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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic has highlighted the cardinal importance of
rapid and accurate diagnostic assays. Since the early days of the outbreak, researchers with dif-
ferent scientific backgrounds across the globe have tried to fulfill the urgent need for such
assays, with many assays having been approved and with others still undergoing clinical valid-
ation. Molecular diagnostic assays are a major group of tests used to diagnose COVID-19.
Currently, the detection of SARS-CoV-2 RNA by reverse transcription polymerase chain reaction
(RT-PCR) is the most widely used method. Other diagnostic molecular methods, including
CRISPR-based assays, isothermal nucleic acid amplification methods, digital PCR, microarray
assays, and next generation sequencing (NGS), are promising alternatives. In this review, we sum-
marize the technical and clinical applications of the different COVID-19 molecular diagnostic
assays and suggest directions for the implementation of such technologies in future infectious
disease outbreaks.

Abbreviations: Cl: confidence interval; COVID-19: coronavirus disease 2019; Cas: CRISPR-associ-
ated endonuclease; CRISPR: clustered regularly interspaced short palindromic repeats; crRNA:
CRISPR RNA; DETECTR: DNA endonuclease-targeted CRISPR trans reporter; MAP: mobile analysis
platform; MERS-CoV: Middle East respiratory syndrome coronavirus; NGS: next generation
sequencing; NP: nasopharyngeal; NW: nasal wash; OP: oropharyngeal; ORF: open reading frame;
PCR: polymerase chain reaction; POC: point of care; RT-LAMP: reverse transcription loop-mediated
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Introduction

The recent coronavirus disease 2019 (COVID-19) out-
break caused by SARS-CoV-2, which initially originated
in Wuhan, Hubei province of China in December 2019,
has since spread globally. The causative agent, SARS-
CoV-2, is a single-stranded RNA virus that is spread pri-
marily via droplet transmission but that can also display
airborne transmission under certain circumstances [1,2].
This infection has a variable clinical presentation rang-
ing from asymptomatic carrier state to fulminant
respiratory failure. Dry cough, fever, and shortness of
breath are the most common symptoms of COVID-19
[3]. It has been shown that asymptomatic and pre-
symptomatic carriers play an important role in the
transmission of SARS-CoV-2 [4,5]. This highlights the
importance of the widespread availability of accurate

and efficient diagnostic assays to identify those infected
so as to help control further spread of infection.
Currently, two major categories of diagnostic assays
are commercially available for diagnosing SARS-CoV-2.
The first group of assays identifies the viral RNA using
molecular techniques that are based mostly on poly-
merase chain reaction (PCR) or nucleic acid hybridiza-
tion. The second group are immunological assays that
detect either antibodies that are produced in response
to the infection or antigenic proteins. Laboratory-based
SARS-CoV-2 molecular assays are currently the refer-
ence standard for the diagnosis of this infection [6].
However, point-of-care diagnostic tests and technolo-
gies are emerging. In this review, we provide an over-
view of the molecular diagnostic assays used to
diagnose COVID-19, describe their importance in the
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control of this pandemic, and highlight the application
of such assays in potential future infectious dis-
ease outbreaks.

SARS-CoV-2 genome and structure

SARS-CoV-2 belongs to the Coronaviridae family of the
Nidovirales order [1]. The viral genome was first
sequenced using deep meta-transcriptomic sequencing
of the bronchoalveolar lavage fluid of a 41-year-old
man who was admitted to the Central Hospital of
Wuhan due to pneumonia of unknown etiology
(Genbank: MN908947). The viral genome, which is
approximately 30 kb in size, is a positive single-stranded
RNA with a 5’-cap and a 3’-poly-A tail [7]. It contains 14
open reading frames (ORFs) encoding different replica-
tion, structural and nonstructural accessory proteins. At
the 5'-terminal region of the genome, ORF1 and ORF2
encode 15 nonstructural proteins responsible for viral
replication while the structural proteins, nucleocapsid
(N), membrane protein (M), envelope protein (E), and
spike protein (S), in addition to eight accessory proteins,
are encoded by the 3’-terminal region [8,9] (Figure 1).

