory settings, whereas phases 3 and 4 are conducted by private en-
terprises after commercial handover and the developed technology is
subsequently made available for patients. Most alternative diagnostic
technologies are still in the first “proof-of-concept” stage and only a few

Development Phases

have passed the first two phases. The diagnostic technologies in phase 3
should be quickly adopted by private enterprises for POC and large-scale
diagnosis to control the emergent SARS-CoV-2 outbreaks. The progres-
sion of phase 2 technologies into phase 3 (after clinical trials) will in-
crease the availability of alternative diagnostic techniques for
implementing rapid and POC approaches for detecting new SARS-CoV-
2-infected patients. An accurate and robust point-of-care (POC) diag-
nostic infrastructure would also needs to be designed for achieving
public health security, early diagnosis, disease surveillance, and ease of
contact tracing (Majors et al., 2017; Nayak et al., 2017; Peeling and
Mabey 2010). POC testing needs to be used timely for rapid diagnosis of
infectious diseases particularly.

7. Public health surveillance and mobile-health

Monitoring an epidemic crisis requires constant surveillance, retro-
active tracking, epidemiological database procurement, and regular

Fig. 3. Developmental phases for diagnostic
tests. Academic laboratories are responsible
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for phases 1 and 2, while companies and
private enterprises have to perform phases 3
and 4 after the commercial transfer occurs.
Most emerging diagnostic tools are in the
first proof-of-concept phase, and those in
phase 3 will be rapidly adapted for the
diagnosis of SARS-CoV-2. The progression of
these technologies from phase 2 to phase 3
will increase the series of integral ap-
proaches for rapid and POC detection of
SARS-CoV-2.
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monitoring of patients. Healthcare providers, from local community
health centers to treatment hospitals, must apply communication tools
that can increase the speed and ease of surveillance to curb the spread of
the infection. Smartphone networks can be leveraged for surveillance
purposes as they provide benefits such as electronic data processing, a
widespread network, and essential hardware to simplify electronic
reporting, epidemiological database creation, and POC diagnosis
(Fig. 4). Smartphone adoption and networks have increased exponen-
tially worldwide, including in developing Asian and African countries.
Smartphones are now widely accessible tools that can be used to coor-
dinate surveillance and responses during existing global outbreaks like
SARS-CoV-2 (Nayak et al., 2017; Wood et al., 2019).

The global spread of SARS-CoV-2 has been accelerated by poor
communication and underreporting (Sun et al., 2020; Zhang et al.,
2020c). One important example is in Iran, where 43 cases were initially
confirmed on 23 February 2020; however, the fatality rate was about
19%, with 8 deaths and 3 other cases of Iranian citizens (2020b). This
suggested that the number of infected patients in Iran was in the range of
thousands according to transmission modeling. There were numerous
uncertainties about the severity of the SARS-CoV-2 epidemic in Iran, and
several field-level epidemiologic surveys and surveillance modules are
currently being applied to produce more reliable estimates.

There have been noteworthy advances in the integration of diag-
nostic tools and smartphones. Smartphone accessories (e.g., digital
camera, audio, and flashlights) can provide readout signals for

Global Communication
Administrative Control/Policy Making

National Communication
Public/Health Team Coordination

Database Management
Real-time Epidemiological Data

Smartphone
Apps/Messaging/Calling
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diagnostic results as an alternative to local laboratory settings (Mal-
ekjahani et al., 2019). Smartphone devices can streamline the workflow
of diagnosis and reporting by automating signal readout and database
creation. For instance, smartphones connected to a microscope were
tested recently for POC and were found to provide faster processing of
blood-borne filarial parasite samples than the standard procedure
(D’Ambrosio et al., 2015). Kanazawa et al. demonstrated the use of a
smartphone application for thermography to detect hyper-inflammation
and body temperature (Kanazawa et al. (2016)). This smartphone-based
thermographic technology can also be used for the detection of common
symptoms, comprising hyper-inflammation and fever caused by
different infections and coronaviruses including SARS-CoV-2. Muda-
nyali et al. previously developed a rapid diagnostic test for malaria,
tuberculosis, and HIV using a microscope attached to a smartphone that
transferred the data to diagnostic test reader platforms and subsequently
to a database app for spatiotemporal analysis and mapping of the results
(Mudanyali et al., 2012a). Such devices are appropriate to address the
underreported infections needed for rapid POC diagnostic tests at the
local community level and at healthcare providers.

