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Abstract: Recent severe acute respiratory syndrome 2 (SARS-CoV-2) known as COVID-
19, presents a deadly challenge to the global healthcare system of developing and developed
countries, exposing the limitations of health facilities preparedness for emerging infectious
disease pandemic. Opportune detection, confinement, and early treatment of infected cases
present the first step in combating COVID-19. In this review, we elaborate on various
COVID-19 diagnostic tools that are available or under investigation. Consequently, cell
culture, followed by an indirect fluorescent antibody, is one of the most accurate methods
for detecting SARS-CoV-2 infection. However, restrictions imposed by the regulatory
authorities prevented its general use and implementation. Diagnosis via radiologic imaging
and reverse transcriptase PCR assay is frequently employed, considered as standard proce-
dures, whereas isothermal amplification methods are currently on the verge of clinical
introduction. Notably, techniques such as CRISPR-Cas and microfluidics have added new
dimensions to the SARS-CoV-2 diagnosis. Furthermore, commonly used immunoassays such
as enzyme-linked immunosorbent assay (ELISA), lateral flow immunoassay (LFIA), neu-
tralization assay, and the chemiluminescent assay can also be used for early detection and
surveillance of SARS-CoV-2 infection. Finally, advancement in the next generation sequen-
cing (NGS) and metagenomic analysis are smoothing the viral detection further in this global
challenge.

Keywords: SARS-CoV-2, COVID-19, severe acute syndrome, diagnostic, detection-tools,
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Introduction

The outbreak of unknown severe pneumonia, first reported in December 2019 in
Wubhan city of China, has turned into a global pandemic and a rapidly emerging
crisis.! A novel strain of coronavirus, similar to the acute SARS-CoV of
2002-2003, (COVID-19).
Henceforth, it was named Severe Acute Respiratory Syndrome Coronavirus-2

was responsible for the current pandemic
(SARS-CoV-2),>* there is no universally approved treatment protocol is avail-
able other than symptomatic treatment, although FDA recently provided emer-
gency use authorization to Remdesivir.” Concerted effort globally paves the way
into vaccine development. Currently, FDA has approved Pfizer-BioNTech
COVID-19 Vaccine and Moderna COVID-19 vaccine for emergency use
authorization.®® Following FDA approval, other countries have also approved
the vaccine for mass roll-out.” !

Early diagnosis is of prime importance for disease containment and reducing

transmission by quick isolation of patients and supporting critical treatment.
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Real-Time Reverse Transcriptase Polymerase Chain
Reaction (rRT-PCR) has been the most widely imple-
mented SARS-CoV-2 diagnostic tool.'> An increasing
urge for point-of-care tests predisposes the availability
of several other diagnostic tools and techniques. Point of
care tests are generally updated technologies that
include both the rapid and laboratory-free diagnosis,
which plausibly would meet the urgency of the ongoing
situation.'> A recently published review paper on
COVID-19 diagnostics by Yiice et al focused on the
principles of available molecular and serological diag-
nostic tests along with explaining Emergency Use
Authorization-issued commercial test kits while another
evaluated the two mainstream of diagnostics — molecu-
lar and serology in the light of only FDA approved
kits.'*'> Moreover, review on the suitable sampling
site or solely on the principles of diagnostics have also
been published.'®!” However, a comprehensive review
covering all the available in-use and potential technolo-
SARS-CoV-2 detection along with their
strengths and drawbacks as well as suitable sampling

gies for

sites is required to fill the gap. Our current review is
intended to elaborate the missing piece pertaining to all
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Figure | Graphical representation of various diagnostic assays of COVID-19.
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the up-to-date FDA-approved kits and discuss the emer-
ging technologies with the potentials as supporting diag-
nostic tools.

Methodology

A thorough search was performed using online databases such
as Google Scholar, PubMed, ScienceDirect independently,
using such keywords as “COVID-19”, “SARS-CoV-2”,

LERNT3

“Novel coronavirus”, “n-CoV”, “Diagnosis”, ‘“Diagnostic”
without any year restriction. Further, required information
were also collected from authentic websites (ie, WHO, FDA,
etc.). Only English literature was included. References were

managed using EndNote software (Version X7).

Diagnostic and Detection Methods

The deployment of different diagnostic tests (Figure 1) varies
depending on resource facilities, the urgency in obtaining
results, and the type of methods available. Presently available
test procedures are categorized in Table 1.

Cell Culture and Microscopy
Cell culture, followed by microscopic technique, has been
instrumental in pathogen identification and detection of

4 oo,
< N LN 4040
Va3
b

ELISA

Neutralizing Assay

Abbreviations: NAAT, nucleic acid amplification test; ELISA, enzyme-linked immunosorbent assay; CT, computed tomography; LFIA, lateral flow immunochromatographic

assays; NGS, next-generation sequencing.

submit your manuscript

1050

Dove

Infection and Drug Resistance 2021:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Qishee et al

Table | Present COVID-19 Test Procedures

Mode of Detection Detection Methods

Culture-based detection ® Virus propagation in cell lines

Radiology based technology [® X-Ray

Chest Computed Tomography

Real-Time RT-PCR
Isothermal amplification
CRISPR-Cas technology
Lab-on-chip

Molecular technology

ELISA

Neutralization assay

Immunoassay technology

Chemiluminescent assay
Lateral Flow Assay
Dip-stick

Technology under Aptamer

development ® Molecular imprinting technology
(MIT)

® Microarray

® Biosensors

® MALDI-TOF profiling

Sequencing technologies ® Sanger-sequencing

® Next-generation sequencing

® Nanopore sequencing

emerging diseases.'® ' In the ongoing SARS-CoV-2 pan-
demic, these techniques are used for both diagnostics and
research purposes.”> 2’ In this approach, following the
initial identification by sequencing, the novel virus’s iden-
tity is confirmed through immunofluorescence microscopy
using a cross-reactive viral antibody. Also, electron micro-
scopy reveals its typical coronavirus-like morphology.”®*’
Microscopy and cell culture have also provided insights
into its structural organization, cell tropism, pathogenesis,
transmissibility and  replication, and  host—virus
interaction.?>3%3! However, WHO dictates that such cul-
ture and propagation of SARS-CoV-2 be carried out in
biosafety level 3 laboratories only, making its wider use

unrealistic in public and commercial settings.*?

Radiology-Based Detection

Multiple studies are advocating radiologic imaging such as
chest radiograph (CXR), chest ultrasound (US), lung ultra-
sound (LUS), and particularly chest computed tomography
(chest CT) as complementary and, in some cases, as stan-
dard diagnosis method of COVID-19.>**7 Patients who
developed COVID-19 pneumonia shared similar lung
abnormalities.*® Peripheral ground-glass opacities, multiple

bilateral consolidation, crazy paving patterns, and reticular
pattern are standard features found in chest CT of pneumo-
nia patients.*’ Although China’s health commission has
defined radiologic features as a significant criterion for
COVID-19 diagnosis, the scientific community remains
uncertain.*** A meta-analysis of chest CT’s diagnostic
accuracy for COVID-19 detection reported that it has an
overall high sensitivity, especially in difficult epidemic
situations.®® Li and Xia said that CT-based findings could
identify COVID-19 earlier than laboratory results with a
3.8% misdiagnosis rate.*” The limitations of CT to be taken
into consideration are: (i) CT features of COVID-19
patients can overlap with other infections including
SARS-CoV, MERS-CoV, influenza, and HIN1, thus limit-
ing its capacity in distinguishing between COVID-19 and
other pneumonia, (ii) Typical CT manifestation of COVID-
19 patients are only found in the later stage and mostly
absent in earlier phase or asymptomatic patients, (iii) most
of the studies supporting CT are based in China which
warrants the need for more evidence-based studies in
other regions.*’ Also, the success of the technique depends
on the experience of radiologists. Conversely, the American
College of Radiology (ARC) does not recommend CT to be
used as a first-line test or for screening to diagnose COVID-
19, and if used, should only be in cases where the patient
has already been hospitalized with symptoms and clinical
signs for CT.>