Coronaviruses are equipped with genetic proofread-
ing mechanisms [10]. This has, in turn, led to low
sequence diversity among different SARS-CoV-2 strains
[11]. However, potentially favorable mutations confer-
ring increased infectivity and immunologic resistance
may accumulate with continued human-to-human
transmission over time. One such example is the emer-
gence of the D614G S protein variant, which disrupts
an inter-protomer contact and alters the conformation
of the S protein, and which is associated with increased
infectivity [12,13]. Furthermore, recent findings high-
light the emergence of novel SARS-CoV-2 variants in
different regions across the globe. On December 14,
2020, the British authorities reported to the World
Health Organization (WHO) a variant containing 23
nucleotide substitutions, which was phylogenetically
unrelated to the variant commonly circulating in the UK
at that time [14]. This novel variant, SARS-CoV-2 VOC
202012/01 (Variant of Concern, year 2020, month 12,
variant 01), which is also named B.1.1.7, is found to be
75% more transmissible than previous variants [15]. On
December 18, 2020, the authorities at South Africa
reported a novel variant with the N501Y mutation that
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Figure 1. The general structure of SARS-CoV-2. Major structural proteins, namely, the spike protein (S), membrane protein (M),
and envelope protein (E), are present on the viral envelope. The nucleocapsid protein (N) along with the genomic RNA is present
inside the viral envelope (above). SARS-CoV-2 RNA genome has a 5’ methylated cap and a 3’ poly-A tail. The positions of the
genes encoding the nonstructural proteins (NSP) and spike (S), membrane (M), envelope (E), and nucleocapsid (NC) proteins are

shown (below).



was spreading in three provinces of the country. This
variant, called 501Y.V2 by the South African authorities,
is associated with a greater viral load and with poten-
tially higher transmissibility according to preliminary
studies [14].

Clinical specimens

Upper or lower respiratory tract specimens - nasopha-
ryngeal (NP) specimens, oropharyngeal (OP) specimens,
nasal mid-turbinate swabs, anterior nares (nasal swab)
specimens, NP wash/aspirates, or nasal wash/aspirate
(NW) specimens - collected by healthcare providers are
the recommended specimens for SARS-CoV-2 diagnos-
tic testing [16]. It is possible to use lower respiratory
tract specimens in patients with productive cough (spu-
tum) or those receiving mechanical ventilation (bron-
choalveolar lavage or lower respiratory tract aspirates)
[16]. The virus also has been detected in other clinical
specimens (e.g. blood, feces) [17].

Molecular assays

Reverse transcription-polymerase chain reaction
(RT-PCR)

Within a few days after the start of the outbreak, the
full genomic sequence of the virus was made publicly
available [18]. This, in turn, enabled biotechnological
companies and research groups around the globe to
develop different molecular diagnostic assays through
designing specific primers and probes. These primer
sets have been optimized thanks to ongoing global
efforts by different researchers [19]. RT-PCR, the gold
standard method for SARS-CoV-2 diagnosis, amplifies a
small segment of virus genetic material. In this method,
the extracted viral RNA from the clinical specimen is
converted to cDNA, which subsequently undergoes
amplification [20]. DNA amplification is monitored in
real-time using a fluorescent dye or a combination of a
guencher molecule and a sequence-specific DNA probe
labeled with a fluorescent molecule [21] (Figure 2).

In general, the specific genetic regions selected as
the target in RT-PCR diagnostic assays are very import-
ant. Assays targeting the E gene, which has been identi-
fied to be similar to that of other coronaviridae strains,
have been shown to have the highest sensitivity [20].
On the other hand, the low homology of the RdRp, N,
and S genes in SARS-CoV-2 with those in other bat-
related viruses makes these genes specific targets
[20,22-24]. Multiplexed assays targeting multiple genes
simultaneously or detecting different regions in the
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same target gene have been used in various laborato-
ries to increase the sensitivity of detection [25,26].

Considering the overwhelming number of cases, the
diagnostic laboratory infrastructure in different regions,
particularly in those with limited resources, has not
been able to cope with the very large number of clin-
ical specimens that are submitted. Pooled sample test-
ing (i.e. mixing a number of samples together in a
batch and then treating the batch as one specimen)
has been suggested to be a potential solution for this
problem [27,28]. However, due to the dilution of the
genetic material as a result of pooling, the likelihood of
false-negative results increases. Therefore, it is recom-
mended to perform pooled sample testing only in set-
tings with a low prevalence of cases [29].

SARS-CoV-2 RT-PCR assays have been shown to have
a detection limit below 10 copies/reaction [23]. Low
viral loads at the very early or very late stages of infec-
tion can lead to false-negative results. Mutations in pri-
mer target regions in the virus genome can also lead to
false-negative results. Furthermore, despite the high
specificity of RT-PCR assays, false-positive results due to
sample contamination can occur; negative control tem-
plates may be helpful in identifying these cases [30].
Additionally, it has been shown that patients recovering
from COVID-19 can test positive for the virus for a long
period of time after complete resolution of symptoms
[31]. Although the significance of this observation
remains elusive, this highlights the inability of RT-PCR
to discriminate intact whole virus particles from
viral RNA.

Overall, RT-PCR is the most commonly used method
to diagnose COVID-19 due to its high sensitivity and
specificity and also to its ability to process large num-
bers of samples. However, its widespread use is hin-
dered by its requirement for expensive laboratory
instruments and skilled laboratory personnel.