Furthermore, smartphones can be connected to existing diagnostic
tools to provide real-time geospatial data that enable national and in-
ternational healthcare agencies to implement organized strategies to
control the pandemic. Smartphones can digitize the process of contact
tracing and surveillance to provide wide-ranging and shareable data.
The powerful portable processor with wireless connectivity and sensors

Connectivity
Contact Tracing

Sensors
Temperature Screening

Healthcare
Isolation and Treatment

Fig. 4. Applications of smartphones in communication diagnostics and coordination with healthcare providers. Smartphones are useful for local, national, and global

connectivity as well as policy-making based on data and experiences.
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can enable scientists and healthcare providers to accurately generate
and handle surveillance data (Perkel 2017). The capabilities and global
adoption of smartphones and mobile-friendly technologies that are
applicable in both resource-limited and resource-rich settings are
growing exponentially (Oliver et al., 2020). Furthermore, the low cost of
smartphones mitigates challenges such as the affordability barrier while
offering POC detection and data processing facilities similar to those
achieved with ‘high-end’ and more costly services. Several researchers
have successfully used smartphones for geo-spatial data tracking for
infectious diseases such as Ebola, HIV, and tuberculosis (Brangel et al.,
2018; Danquah et al., 2019; Iribarren et al., 2016). In recent pandemics
including MERS-CoV, Ebola SARS-CoV-1, and SARS-CoV-2, smart-
phones were successfully used for contact tracing and for extensive
digital and real-world surveillance to identify and track individuals that
came in contact with infected patients to curb further spread.

The development of smartphone-based diagnostic devices began
with attached exterior accessories (D’Ambrosio et al., 2015; Laksana-
sopin et al., 2015), accessory-free diagnostic systems (Cho et al., 2015a),
paper-based assays (Kong et al., 2019), serological POC tests (Brangel
et al., 2018; Wang et al., 2011b), and tools that interface with smart-
phones (D’Ambrosio et al., 2015; Snodgrass et al., 2018). Real-time
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diagnosis of viral-induced reactive oxygen species in fresh sputum was
reported by using an electrochemical system during the existing
COVID-19 pandemic (Miripour et al.,, 2020). A detailed review of
biosensor-based electrochemical pathogen detection was recently re-
ported for emerging electrodes allow efficient transduction of selectively
pathogen binding (Cesewski and Johnson 2020). These studies showed
that such diagnostic platforms are capable of detecting signal outputs
based on the principles of fluorescence, colorimetry, microscopy, and
electrochemistry (Table 2) for clinically validated and approved
methods.

Correspondence barriers may exist between suspected SARS-CoV-2
patients and healthcare providers due to patient hesitation or other
personal reasons. Patients who are asymptomatic or show mild respi-
rational symptoms may hesitate to visit overcrowded hospital centers, as
they may face a higher risk of contracting SARS-CoV-2 at these locations.
Telephone networks can facilitate direct communication between sus-
pected patients and healthcare providers without the risk of infection to
either party. Telemedicine was successfully used to manage suspected
patients during the influenza pandemic in Switzerland in 2009 (Blozik
(2017)). This approach led to more reporting of infected cases as
compared to face-to-face consultations due to the lower risk.