Nucleic Acid Amplification Tests
Generally, lack of understanding regarding the clinical
manifestations, symptoms, and epidemiological features
of SARS-CoV-2 hinders the containment and management
efforts for the COVID-19 infection. However, such efforts
can be better realized with a rapid, and accurate diagnosis.
Molecular diagnosis by nucleic acid amplification of the
virus paves the way. Specific probes and primers designed
and updated with the enrichment of sequence data render
nucleic acid amplification test (NAAT) an ideal mode of
diagnosis. These tests supplement the demanding situation,
including Real-Time Reverse Transcriptase Polymerase
Chain Reaction (rRT-PCR), isothermal amplification meth-
ods, and CRISPR-Cas based detection system.’' >

In addition to diagnose SARS-CoV-2 virus, FDA
recently authorized emergency use tests. One of them is
Abbott Diagnostics’ ID NOW COVID-19, which detects
the RdRp gene from nasal or nasopharyngeal swab (95%
sensitivity and 100% specificity). FDA also approved
TaqPath COVID-19 Combo kit (ThermoFisher-Applied
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Biosystems), Smart Detect SARS-CoV-2 rRT-PCR Kit
(InBios International, Inc.), Biomeme SARS-CoV-2 Real-
Time rRT-PCR Test (Biomeme, Inc) which detect Orflab,
E, N, and S gene (mentioned in Table 2). Besides several
diagnostic kits like US Food and Drug Administration
(USFDA) certified Sherlock Biosciences’s CRISPR
SARS-CoV-2 Rapid Diagnostic kit as the first CRISPR-
based assay which is a combined approach done by using
RT-PCR, CRISPR-based assay. Atila BioSystems Inc., on
the other hand, has developed FDA approved iAMP
COVID-19 detection kit, using isothermal amplification
technology (Table 2).

Real-Time RT-PCR
Viral RNA is initially reverse transcribed into short cDNA
using RNA-dependent DNA polymerase (RdDp), which is
facilitated by appropriate primer specific for viral RNA
genome sequences.”’ Real-time PCR technology allows
monitoring the ongoing DNA amplification in real-time,
yielding quantitative measurement of PCR amplicons;
Amplification process repeats for around 4045 cycles to
detect viral DNA by using specific DNA probe tagged with
a fluorophore and a quencher (TagMan assays) or sequence
nonspecific fluorogenic dye (SYBR Green).”> >’ While per-
forming Real-Time RT-PCR, the total reaction is carried out
in a single tube starting from cDNA synthesis to PCR
amplification, referred to as a one-step procedure. Another
way is a two-step procedure where cDNA synthesis and
amplification are performed in separate tubes. Though the
two-step procedure provides greater sensitivity, flexibility,
and the advantage of multiple cDNA usage, the one-step
approach is the preferred method for SARS-CoV-2 detec-
tion in diagnostic settings.”® The technique is not tedious,
involves less sample handling, thereby lowering the possi-
bilities of cross-contamination between reverse transcription
and PCR steps.””®°

For SARS-CoV-2 detection, several genomic regions
are being used as targets for PCR amplification. This
includes nucleocapsid (N), envelope (E), spike (S),
genes, RNA-dependent RNA polymerase (RdRP),
ORFlab, or ORF8 regions.’’** For SARS-CoV-2 detec-
tion, several in-house and commercial assays have been
developed based on either of these genes. Some manufac-
turers or authors suggest identifying one gene as a screen-
ing step and another gene detection as a confirmatory
test.”*> On the contrary, three or more genes are sug-
gested to be examined by others, requiring all genes to be
detected for being 64-66

optimistic. For example,

researchers at the University of Hong Kong retained N
gene identification as a screening procedure and ORFlab
detection as a confirmatory test.®” The National Institute of
Infectious Diseases of Japan recommends nested RT-PCR
test targeting ORFla, S gene, and N gene.*®

Real Time-PCR by nasopharyngeal and respiratory
samples is considered the gold standard for the qualitative
detection of SARS-CoV-2 infection.®” Several studies sug-
gested that SARS-CoV-2 viral nucleic acid can be detect-
able at

nasopharyngeal swab, bronchial aspirates, bronchoalveolar
12,69.70 1y

several  locations, including  sputum,
lavage fluid (BAL), blood, anal swab, and urine.
a study of 4800 cases in a single hospital in China,
bronchoalveolar lavage fluid showed the highest rate of
detection (100%) for the ORFlab gene of SARS-CoV-2,
followed by nasal and pharyngeal swabs samples (38.25%)
and the sputum (49.12% positive rate).”' However, another
study conducted on sputum samples and nasopharyngeal
swab samples collected from sixty-three subjects on the
same day revealed that representatives from nasopharyn-
geal swab were distinct from sputum samples, which
yielded some-false negatives. This may be because of
specimen type and processing.”* In addition to low viral
count in the nasal and pharyngeal swab, variable and
inherently unstable rRT-PCR test results make it difficult
to diagnose SARS-CoV-2.”> One of the most extensive
head-to-head comparisons of nasopharyngeal (NP) and
oropharyngeal/nares (OP/Na) swab for the detecting
SARS-CoV-2 demonstrated that OP/Na sampling is a sui-
table alternative for COVID-19 detection in symptomatic
ambulatory patients.”* When the oral swab is negative
during the late infection, identifying the virus in blood
and anal swab may be an alternative strategy.”> Wang
et al detected SARS-CoV2 in multiple sites’ specimens
and found lower respiratory tract specimens positive in
most cases.'® A recent meta-analysis of 11 studies encom-
passing 3442 respiratory specimens reveals sputum testing
having higher sensitivity for SARS-Cov-2 detection than
the other respiratory sites.”® Recently, saliva samples have
also been claimed as a reliable tool for diagnosis by real-
time rRT-PCR.”” Furthermore, patients with mild COVID-
19 symptoms may result in false-negative for nasopharyn-
geal samples.”® The existence of SARS-CoV-2 at multiple
sites necessitates specimen collection from different body
locations at different stages of infection for diagnosis by
rRT-PCR.'*7" Suggested sampling sites and several stu-
dies’ findings on suitable specimens for rRT-PCR are
mentioned in Table 3.
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Reference
[262,263]

[264]

Authorities
FDA (EUA)

FDA (EUA)

%

Specificity | Approving
96.84

100

Sensitivity
%
100

100

LOD
5000 copies/mL

73 copies/mL

Sample Type
Sputum, Nasopharyngeal swab,

Nasopharyngeal aspirate,

Bronchoalveolar lavage, Throat swab

Nasopharyngeal swab, nasal swab,

nasopharyngeal wash, nasal wash,

oropharyngeal swab and

bronchoalveolar lavage

Target
E and N gene

NI and N2 gene

Manufacturer
Seegene

Viracor Eurofins Clinical

Diagnostics

Table 2 (Continued).
Allplex™ 2019-nCoV

Assay

Test Kit Name

Viracor SARS-CoV-2

assay

Abbreviations: S, spike; N, nucleocapsid; RdRp, RNA-dependent RNA polymerase; E, envelope; BAL, bronchoalveolar lavage; LRT, lower respiratory tract; LOD, limit of detection; FDA, Food and Drug administration; EUA, emergency

use authorization.