Digital PCR

In quantitative PCR, the quantity of the template of
interest is inferred based on the intensity of the fluores-
cent signal emitted during the amplification phase of a
single PCR reaction compared with an internal or exter-
nal calibrator that is amplified simultaneously. On the
other hand, in digital PCR, the template is isolated into
single molecules by subdividing the reaction mixture
into thousands of microscopic partitions with the ultim-
ate goal of each partition containing, on average, less
than a single copy of the template of interest. The
quantity of the template in the sample is subsequently
calculated using Poisson statistics based on the overall
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Figure 2. Schematic representation of RT-PCR and digital PCR procedures used to detect SARS-CoV-2. In both assays, appropriate
specimens are collected and viral RNA is extracted. In RT-PCR, the relative or absolute concentration of the target of interest is
assessed by measuring the fluorescent signal that shows the amplification in each cycle. In digital PCR, the absolute concentra-
tion of the target nucleic acid is determined based on the number of partitions that are either positive or negative for amplifica-

tion based on fluorescent signals.

number of compartments that are either amplification-
positive or -negative (Figure 2) [32,33].

The advantages of digital PCR over quantitative PCR
include quantification without the need for calibration
curves, higher precision, and less susceptibility to arti-
facts that may arise from sub-optimal amplification effi-
cacy because of PCR inhibitors or primer/template
mismatch [34-37]. In addition, digital PCR has a higher
analytical sensitivity due to its ability to partition the
samples; this leads to decreased competition between
various targets for the amplification reagents [32]. It
also has a higher multiplexing capability compared
with quantitative PCR [38]. Nonetheless, the compli-
cated workflow, which requires more expensive instru-
ments and consumables and also longer hands-on time
and higher staff costs, is a major disadvantage of this
method that results in higher per-test cost compared
with quantitative PCR [39].

In a study of 77 suspected COVID-19 patients, digital
PCR was shown to have a higher sensitivity (94% vs

40%), negative predictive value (63% vs 16%), and
accuracy (95% vs 47%) compared with RT-PCR [40]. This
advantage of digital PCR over RT-PCR was corroborated
by other independent studies [41,42]. An investigation
of 55 suspected COVID-19 cases who had had previous
negative RT-PCR test results showed evidence of SARS-
CoV-2 genome in the NP samples of 35% of the tested
individuals when they were retested with digital
PCR [43].

Isothermal nucleic acid amplification

In contrast to RT-PCR, which requires thermal cycling,
this method amplifies the target sequence at a constant
temperature and therefore enables nucleic acid amplifi-
cation without the need for expensive thermal cycling
equipment [44].

Reverse transcription loop-mediated isothermal amp-
lification (RT-LAMP), which uses four to six sets of pri-
mers specifically designed to bind to distinct target
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Figure 3. Schematic view of reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay. (A) Initially, the primer
and reverse transcriptase (shown in purple) convert RNA to ¢cDNA while at the same time the primer and DNA polymerase with
strand displacing activity (shown in blue) make the second cDNA strand and release the first cDNA strand. The displaced single-
stranded cDNA subsequently acts as a template for further extension reactions by other specific primers and DNA polymerases
with strand displacing activity. The product subsequently self-anneals and forms dumbbell-shaped structures leading to subse-
quent rounds of exponential amplification. Reproduced and modified with permission from ref [46]. (B) The amplification process
can be visually monitored by the color change of the fluorescent calcein from orange to green that indicates a positive result.

Reprinted from [48] with permission from Elsevier.

regions, allows the identification of RNA sequences of
interest [45,46] (Figure 3). The higher number of pri-
mers used in this method leads to an overall increase in
the specificity of this assay [45]. Detection methods
include measurement of turbidity caused by magne-
sium pyrophosphate precipitation during the reaction
or use of fluorescent dyes [47]. RT-LAMP, which was
used for the detection of the previous Middle East
respiratory syndrome coronavirus (MERS-CoV) and
severe acute respiratory syndrome coronavirus (SARS-
CoV) global outbreaks, has also been shown to be an
efficient diagnostic assay for SARS-CoV-2 [48-50]. In a
study that analyzed 130 clinical specimens of individu-
als suspected to be infected with SARS-CoV-2 and com-
pared the diagnostic accuracy of RT-LAMP with RT-PCR
as the reference standard, RT-LAMP had a sensitivity of
100% (95% confidence interval [Cl] 92.3-100%) and

specificity of 100% (95% Cl 93.7-100%); notably, the RT-
LAMP assay detected the virus in a mean duration of
26.28 min while the RT-PCR assay required 1-2h after
viral RNA extraction [48].