Table 2
List of smartphone-based diagnostic applications for evaluating different types of diseases.
Readout Signal Diseases Biomarkers Analytical sensitivity Clinical Clinical POC  References
specificity sensitivity Y/N
Colorimetric SARS-CoV-2 RT-LAMP 10 copies - ~97% N Yu et al. (2020a)
Measles Measles IgG - ~97% ~96% Y Berg et al. (2015)
Herpes simplex virus Mumps IgG - ~95% 99% Y Berg et al. (2015)
(HSV) —1/2
Mumps HSV-1/2 1gG - ~97, ~96%, ~98, ~99% Y Berg et al. (2015)
Ebola anti-IgG for SUDV GP1-649, EBOV 200 ng/mL ~98% ~97% Y Brangel et al. (2018)
GP1-649, and BDBV GP1-649
Ovarian cancer HE4 20 ng/mL ~90% ~89.5% N Wang et al. (2011a)
Zika NS-1 0.05 ng/mL - = Y Rong et al. (2019)
Urinary tract infection E. coli, Neisseria gonorrhoeae 10 CFU/mL - - N Cho et al. (2015b)
Human immunodeficiency  p24 1 pg/mL - - N Loynachan et al.
virus (HIV) (2018)
Dengue Dengue viral DNA 5nM - - N Choi et al. (2016)
HIV, Tuberculosis, malaria ~ HIV 1/21gG, TBIgG, P. falciparum - - - N Mudanyali et al.
(2012b)
Fluorescence Avian influenza H5N1 nucleoprotein 8 x 10° PFU/mL ~99% ~96% Y Yeo et al. (2016)
Ebola EBOV glycoprotein 0.2 ng/mL - - N Hu et al. (2017)
Thrombin Thrombin 18 NIH units/mL - - N Petryayeva and Algar
(2015)
HIV p24 17 pg/mL - - N Joh et al. (2017)
Zika RT-LAMP, Zika viral RNA, and 3 x x10* PFU/mL - - Y Ganguli et al. (2017)
whole virus (plaque-forming units)
Cytomegalovirus HMCV 1 x 10° PFU/mL - - N Wei et al. (2013)
HSV-2 HSV-2 viral DNA 100 copies/pL - - Y Liao et al. (2016)
HIV, dengue anti-HIV1-p17, anti-NS1 100 pM - - N Arts et al. (2016)
HIV, Hepatitis B (HBV) HIV viral cDNA, HBV viral DNA 1x10° copies/mL - - N Ming et al. (2015)
Zika, dengue, ZIKV, DENV, and CHIKV viral 22 PFU/mL - - N Priye et al. (2017)
chikungunya RNA
E. coli E. coli DNA 300 copies/pL - - Y Stedtfeld et al. (2012)
Electrochemical Human papillomavirus HPV viral DNA 50 amol 90-97% 83-92% N Ho et al. (2018)
Sepsis IL-3 22 pg/mL ~82% ~91% Y Min et al. (2018)
Syphilis, HIV treponemal syphilis antibody, HIV 2 pg/mL ~89%, ~77%, Y Laksanasopin et al.
1/2 ~91% ~98% (2015)
Cervical cancer HPV viral DNA 10 amol ~92% ~95% Im et al. (2015)
HIV p24, anti-p24 48 ng/mL ~97% ~98% Turbé et al. (2017)
HCV Hepatitis C core antibody 12 pM - - Aronoff-Spencer et al.
(2016)
Malaria PfHRP2 20 ng/mL - - Lillehoj et al. (2013)
Microscopic Schistosomiasis S. hematobium ova - ~93% ~56% Ephraim et al. (2015)
Loa loa filariasis L. loa microfilariae 3 x 10* mf/mL ~94% ~96% D’Ambrosio et al.
(2015)
Giardiasis G. lamblia cysts 1 x 10° cells/mL - - Koydemir et al.
(2015)
Malaria, tuberculosis P. falciparum smear, M. - - - Breslauer et al.
(2009)
S. aureus S. aureus cells 50 cfu/mL (colony - - Shrivastava et al.
forming units) (2018)
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If individuals that may be infected with SARS-CoV-2 visit test centers
and receive positive test results, infected patients with mild symptoms
are usually sent home and instructed to self-quarantine. Self-quarantine
deters prompt communication between healthcare providers and
infected patients, causing contrary anxiety problems for such patients,
who lack access to the active monitoring provided to the admitted pa-
tients by the clinician. Smartphone apps can connect patients with
mental health counselors to help them cope with anxiety resulting from
isolation, fear of death during self-quarantine, and the epidemic (Liu
etal., 2020d). SARS-CoV-2 patients can also report their daily symptoms
and progress, simplifying remote monitoring by healthcare providers
(Karimuribo et al., 2017). Smartphone app-based self-reporting also
provides relevant information to healthcare providers with potential
transmission pathways. For instance, a smartphone app was successfully
used during the MERS outbreak in 2013 to monitor international trav-
elers. With such an app, suspected patients could access the hygiene
protocols and conduct self-reporting about animal exposure and the
beginning of symptoms during their pilgrimage in Saudi Arabia as well
as after returning to their respective home countries (Amani et al.,
2015). Using smartphone apps developed for national and international
service, public health providers and agencies can immediately make
information available through public service, facilitating active report-
ing and prompt responses for the prevention of potential disease
outbreaks.