The rRT-PCR testing for COVID-19 holds various
advantages. Its sensitivity and specificity are a method of
choice in the early stages of infection. It provides valuable
information during the acute phase of the disease when a
person has not yet seroconverted. False-negative results,
low stability, tedious working procedures, and lack of
trained personnel and proper facilities are some of the
limitations inherent with the rRT-PCR detection technique.-
7 Furthermore, test accuracy is affected by different vari-
ables such as specimen collection site, sampling time point,
procedure, and viral load, ie, LOD (Limit of Detection) of
tests. These reasons result in decreased rRT-PCR sensitivity
by 20% to 70%.”"*"3 The highest sensitivity, ie, lowest
false-negative rate (20%), is observed if the test is done on
day eight after exposure, which approximates to 3 days after
symptom onset, as depicted in Figure 2.%% Co-detection of
other respiratory coronaviruses and low stability of RNA
may account for false-negative results, too.”>*

Furthermore, the detection of multiple loci and differ-
ences in reagents’ sensitivity to different genetic regions
thwart the tests’ accuracy and consistency.®**® However,
more research needs to be addressed to attain an accurate
portrait of sensitivity and specificity. To overcome the
limitations, manufacturers are now improvising current
rRT-PCR test procedures with increased fidelity, as men-
tioned in Table 2. Considering all the factors, the US Food
and Drug Administration (FDA) has deduced that negative
real-time RT-PCR test result does not necessarily sub-
stantiate the absence of SARS-CoV-2 infection and
shall not be the only factor in patient management
decisions.*”®® Re-testing should be taken into considera-
tion in consultation with public health authorities.®

Isothermal Amplification Technologies

Molecular diagnosis in the laboratory settings by conven-
tional PCR methods needs to be swapped with Point-Of-
Care (POC) tests to increase test frequency and eliminate
prolonged turn-around time. Such a test facilitates rapid,
robust detection onsite in a cost-effective and user-friendly
manner. One such promising molecular point-of-care test
method includes Isothermal Nucleic Acid Amplification

Techniques.”®"

LAMP

Isothermal amplification methods allow the circumvention
of the need for sophisticated thermal cyclic equipment,
costly reagents and facilities, and time-consuming
steps of real-time RT-PCR. Reverse transcription
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Table 3 Recommended Plausible Sampling Sites by Several Studies for Real-Time RT-PCR
Sampling Sites Sample Size/Study Findings Reference
Participants
Sputum and nasopharyngeal swab 8274 patients Nasopharyngeal swab samples with the more precise [72]
result than sputum
Pharyngeal swabs 610 patients The variable and potentially unstable result from [73]
Pharyngeal swabs
Oral swabs, anal swabs, and blood 178 subjects Blood and Anal swab positive when oral swab negative at [75]
samples the later stage of infection
Nasopharyngeal swabs, sputum, blood, 132 patients Rate of positive in sputum higher at an early stage, the [236]
feces, and anal swabs digestive tract nucleic acid (fecal/anal swab) is found at a
later stage of infection
Nasal swab, throat swab, sputum 76 patients Sputum induction suggested being more helpful than [237]
throat swabs in convalescent patients
Bronchoalveolar lavage fluid, Pharyngeal | 1070 specimens from 205 Bronchoalveolar lavage fluid specimens with the highest [16]
swabs, blood, sputum, feces, urine, and patients sensitivity
nasal samples
Urine, blood, anal swabs, and 74 patients Sample collection from multiple sites suggested by the [70]
oropharyngeal swabs author.
Sputum, throat swab, urine, and stool 82 patients Viral load in sputum higher than throat swab, load in anal [12]
swab less than respiratory samples.
Nasopharyngeal swabs, oropharyngeal 291 specimens from 43 Sputum with the highest detection of SARS-CoV-2, [238]
swabs, and sputum patients Nasopharyngeal swabs, and oropharyngeal swabs with
similar yield
Saliva 200 specimens Saliva pooling as a plausible alternative method in [239]
ambulatory patients in a low prevalence setting.
Gargle lavage, Nasopharyngeal, and 50 patients Gargle lavage can be a viable alternative for swab sample [240]
oropharyngeal swab
Upper respiratory tract samples, lower | |13 studies with a median Viral load in sputum higher than the other upper [241]
respiratory tract samples, blood, and sample size of |5 patients respiratory tract sample at the early stage of infection
others in all studies

Loop-mediated isothermal amplification (RT-LAMP) is
one such alternative rapid nucleic acid amplification
method that can amplify DNA in 13-20 minutes by
using DNA polymerase strand displacement activity at
fixed temperature of 60—65°C while employing 4-8 spe-
cially designed primers.”> > Furthermore, reaction end-
point can be visually observed via photometry, where the
turbidity is caused by precipitation of magnesium pyro-
phosphate or fluorescent dye.’*”® The advantage of
detecting RNA directly from unpurified samples while
being a rapid, robust, and relatively simple test has made
it a method of choice for diagnosis of SARS-CoV-2.771%
In one study, primers specific for nucleocapsid genes were

found to detect 100 copies of RNA per reaction and were
regarded as most sensitive. RT-LAMP test reported by
Zhang et al virtually determined viral RNA at levels of
approximately 4.8 copies per pL, which was comparable
with rRT-PCR.'® Recently, a novel real-time RT-LAMP
assay has been developed with colorimetric versions per-
formed in a single tube. The assay shows high sensitivity,
a LOD of 118.6 copies/reaction, and reasonable specificity
regarding common respiratory viruses.”> Direct swab—to—
RT-LAMP assay has also been developed faster and con-
venient, with less sensitivity and robustness.'®> Multiplex
RT-LAMP coupled with lateral flow biosensor has been
exhibiting 100% specificity

devised, sensitivity and
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Genome RNA ]7 NAAT

Hemagglutinin esterase (HE)
Nucleocapsid (N)
Spike protein (S)
Cell culture,
Membrane protein (M)
Microscopy and
Envelop (E)
Antigen test
IgG Antibody
Serological tests
IgM Antibody

Figure 2 Simplified structure of SARS-CoV-2 and different tests based on viral RNA, proteins, and antibodies (ie, IgM and IgG) against viral antigens.

requiring 1 hour to attain results.'®® Several studies com-
paring RT-LAMP with rRT-PCR demonstrated >90% sen-
sitivity while being simple, reliable, and high-throughput
than conventional rRT-PCR methods.'%%-'0"~1%?

Rolling Circle Amplification-Based
Method

Rolling circle amplification (RCA) is another efficient
isothermal DNA amplification diagnostic method that
employs a target-mediated padlock probe (PLP) and high
fidelity DNA polymerase with strand-displacing capacities
phi 29 or Bst DNA polymerase.''®''? The method is
highly sensitive and robust amplifying signals by 10°
fold for each circle within 90 min.'""*'"* RCA and its
variations are combined with different detection systems
such as fluorescence detection, colorimetric assay, chemi-
luminescent assay, or electrical signal for target nucleic
acid detection.''>''¢ Its ultrahigh sensitivity at the femto-
molar level and specificity discriminating even single-base
variants and eliminating complex instruments make it an
attractive molecular diagnostic tool.''” Previously, RCA
was performed in liquid and solid phases for SARS-CoV
detection and applied to different biosensors to detect

other targets.''®'?! Recently, the Circular to Circular
Amplification (C2CA) strategy, a modification of RCA,
has been proposed as a promising technique to detect
SARS-CoV-2 viral RNA. The proposed approach claims
to achieve the detection limit at the sub-femtomolar level
through simplified operation compared to previously
reported C2CA-based sensors.'*