Recent developments in mobile surveillance and POC testing have
occurred with the emergence of mHealth, a term coined by the WHO to
describe the use of mobile devices to assist public health and medical
personnel practitioners (Ali et al., 2016). This has spurred the devel-
opment of diagnostic tools and the creation of mobile devices connected
to modern diagnostic tools. The development of real-time mHealth so-
lutions can be used to address a range of problems and challenges in the
fields of emerging disease surveillance, healthcare, and mental health
counseling (Mackillop et al., 2014). The integration of diagnostics tools
has impacted all areas of healthcare and public health concerns,
including the control of infectious disease outbreaks.

Though precise contact tracing comes with considerable challenges,
recent developments have demonstrated the potential benefits of
mHealth in pandemic settings. Smartphone apps developed nationally
and internationally have improved data collection, storage, and accurate
policy implementation. However, the challenges of using smartphone
apps in an epidemic and emergency include human rights violations and
the lack of data security to ensure reliable privacy and confidentiality.
Optimal use of mHealth apps has the potential to result in the creation of
the largest health database for use in research, surveillance, and crisis
management interventions (Pisani et al., 2016; Tresp et al., 2016).
Clinic-based facilities, where health data from the diagnostic analysis
are currently acquired and deposited in local laboratory organizations
are relatively secure. However, data collected from separate mHealth
apps may not be stored securely or easily accessible across numerous
mHealth apps and health databases connected electronically (Chen
et al., 2012).

The latest ethical studies have stressed the need for people to un-
derstand and consent to all aspects of how their personal data will be
utilized (Rumbold et al., 2017). Integrated platforms to share data,
standardize security, organize collected data, and improve mHealth app
connectivity and services are presented in the developmental stage
(Chen et al., 2012). However, though these mHealth platforms have
potential, including rapid healthcare interoperability, a substantial
collaboration between investors and regulation of the interfaces in
mHealth services are still necessary before they can be implemented.
The rapidly developing arena, however, requires both the improvement
of regulatory policies that may encompass the wide range of
medical-related smartphone apps currently in development.
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8. Conclusions and future perspectives

In conclusion, development of SARS-CoV-2 diagnostic methods from
phase 1 to phase 4 has been expedited, allowing investigators to
contribute to the conception, design, and validation of these technolo-
gies. The development of diagnostic technologies usually requires
several years for design optimization and the completion of all required
trials, but scientists are now playing a key role in the development
process to enable prompt diagnosis and curb the spread of SARS-CoV-2.
The morphology of the SARS-CoV-2 virus was identified using TEM,
complete genome sequencing was performed to confirm the biological
characteristics, and the sequencing data were successfully used to design
PCR probes and primers. Compared to SARS-CoV, which took several
months to identify, the SARS-CoV-2 virus was identified promptly,
enabling the rapid development of sophisticated diagnostic kits and
their provision to healthcare providers. Several techniques were devel-
oped within 3-4 weeks to identify SARS-CoV-2 with high specificity and
sensitivity. The rapid sequencing of SARS-CoV-2 and identification of
probes and primers has enabled scientific authorities to rapidly develop
nucleic acid-based test kits. These strategies successfully provided the
first line of defense against the outbreak; however, it remains a signifi-
cant pandemic worldwide. Various strategies are being developed to
establish serological tests, SARS-CoV-2 antigen S protein and N protein
testing, microfluidic chemiluminescent ELISA system, SARS-CoV-2 IgG
and IgM testing using well-established technologies, since those kits
would be easier to handle, can be used for POC services, and serve as a
complement to nucleic acid-based test kits developed for the diagnosis of
SARS-CoV-2-suspected patients.