Other Isothermal Amplification Methods
Other
include

available isothermal amplification techniques

nucleic acid sequence-based amplification
(NASBA), recombinase polymerase amplification (RPA),
transcription-mediated amplification (TMA), multiple
strand displacement amplification (SDA), isothermal heli-
case-dependent amplification (HDA), all of which can be
used for nucleic acid detection.'?*'?* These varieties of
testing methodologies are easy to operate, requiring a heat-
block or water bath, providing constant temperature.'?’
Nucleic acid sequence-based amplification (NASBA),
known as self-sustained sequence replication (3SR), has
already been deployed in detecting different bacteria, para-
sites, and viral agents, including SARS-CoV.,'#*!1267134 A

testing approach has been proposed known as INSIGHT
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(Isothermal NASBA-Sequencing based hIGH-throughput
Test) for SARS-CoV-2 detection comprising testing at two
stages, Nucleic Acid Sequence-Based Amplification
(NASBA) at 41° C and Next Generation Sequencing
(NGS) technologies.'* This technique facilitates rapid
fluorescence read-out, or lateral-flow read-out, specific to
sequence at the first stage, further ascertained by NGS.
This method provides high accuracy, detecting 10-100
copies/reaction in crude saliva lysate. Recently, transcrip-
tion-mediated amplification (TMA) by Hologic Panther
(non-Fusion) Aptima platform demonstrated higher analy-
tical sensitivity (98%) and specificity (100%) for SARS-
CoV-2 detection in nasopharyngeal swab compared to RT-
PCR."¢

A diagnostic test based on recombinase polymerase
amplification (RPA), named Fast Isothermal Nucleic
Acid Detection (FIND), has been developed for COVID-
19 detection. RPA primers designed against both the N
gene and the S gene of SARS-CoV-2 can detect viral RNA
as low as two viral particles/uL."*” Another sensitive
approach introduced based on RT-RPA is reverse tran-
scription—enzymatic recombinase amplification (RT-ERA)
for SARS-CoV-2 identification at a low detection limit of
1 copy.'*® Recently, RT-RPA assay is reported having a
95% detection probability being one of the fastest detec-
tions by isothermal amplification method.'* In addition to
all, helicase-dependent isothermal amplification has also
been successfully implemented in various diagnosis pur-
poses, implementation of which is yet in its infancy for
SARS-CoV-2 detection.'*’

CRISPR-Based Diagnostics

Clustered regularly interspaced short palindromic repeats
(CRISPR) based nucleic acid detection can provide a rapid,
inexpensive, ultrasensitive diagnostic tool in point-of-care
diagnosis to detect pathogens and monitor the disease.'*!"'**
The CRISPR systems proposed in SARS-CoV-2 diagnosis
utilize collateral catalytic activity of different Cas enzymes
such as Cas 12, Cas-12a, Cas-13, and Cas-9 to detect target
RNA. Labeled nucleic acid specifically amplified with con-
ventional PCR or other isothermal amplification act as a
substrate for these effector molecules. crRNA guided Cas
enzymes, upon target recognition, cleave nucleic acid, and
produce detection signals which can be read out through
fluorescence visualization.'** 14

SHERLOCK and DETECTR are two CRISPR-based
SARS-CoV-2 commercial Kkits 148

SHERLOCK (Specific High Sensitivity Enzymatic

launched recently.

Reporter UnLOCKing) technology targets the S and
Orflab gene to identify the presence of COVID-19. The
system uses Cas 13, catalytically inactive, in the presence
of two or more mismatches in the crRNA target duplex.
This makes it more specific for the target pathogen and
eliminates any possibility of false positivity.'*’ DNA
CRISPR
an assay developed by Mammoth

Endonuclease-Targeted Trans
(DETECTR) is

Biosciences.'*® The gRNA of this system is designed to

Reporter

target the E region of three SARS-like coronaviruses (ie,
SARS-CoV-1, SARS-CoV2, and bat SARS-like corona-
virus) and the N region of SARS-CoV-2 specifically to
distinguish this virus with no cross-reactivity from others
and can detect ten copies of RNA/pL with 95% sensitivity
and 100% specificity.'*® On the other hand, Lucia et al
used the same enzyme system targeting RdRp, ORF1b, and
ORFlab genes of SARS-CoV-2."*’ Another CRISPR-Cas-
based detection system reported is FELUDA, an acronym
for FnCas9 Editor Linked Uniform Detection Assay.'*®'°
FnCas9 is an ortholog that can recognize mismatches
within DNA with high sensitivity. FELUDA uses this
property for identifying conserved regions (NSP8 and
Nucleocapsid phosphoprotein) of SARS-CoV-2.

Ding et al described a system that combines a pair of
Casl2a-crRNA complexes and RPA amplification compo-
nents within a single reaction to detect both HIV-1 and
SARS-CoV-2, named All-in-One Dual CRISPR-Casl2a
(AIOD-CRISPR) Assay.'**!*! The all-in-one reaction sys-
tem without the prerequisite preamplification step makes it
advantageous over other CRISPR-based detection systems.
Another attractive point of this technique is the use of dual
CRISPR RNA that enhances assay sensitivity. The test can
detect as low as 1.2 copies of DNA targets and 4.6 docu-
ments of RNA targets in 40 min. The report claims that
AIOD-CRISPR can be developed as one-step RT-AIOD-
CRISPR with the addition of AMV reverse transcriptase to
detect RNA targets without cDNA preparation.'**

Microfluidic Biochip or Lab-on-a-Chip
Technology

Various types of biochip or lab-on-chip-based techniques
are used to detect pathogenic bacteria and viruses in POC
settings.'>* Centrifugal microfluidic biochip or centrifugal
microfluidic bio disk, a type of lab-on-a-chip technology
known as lab-on-a-disc, is a handy diagnostic tool for
virus detection. This type of microfluidic biochip can
incorporate sample preparation, reactions, and detection
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of nano-size molecules on a micron-scale chip. In this
assay, molecules are separated by centrifugal force fol-
lowed by viral lysis using chemical and physical methods
to release genomic and proteomic materials. The viral
RNA is then amplified using various amplification meth-
ods. Tools interpret results based on binary or quantitative
assessment of the genomic contents. A change visualizes
the interpretation within the reaction chamber (color
change) or electrochemical assessment.'>® A recent study
by Zhuang et al showed Filmarray™, a BioFire™ micro-
fluidic assay device that combines nucleic acid extraction,
purification, and PCR amplification a single chip, provide
results with precise detections.'>* Previously, the device
was used for Ebola Virus detection.'”> The FDA recently
provided EUA with a COVID-19 test kit based on the
microfluidic technology.'>*

Detection of SARS-CoV-2 by microfluidic technology
has made significant progress with improved LOD, time,
and speed along with high sensitivity and high specificity.'>®
Microfluidic assays’ advantages are primarily little reagents,
and samples required to quickly obtain precise results, mak-
ing it suitable for POC."**!>* Meticulous sample preparation
requiring enrichment and avoidance of contamination for

results are the limitations

157

accurate hindering its

adaptation.

Immunoassay-Based Detection

Immunoassay tests detect the presence of a particular anti-
body or antigen in the biological specimen, such as blood,
serum, saliva, urine, sputum, and others from individuals.
These tests are of utmost importance in defining a person’s
immune status (present or past infection) irrespective of
symptoms development.'>®'>® Although the ongoing pan-
demic rRT-PCR is considered the reference standard to
diagnose COVID-19, serological analysis is crucial to
identify patients with a viral load below the rRT-PCR
detection limit.'**'® Serosurveillance at the population
level is critical for public health response in pandemic
situations and the successful implementation of a vaccine
program.'®* Furthermore, in the present pandemic, immu-
noassays play a pivotal role in measuring immune
response, tracing contact transmission, and defining dis-
ease burden and disease scope.'®"'%> A rapid antigen test
with higher predictive value has been suggested for
screening strategy.'®° Still, indirect diagnosis by antibody
testing is more useful in this situation as it provides a more
considerable window period than antigen testing in identi-
fying the disease.'® The new coronavirus generates

specific antibody responses against two major SARS-
CoV-2 structural proteins: Nucleocapsid (N) protein and
Spike (S) protein, subsequently making them important
targets for developing serological testing.'®”1¢®

The spike is a class I glycoprotein, consisting of S1 and
S2 subunit. S1 containing receptor-binding domain (RBD)
is responsible for recognizing host ACE-2 receptors, while
S2 is responsible for fusion.'®” Although hACE-2 is the
entry receptor for SARS-CoV-2, an array of protease and
kinase enzymes such as TMPRSS, TPC2, PIKFYVE, and
CTSL are also significant for viral entry.'**!”* Alternative
receptors, such as CD147 and integrins, have been reported
as well.'*>!”! Serum antibody response is mainly generated
against N and different spike proteins.'®*'®* The different
dynamics of specific IgA, IgG, and IgM responses
(Figure 3) have been reported with a recent study suggest-
ing that IgA dominates early humoral response against
SARS-CoV-2 with a significant contribution towards virus
neutralization albeit at a low level, decreasing after only one
month of presentation.'>!>%19%-1%:172 [6G and IgM serocon-
versions occur in the first week or within 20 days after
symptom onset. Three types of seroconversions are
observed: (i) IgG and IgM develop simultaneously, (ii)
IgG comes earlier than IgM, (iii) IgM comes earlier than
IgG.">® While the IgM level reaches its peak in the second
week and goes into decline, IgG continues its increase into
the third week, attaining 100% seroconversion while per-
sisting for three months.'®*'**!%% If combined, IgG and
IgM against both spike and nucleocapsid can detect up to
75% of patients within the first week.'®®

Four major types of immunoassays are utilized for
serodiagnoses of SARS-CoV-2 are enzyme-linked immu-
nosorbent assay (ELISA), automated chemiluminescence
immunoassay (CLIA), lateral flow immunoassay (LFIA),
and the neutralizing antibody assay. These assay methods
target a particular protein antigen, total antibody, or all
isotypes simultaneously and provide quantitative, qualita-
tive, or semi-qualitative data.

Commercially manufactured serology tests to detect
SARS-CoV-2 antibodies are available through healthcare
providers and professional laboratories and many of them
have been recently certified by the US Food and Drug
Administration. EUA issued Anti-SARS-CoV-2 ELISA
(IgG) developed by EUROIMMUN US Inc. is a widely
used ELISA kit to detect SARS-CoV-2 antigen S1 specific
IgG, showed sensitivity 50-100% sensitivity and 98.5%
specificity. Several other serology tests were approved by
FDA like VITROS Immunodiagnostic Products Anti-
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IeG
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Figure 3 Expression of viral RNA load and antibody titer (IgA, IgM, and IgG) in patients over 30 days.

SARS-CoV-2 Pack (Ortho Clinical
Diagnostics, Inc.) adopting CLIA technique, RapCov

Rapid COVID-19 Test (ADVAITE, Inc.) following lateral
173,174

IgG Reagent

flow technique, etc.

BD Veritor™ System (Becton, Dickinson, and
Company) adopting Chromatographic Digital
Immunoassay, LumiraDx SARS-CoV-2 Ag Test

(LumiraDx) pursuing microfluidic technique and most
widely used Sofia SARS Antigen FIA manufactured by
Quidel Corporation following lateral flow assay, are some
FDA accredited serological antigen tests. All of them
identify SARS-CoV-2 nucleoprotein showing sensitivity
95-100%.'"

Enzyme-Linked Immunosorbent Assay
ELISA is broadly used as a serological test to detect COVID-
19 positive patients. These methods use an antigen-antibody-
substrate binding concept to detect specific IgA, IgM, and/or
IgG against S (mainly RBD) and/or N viral proteins of
SARS-CoV-2 as these are highly immunogenic, being the
target of many neutralizing antibodies.'”> "

Commercial ELISA kits incorporating the double-anti-
body sandwich immunoassay principle are used to detect
SARS-CoV-2 IgM and IgG.'”®!'”® Table 4 lists examples
of available kits for both research use only (RUO) and in-
vitro diagnostics (IVD). However, only a few have
received Emergency Use Authorization (EUA) from the
US Food and Drug Administration (FDA). IgG and IgM
ELISA kits diagnose the body’s immune status and the
past infection, respectively, whereas IgA ELISA Kkits
detect early disease.”>'*!7?

In addition to antibody detection kits, many commer-
cial kits for detecting SARS-CoV-2 pathogens have been
developed. A commercial ELISA kit designed by Sino

Biological for SARS-CoV-2 antigen detection is based on

82,158,172,176,236

the principle of SARS-CoV-2 Spike RBD protein detection
by capturing it with HRP labeled anti-SARS-CoV-2 Spike
RBD monoclonal antibody.'®%'®!

Serum investigation using ELISA provides conveni-
ence for determining the actual morbidity and infection
status in the population. Furthermore, the ELISA techni-
que’s fast, accurate, and highly sensitive results can also
be used to map antibody reaction kinetics against SARS-
CoV-2.5¢182183 Though ELISA kits can test multiple sam-
ples in a single run, they lack point-of-care applicability.
The nonspecific binding of the antibody or antigen to the

plate may lead to false high-positive results.'®*

Chemiluminescence Immunoassay (CLIA)
CLIA is a variation of enzyme-linked immunosorbent
assay employed in serodiagnosis of SARS-CoV-2. Due to
its high concordance with ELISA, the capacity to test a
large volume of sample, high detection sensitivity (100%)
for total antibody, this automated system is an attractive
choice of the assay in outbreak situations.'’®'®> Numerous
studies have used CLIA to assess dynamic antibody
response against SARS-CoV-2."%1857193 Taple 4 lists cur-
rently available commercial and laboratory-developed che-
miluminescence assays. RBD, S, N, S+N, and S1+S2 are
used as capturing agents to detect specific serum antibo-
dies in COVID-19 patients.'®>'87"1% Studies validated
and assessed these serological assays’ clinical performance
by analyzing the humoral response against SARS-CoV-2.
Inadequate sample size, the anomaly of sample distribu-
tion, lack of data on cross-reactivity, the inconsistent time
interval of sample collection is some of the limiting factors
of these studies.'8>189-191.193

Zhang et al used a commercial CLIA to study 736 sub-
jects to observe the rising level of serum immunoglobulins
along with discase progression.193 Receiver operating
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characteristic (ROC) curve analysis gave a value of 0.988
and 1.000 for IgM and IgG, respectively, indicating higher
diagnosis accuracy. The kit detected SARS-CoV-2 with high
sensitivity and specificity with no cross-reaction from other
respiratory viruses. Suhandynata et al executed a longitudinal
study to evaluate Diazyme SARS-CoV-2 assay efficiency to
analyze the seroconversion rate of IgM and IgG in acutely ill
patients.'”" Seropositivity was observed following confirmed
positive PCR results. A low sensitivity was observed in the
first week, but a better one (94.4%) for both immunoglobu-
lins (Ig) was reported in the second week. After 15 days from
symptom onset, IgG’s sensitivity increased slightly (94.7),
and IgG/IgM reached 100%, though a reduction was
observed for IgM (89%). The report noted high specificity
for three different panels of Ig and no cross-reaction with
other pathogens.