A detailed review of recent literature and future perspectives on
potential biosensors developed for point-of-care, high-sensitivity, and
rapid detection of SARS-CoV-2 infections (Ji et al., 2020). Further de-
velopments in nucleic acid-based diagnostic kits for the diagnosis of
SARS-CoV-2 have occurred in recent months. New and more efficient
diagnostic technologies are in development to provide cost-effective
tools that are appropriate for POC tests and can be applied for large
populations. A recently published review also provided a comprehensive
report on molecular nucleic acid assays and immunological and sero-
logical tests for the diagnosis of SARS-CoV-2 infection (Ravi et al.,
2020). However, other types of assay based on nucleic acids including
hybridization microarray assay, isothermal amplification, meta-
genomics sequencing, and CRISPR are under development and some
have been approved for general use (Huang et al., 2020c). Studies
investigating the success of POC test kits and multiplex assays for the
diagnosis of both suspected patients and recovered asymptomatic pa-
tients are warranted for accurate estimation of the SARS-CoV-2 epide-
miological data. Emerging diagnostic technologies currently in phases 2
and 3 include isothermal amplification, microfluidic technologies, bar-
coding, and protein-based assays. These technologies should be quickly
made available to healthcare providers for the implementation of POC
systems that can be employed to curb the outbreak. The integration of
smartphones and diagnostic tools may provide a greater opportunity to
improve diagnostic practices, surveillance, contact tracing, and mental
health counseling services.

Significant progress is anticipated in the development of novel
diagnostic tests despite various challenges. Tireless efforts from the
global research community coupled with the sharing of technologies
have facilitated the development of new diagnostic assays and success in
the vision of worldwide test kit delivery. To promote the development of
faster, sensitive, and accurate diagnostic tool kits, a number of research
organizations are supporting research and development efforts by sub-
mitting test tools for evaluation or by providing needed funds for greater
collaboration. Due to several initiatives and technological advance-
ments, including cooperative scientific developments, diagnostic tech-
nologies for SARS-CoV-2 will likely continue to improve and thrive in a
near future. In the midst of infectious disease, diagnostic devices with
connectivity provide an opportunity to develop disruptive diagnostic
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technologies with the potential to meet the requirements of healthcare
systems. These developments should increase direct access to diagnosis,
contact testing, and treatment options for SARS-CoV-2-infected patients
while improving epidemic assessment, infection surveillance, and the
control of public health with great precision. In addition to these so-
phisticated technologies, the potential public-health benefit is a pre-
requisite, whichever through the personal, community, and social
responsibilities have to be strictly followed in an outbreak like situation.
Controlling pandemics through collective-responsibility or ‘social sci-
ence’ initiatives has huge significance and also through high level
alarming messaging since individuals and communities have 3G or 4G
access of digital services, and finally with the assistance of public health
providers and clinical systems providing early detection, clinical care
and spread control.

To take advantage of recent developments, advances in early di-
agnostics with an accurate understanding of the outbreak context are
necessary and participants may utilize scientific resources readily
associated with smartphone systems. Systems within resource-rich set-
tings may differ from those in resource-limited surroundings; therefore,
different technical ecosystems may be needed to address specific chal-
lenges. The demand for diagnostic tools in resource-rich locations may
drive development and commercial production in future, but the po-
tential of these tools to transform healthcare in poorer countries after
appropriately tailoring them to local needs should also be investigated.
To achieve this, large investments in research and development are
needed for the development of appropriate devices, tools, and systems
that are applicable in all socio-economic settings to address the existing
divide in digital services. To achieve this, stringent regulations and
governance policies for mHealth disruptive technologies and devices as
well as their deployment must be resolved by simultaneously addressing
the existing challenges of diagnosis, contact testing, disease surveil-
lance, data security, digital access, and autonomy for clinical author-
ities. It is evident that future diagnostic tools and kits are likely to be
connected and digital, accelerating transformation in the healthcare
system. Thus, scientists and policymakers have an exciting opportunity
and a challenging task to promptly deploy these tools to transform and
improve existing healthcare systems. It is also important to note that
scientific reports on SARS-CoV-2 are evolving rapidly; therefore, some of
the information presented in this review may change as new studies
become available.
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