Two different studies assessed the SNIBE “MAGLUMI”
CLIA System’s analytical performance.'®>'*" Padoan et al
reported that the assay’s reproducibility was not consistent
with the manufacturer’s claim. Still, detection sensitivity was
100% and 88% for IgG and IgM, respectively, at the later
phase of infection (>12 days for IgG).'*® The study suggests
that a cut of value refinement may increase IgM sensitivity,
and IgG+IgM combinations may increase detection sensitiv-
ity at the early stage of infection. Antibody kinetics was
consistent with other data. Lippi et al utilized the same
system to perform a comparative analysis between
MAGLUMI CLIA and Euroimmun Anti-SARS-CoV-2 IgA
and IgG ELISA.'™ The study reports 90% similarities
between these assays, regardless of using different immuno-
globulin targets. Jin et al used CLIA to compare serological
and molecular diagnostic values and dynamic variance in
serum antibody.'®” When compared to molecular detection,
IgG and IgM detection specificity was 90%. A combination
of serology and molecular diagnosis revealed a dilutive dif-
ference in immunoglobulin titer before and after conversion
to virus-negative status. Bryan et al did a performance ana-
lysis on the Abbott CLIA kit for the Abbott ARCHITECT
platform that revealed an optimum threshold index for 100%
sensitivity and specificity for the commercial kit.'”® A com-
parative analysis on RBD and N based CLIA demonstrated
that RBD as an immobilized antigen works better than N.'*’
The study insisted on the importance of IgA in the serological
analysis of COVID-19. Inclusion of IgA with IgG in serolo-
gical testing yield a higher accuracy (sensitivity, specificity,
and overall agreement elevate to 99.1%, 100%, and 99.7%,
respectively) than the current reference standard (RT-PCR,
>70% sensitivity) and the presence of IgA correlates with

severity of the disease. Lin et al used N antigen-based CLIA
to detect IgM and IgG reactivity, which showed higher
sensitivity (82%) than the same N-based ELISA system
while the specificity for IgG and IgM detection was 98%
and 81%, respectively.'® Cai et al have reported a peptide-
based Magnetic Chemiluminescence Enzyme Immunoassay
(MCLIA) to detect IgG and IgM with a 71% and 57%
sensitivity, respectively.'®* If both are combined, detection
sensitivity is enhanced to 81%. The study screened 20 dif-
ferent biotinylated synthetic peptides from orfla/b, nucleo-
capsid (N), and spike (S) proteins and demonstrated a better
result for spike antigen. Luciferase immunoprecipitation sys-
tem (LIPS) assay, a liquid phase immunoassay technique, has
also been highly sensitive in detecting the SARS-CoV-2
antibody. The advantage of this assay is that protein remains
in its native form.'%°

A chromatographic digital immunoassay was devel-
oped to detect SARS-CoV-2 antigen (ie, nucleocapsid
proteins) directly from the nasal swab with 96.6% specifi-
city and 97.6% sensitivity.'”” Another FDA-approved kit
based on Microfluidic immunofluorescence assay also
detects the viral nucleocapsid antigen; however, it cannot
differentiate between SARS-CoV and SARS-CoV-2

antigens.'”®

Lateral Flow Assay

The lateral flow immunoassay technique has been a popular
diagnostic tool in recent years for its low-cost, low limit of
detection, rapid, sensitive, and specific diagnostic
capabilities."” In the rapidly emerging SARS-CoV-2, lat-
eral flow technique can play a crucial role in the faster
diagnosis of suspected patients and proper isolation.
Thousands of lateral flow assay kits have been developed
since the emergence of SARS-CoV-2. Still, critical assess-
ment of the sensitivity and specificity limits their use, as
being a POC, false-negative results would augment the
catastrophic situation by further disseminating this virus.
A lateral flow technique was developed to detect antibodies,
eg, both IgM and IgG in whole blood/serum/plasma against
the SARS-CoV-2 virus had a sensitivity and 88.66% speci-
ficity 90.63%, respectively.”®  Another research group
developed a lateral flow assay based on colloidal gold
nanoparticle to identify human IgM against SARS-CoV-2
infection. The nucleoprotein of SARS-CoV-2 was coated on
the device strips, and compared to the rRT-PCR result, the
test has a sensitivity of 100%, although the specificity was
93.3%. Small sample requirements (10-20 pL) and the
quick result (15 min) made this technique unique.201 A
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CRISPR-Cas12 based lateral flow assay was developed,
which uses respiratory swab instead of blood. A positive
result detects the N gene or £ gene in the extracted viral
RNA used in this technology. It is a faster visual alternative
method to rRT-PCR assay with a 95% positive and 100%
negative predictive agreement.'** Additionally, four differ-
ent lateral flow techniques (ASK COVID-19 IgG/IgM
Rapid Test, ALLTEST 2019-nCoV IgG/IgM Rapid Test,
Wondfo SARS-CoV-2 Antibody Test, and Dynamiker
2019-nCoV IgG/IgM Rapid Test) showed 100% sensitivity
and specificity for IgM and IgG antibody against SARS-
CoV-2 detection after three weeks of symptom onset.'”*
Recently, FDA has approved a few SARS-CoV-2 rapid
antigen detection kits such as Sofia SARS Antigen
Fluorescent Immunoassay (FIA) for quicker diagnosis of
COVID-19. It uses a lateral flow method coupled with an
advanced immunofluorescence technique for the detection
of SARS-CoV-2 antigen in nasal or nasopharyngeal swabs.
Within 15 minutes, the result can be obtained with a
96.7% favorable percent agreement (PPA) and a 100%

negative percent agreement (NPA).' 3%

Neutralization Assay

Neutralization assays can detect antibodies that inhibit
viral infection, thus neutralizing them.>*® The results are
observed by detecting the cytopathic effects of viral repli-
cation in cell lines. It plays a crucial role in the clinical use
of convalescent plasma and, in the long run, vaccine
development. Recently two types of neutralization assays
have been reported, pseudovirus neutralization assay and
micro-neutralization assay for SARS-CoV-2.

Pseudovirus-Based Neutralization Assays
(PBNA)

Pseudoviruses are recombinant viral particles containing
the core or backbone and envelope proteins acquired from
two different viruses.?’* They are crucial virologic tools
for studying emerging and reemerging viruses.’*
Pseudotyping involves exchanging a viral attachment pro-
tein with a different virus, for example, vesicular stomati-
tis virus G glycoprotein (VSV-G), the most common
glycoprotein used in the retroviral and lentiviral vectors.
Pseudotyping has many advantages: efficient delivery to a
wide range of cell types increased vector stability and
increased infectious titer.”>*°® A pseudovirus neutraliza-
tion assay developed by Nie et al detects SARS-Cov-2
constructed pseudoviruses with spike genes from Wuhan-

Hu-1 (GenBank) strain. The results showed high potency
of neutralization against SARS-CoV-2 pseudovirus when
the convalescent sera of COVID-19 patients were tested.
PBNA are advantageous over the virus-based approaches
due to their versatility and safe-handling and easy treat-
ment. The versatility of pseudovirus is accomplished by
virus pseudotyping with proteins.’***°” PBNA is a sensi-
tive, precise, reproducible, and less labor-intensive
method. The result, however, may vary with variation in
the pseudovirus inoculum. Fixing the dose of the pseudo-
viruses is essential to yielding comparable results between

different labs.?%%

Microneutralization Assay

Microneutralization assay is an essential test in the field of
immunology, vaccine development, and epidemiological
studies.’**!" Neutralization assay is one of the most
widely used methods for detecting virus-specific neutraliz-
ing antibodies.?'* This assay depends on cell culture, hav-
ing the ability to detect biologically active antibodies.*"
SARS-CoV-2 viruses are cultivated in a particular cell line
(ie, VERO cell lines, VERO E6 cell lines, and Huh-7 cell
line set) heat-inactivated human serum samples of differ-
ent dilutions are incubated with viruses harvested from
those cell lines.?'" The dilution provides comparability of
different sera to neutralize the viruses. The titer of neutra-
lization is expressed as the reciprocal of the highest dilu-
tion, which blocks virus infection. The colorimetric
analysis is done after three days of incubation. Maximum
serum dilution is considered the neutralization titer
showed by an optical density (OD) value more significant
than the cut-off value. After four days of incubation, CPE
(Cytopathic Effect) read-out is taken as the neutralization
titer is considered the maximum serum dilution, which
protects more than 50% of CPE cells. Manenti et al and
Amanat et al developed micro-neutralization assays to
detect SARS-CoV-2 viruses
Manenti et al used commercial SARS-CoV-2 antigen for

for research purposes.

the detection of neutralizing antibodies. On the other hand,
Amanat et al used commercial SARS-CoV-2 viruses to
establish microneutralization assay.”'* The assay’s main
advantage is quantifying the antibody titer that specially
neutralizes or blocks the SARS-CoV-2 viruses.*'

neutralization assay’s main advantage is to quantify the

Micro-

antibody titer that essentially neutralizes or block the
SARS-CoV-2 viruses.?'" This is also used to produce
active and precise neutralizing antibodies at a high con-
centration and development of the vaccine. The major
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drawback of this method is transfection, which kills the
majority of the cell. However, a successful assessment
requires 90% to 95% viable cells. Moreover, the technique
is time-consuming, making it inconvenient to tackle the

emergency.”"

Sequencing-Based Methods
The advent of Next-generation sequencing (NGS) technol-
ogies facilitates effective and high-throughput screening of
large numbers of samples.?'® The technology can identify
a diversified array of microbes in a single sample without
any previous knowledge. This makes it ideal for the rapid
diagnosis of COVID-19 patients by detecting SARS-CoV-
2 along with background microbiomes. Metagenomic
NGS provides a novel solution for detection, typing, muta-
tional analysis, epidemiological and surveillance studies,
and comprehension of the host immune response against
the SARS-CoV-2.54210:217

MinlION based sequencing is being used for the identi-
fication of SARS-CoV-2 within 10 hours in nasopharyn-
geal swabs of infected patients by the ISARIC 4C
consortium.?'® It employs two complementary techniques,
an amplicon-based system and a metagenomic approach,
to identify and sequence of SARS-CoV-2. The former
method, a set of primers targeting conserved regions,
was exploited to amplify the SARS-CoV-2 genome with
an approximately 200 base pair overlap allowing sequence
assembly for about 1000 base-paired sequential fragments.
For the
sequence-independent
(SISPA) was used.?'®

Illumina has recently devised two methods for the

metagenomic approach, amplification by

single primer amplification

SARS-CoV-2 detection, namely shotgun metagenomics
approach and target enrichment approach. The shotgun
approach includes sample preparation, library preparation,
sequencing, and analysis, while the target enrichment
approach is used to reduce the amount of data to be
analyzed. The latter can identify coronavirus and other
respiratory viruses in a sample using the Respiratory
Virus Oligo Panel.”'’ The two approaches mainly differ
in the number of reads required per piece for analysis. The
former requires a minimum of 10 million reads per sam-
ple, while the latter requires 0.5 million reads to achieve
acceptable results.?"’

Ion Torrent, a next-generation sequencing developed
by ThermoFisher Scientific, based on amplicons ranging
from 125 bp to 275 bp in length, is a fast and rapid system
typing.”?°  Additionally,

circumventing  coronavirus

Nanopore technologies provide a platform for metage-
nomics and meta-transcriptomic analysis of SARS-CoV-
2, providing valuable information regarding co-infections
that may aggravate the COVID-19 outcomes. These tech-
nologies include the base reading of DNA by retrieving
changes in current as DNA passes through the tiny, small
pores providing robust, fast, and effective diagnosis com-

pared to POC applications.?*°

Forthcoming Technologies Under
Development

Aptamer-Based Detection

Aptamers have recently been used as targets for rapid viral
detection and therapeutic purposes and have been advocated
to have great potential in coronavirus pandemic.??'**? These
short artificial nucleotides can bind to SARS-CoV-2 RBD
with high affinity employing an ACE2 competition-based
selection strategy. The inhibitory capacity of anti-RBD apta-
mer has the potential to be a treatment of COVID-19.
Furthermore, Chen et al designed a DNA aptamer-based on
SARS-CoV detect SARS-CoV-2
nucleoprotein.”* In the study, the aptamer’s binding affinity

nucleoprotein  to

was evaluated with enzyme-linked aptamer binding assay
(ELAA). Though the biomolecule’s small size makes it a
stable target with minimum cross-reactivity, its diagnostic
performance is yet to be evaluated.***

Another RNA aptamer-based rapid detection system is
SENSR, a ligation-dependent molecular technique utiliz-
ing SplintR ligase and T7 RNA polymerase for target
RNA amplification and transcript detection by fluores-
cence read-out.”** The method allows detecting a broad
range of pathogens, including the novel coronavirus, with
a low detection (0.1aM) in a one-step reaction.”**

Molecular Imprinting Technology (MIT)-

Based Detection

Molecular imprinting polymer (MIP), which utilizes mole-
cular imprinting technology (MIT), can be employed as a
diagnostic tool by binding to predictable structure with
high affinity and specificity, analogous to the “Lock and
Key” model of enzyme-substrate recognition.””> A rapid
point-of-care detection kit based on MIP has been pro-
posed, which utilizes a combination of MIP-based sensor
and SARS-CoV-2 specific aptamer to detect SARS-CoV-2
with high specificity.”*> Similarly, Puoci et al also devel-
oped a hemocompatible MIP-based “monoclonal type”
antibody that can selectively bind with SARS-CoV-2
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RBD, rendering them useful as sensors for COVID-19

diagnosis and therapeutics.*¢

Microarray

A microarray is a multifunctional tool employed for
retrospective Search of SARS-CoV-2 in Human Fecal
Metagenomes in diagnostics, research, and epidemiologi-
cal studies. The technique allows studying the genomic
behavior of pathogen, immunogenic response to different
disease phases, antigen—antibody interactions, cross-reac-
tivity between species, and target proteins used as bio-
markers in a single platform.??’?° Wang et al described
a proteome microarray that mapped out SARS-CoV-2
specific antibody response at the amino acid level.”*’
Array analysis revealed that commercial antisera against
SARS-CoV proteins could be used as a marker for
SARS-CoV-2.*7 A comparative study between respira-
tory viruses, including SARS CoV-2, used microarray to
define the differences in pathogen-specific antibody pro-
file and optimal antigen selection for diagnosis and vac-
beta
coronaviruses may decrease test specificity when S2 is

cine development. Cross-reaction with other

used as a target antigen but combining S2 with N

enhances its predictive value of diagnosis.**’

Biosensors

Biosensors are advanced rapid diagnostic techniques for
biomolecules, such as protein, glucose, and other analytes
or pathogens, detection.*° These are highly portable, sim-
ple, and of low cost.>*® Several studies provided evidence
for the convenience of the technology in SARS-CoV-2
detection. Field-effect transistors (FET) are such devices
fabricated as a biosensing detector of SARS-CoV-2.%*!
The device’s surface was primarily coated with graphene
and then conjugated with the anti-spike antibody of SARS-
CoV-2 via a molecular probe linker (eg, 1-pyrene butyric
acid N-hydroxysuccinimide ester). This could successfully
detect 1 fg/mL and 100 fg/mL of SARS-CoV-2 spike
protein in phosphate buffer saline and clinical transport
medium, respectively. The device had a limit of detection
(LOD) of 1.6 x 10" pfu/mL and 2.42 x 10*> copies/mL,
respectively.

Similarly, another research group developed a biosen-
sor technique to detect SARS-CoV-2 spike protein (S1)
based on bioelectric recognition assay.”**> This novel bio-
sensor detected SARS-CoV-2 within 3 min with a LOD of
approximately 1 fg/mL, without any cross-reactivity to
SARS-CoV-2 nucleocapsid protein. The portable read-out

system of this ready-to-use biosensor platform can be
controlled with a smartphone or tablet. Murugan et al
proposed another portable field-deployable biosensor
based on plasmonic fiber-optic absorbance. The design
demonstrated a wash free, one-step detection of SARS-
CoV-2 proteins using saliva samples where the LOD was
107"® M (attomolar).”®® SARS-CoV-2 can be efficiently
diagnosed wusing the Fiber Optic Surface Plasmon
Resonance (FO-SPR) biosensor system. The FO-SPR,
employs both immunoassay and aptamer-based strategy
to the biosensor-based technique.

Other/Combined Diagnostic

Methods

Rocca et al detected SARS-CoV-2 from nasopharyngeal
swabs by combining multivariate analysis to MALDI-
TOF Mass Spectrometry. It can be used as a comple-
mentary detection tool.>** A surface-enhanced Raman
scattering (SERS) based diagnosis combined with multi-
variate analysis was studied.”>> The method includes
silver nanorods, which were functionalized on a silicon
surface, and angiotensin-converting enzyme 2 (ACE2)
was conjugated over the silver-nanorod SERS (SN-
SERS) decorated as ACE2@SN-SERS array. The bind-
ing of the spike protein RBD of SARS-CoV-2 with the
surface ACE2 ultimately generates SERS signals.
SARS-CoV-2 was detected by identifying a potential
spectral intensity where most peaks interestingly show
a shift from 1189 to 1182 cm '**° These technologies
(Table 5) thus hold a promising opportunity to explore
the impediments faced in detecting SARS-CoV-2.

Summary and Future Perspective

Present worldwide circumstance draws attention to the
fact that laboratory diagnosis is crucial in public health
response to curb SARS-CoV-2 infection which has
been continuously emphasized by the health authorities
around the world. Various testing systems have been
developed, compared and contrasted to assess the test
eligibility for successful disease control, but a single
quick, accurate and cost-effective method with ade-
quate sensitivity has been difficult to ascertain with
all benefits and drawbacks of each strategy. The current
review looks at the diagnostic technologies that either
have already been implemented or are under develop-
ment. COVID-19 diagnostic systems are based on four
major principles: Cell culture and microscopy, imaging
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Table 5 Proposed Technologies Under Development for SARS-CoV-2 Diagnosis
Technology Manufacturer Capturing Agent Target Reference
Aptamer based detection Laboratory developed Anti-RBD aptamer RBD [282]
DNA aptamer N [223]
RNA aptamer RNA transcript [224]
Molecular Imprinting Technology Laboratory developed Plastic monoclonal type antibody Spike protein [283]
Microarray Laboratory developed SARS-CoV 2 proteome 1gG + IgM [227]
Coronavirus + respiratory virus antigen 1gG/IgA [229]
Biosensor Laboratory developed | Cell-based biosensor + Spike S| antibody SI [232]
FET + Anti-spike protein Spike protein [231]
P-FAB + anti-N protein N protein [233]
Surface-enhanced Raman scattering (SERS) | Laboratory developed SN-SERS+ ACE2 RBD [235]

Abbreviations: FET, field effect transistor; P-FAB, plasmonic fiber optic absorbance biosensor; ACE 2, angiotensin-converting enzyme-2.

systems, nucleic acid-based detection, and immunoas-
say, though each has its advantages and disadvantages
(Table-6). While cell culture and microscopy are
important for a deeper understanding of the evolving
novel coronavirus and its relationship with the host
cell, these systems entail expensive criteria, which
hardly makes it an optimal cost-effective diagnostic
method. Imaging examinations have been very useful
at the onset of the pandemic in detecting unknown
pneumonia, but common respiratory viral pneumonia
features make this a conditional approach for determin-
ing disease seriousness rather than a standard diagnos-
tic method. Most commercial systems for COVID-19
detection are mainly based on the molecular and immu-
nological techniques, with rRT-PCR being used in the
front line. rRT-PCR is a very sensitive and specific
technique that can identify viral RNA from very
small sized sample input. But expensive instruments
and facilities, trained human resources and a definite
window period to achieve accurate results make it a
little disadvantageous for an emergency situation. In
contrast, isothermal NAATs and CRISPR technologies
are getting utilized for advancement of rapid, POC
testing that may reduce the dependency on rRT-PCR
tests. Immunoassays are the other diagnostic tools that
are dominating the COVID-19 diagnostic market after
the gold standard rRT-PCR. Numerous commercial and
laboratory-based immunoassays have been reported,
but many of these reports lack the relevant validation

data, which is critical for defining test sensitivity and
specificity. Despite the drawbacks, immunoassays offer
a powerful tool for dramatically reducing COVID-19
cases. It has the advantage of identifying both sympto-
matic and asymptomatic patients. Therefore, it can be
used in conjunction with or complementary to RNA-
based tests to increase diagnostic sensitivity. Moreover,
immunoassays can be useful for contact tracing, study-
ing seroprevalence and dynamics of an immune
response against the virus. The world has moved
toward vaccination, and more than four vaccines have
already been in clinical use. Immunoassays will be
required to evaluate these wvaccine’s effectiveness.
Hence, it is essential to assess these immunoassay
kits properly before approving for a community.
Besides these conventional methods, microarray, apta-
mer, MIP and biosensor-based methods still under
development should be evaluated to determine their
effectiveness in urgent conditions. Even though vacci-
nation programs have started, and reports have shown a
slight reduction in disease severity, SARS-CoV-2 being
a positive-strand RNA virus creates the continuing
possibility of a recurrence of the previous situation.
Before an efficient, commercially viable vaccine is
successfully introduced, rapid POC tests based on
molecular and immunoassay are still of great impor-
tance to deal with the challenges of COVID-19 disease
containment. Further insights are yet to be addressed to

unveil the epidemiological, immunological, genomic,
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and proteomic features of the novel virus that might
bolster the implementation of techniques under devel-
opment for COVID-19 diagnosis.

Article Highlights

e Multi-faceted pathophysiologic behavior of SARS-
CoV-2 makes it difficult for the physicians to draw a
universal outline to manage the patients with COVID-
19.

e Early diagnosis and isolation of the carriers from their
neighbor are believed to flatten the disease mortality
curve.

e Choosing rapid and accurate diagnostic kits, and their
widespread implementation is critical for policymakers
to rein in the pandemic as long as an effective and safe
vaccine has not been established and provided to the
masses.

e In this COVID-19 outbreak, initial detection and charac-
terization were performed in cell culture laboratories fol-
lowed by whole genome sequencing, but according to
WHO, culturing of SARS-CoV-2 has only been approved
in BSL-III laboratories, making cell culture-based detec-
tion mostly impractical and expensive, prohibiting its
implementation in resource lacking countries.

e Radiological tools such as X-ray, CT-scan are effective
for the diagnosis as well as prognosis.

e Nucleic acid amplification tests (NAATSs), such as rRt-
PCR, isothermal amplification techniques, CRISPR-Cas,
and micro-fluidic systems, on the other hand, are consid-
ered the most convenient tools for diagnostic purposes.

e The advantage of immunoassay kits is that they can
cover both the patient and viral windows using antibody
and antigen tests.

e Prospective techniques such as aptamer, biosensors,
microarrays, MALDI-TOFs, and others, alone or in
combination, show promising outcomes in COVID-19
diagnosis.
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