Other techniques based on isothermal amplification
include transcription-mediated amplification, rolling cir-
cle amplification, and circle-to-circle amplification
[51-53]. The latter assay was able to detect sub-femto-
molar synthetic SARS-CoV-2 complementary DNA
within 100 min [54].

CRISPR-based assays

Clustered regularly interspaced short palindromic
repeats (CRISPR) were initially discovered in Escherichia
coli [55]. This system, which is the only known adaptive
immune system identified in prokaryotes, recognizes
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Figure 4. Overview of the CRISPR-based assays. (A) Amplification-free detection of the SARS-CoV-2 RNA using the Cas13a- crRNA
complex and a mobile phone camera. In both the SHERLOCK (B) and DETECTR (C) assays, the viral RNA is converted to dsDNA
using RT-recombinase polymerase amplification. Subsequently, in SHERLOCK, complementary RNA generated from this DNA tem-
plate by T7 transcription is subsequently detected by Cas13: RNA complexes binding to the target sequence, which leads to the
cleavage of fluorescent RNA molecules. In the DETECTR method, T7 transcription does not occur and target sequences on RT-RPA

reaction products are detected directly by Cas12: RNA complexes.

and cleaves foreign RNA or DNA material in a
sequence-specific way [56]. It is comprised of one or
more CRISPR-associated endonuclease (Cas) systems
that need base pairing between guide RNA or CRISPR
RNA (crRNA) and the target sequence (DNA or RNA)
located next to a proto-spacer adjacent motif for the
identification and cleavage of the target nucleic acids
[57]. Although the CRISPR-Cas system is widely known
as a powerful tool for gene editing, the application of
RNA-guided, RNA-targeting enzymes, namely CRISPR-
Cas12a and CRISPR-Cas13a for recognition of specific
sequences, has paved the way for the development of
CRISPR-based diagnostic assays [58-60].

A platform termed Specific High Sensitivity
Enzymatic Reporter UnLOCKing (SHERLOCK), which is
based on the amplification of the target DNA or RNA
followed by Cas13-mediated detection using colorimet-
ric and fluorescent readouts, has ushered in rapid diag-
nostic assays for the detection of infectious agents in
clinical specimens [61,62] (Figure 4). One assay with a
fluorescent read-out and a viral RNA detection limit of
42 copies/reaction was clinically validated in a study of

154 NP and OP specimens and showed a sensitivity and
specificity of 100% [63], while the sensitivity and specifi-
city of the assay with a lateral flow readout were 97%
and 100%, respectively [63].

SHERLOCK testing in a one pot (STOPCovid.v2)
method, which combines magnetic bead purification
for RNA extraction with isothermal amplification and
Cas12b-mediated detection of SARS-CoV-2, has been
shown to detect one-thirtieth of the viral load detected
by the Centers for Disease Control and Prevention RT-
qPCR test [64].

The SARS-CoV-2 DNA endonuclease-targeted CRISPR
trans reporter (DETECTR) assay consists of pre-amplifica-
tion of the E gene and N2 region of the N gene using
RT-LAMP and subsequent cleavage of reporter RNA by
Cas12a and visualization by lateral flow strip or a fluor-
escent reader [65]. In addition, another CRISPR-based
assay that, unlike most CRISPR assays, does not depend
on nucleic acid amplification has been developed. This
assay, which was able to detect ~100 copies/pL of viral
SARS-CoV-2 in 30min using CRISPR-Cas13a and a
mobile phone camera, offers promise for rapid point of



care (POCQ)
(Figure 4) [66].

SARS-CoV-2 CRISPR-based diagnostics

Nucleic acid microarray assays

Microarray technologies combine robust nucleic acid
amplification with the high throughput screening
potential of microarray techniques and therefore enable
detection of different microbial agents with high sensi-
tivity and specificity [67]. Microarray techniques can be
used to detect coronaviruses by generating cDNA from
the viral RNA using reverse transcription and subse-
quent labeling with specific probes. It is then loaded
into microarray wells coated with oligonucleotides that
signal the presence of viral nucleic acid [68] (Figure 5).

Microarray assays have shown promising results in
the detection of previous coronaviruses. A 60mer oligo-
nucleotide microarray was able to detect the SARS-CoV
genome [69]. A single nucleotide polymorphism (SNP)
DNA microarray was shown to detect SNPs associated
with the SARS-CoV S gene, which was related to its
virus pathogenicity, with 100% accuracy [70].
Furthermore, a portable microarray-based diagnostic
tool, mobile analysis platform (MAP), was able to detect
respiratory viruses, including influenza A, influenza B,
respiratory syncytial virus, and MERS-CoV, effect-
ively [71].

Although the high cost of microarray assays has gen-
erally been the most significant impediment to their
widespread use, nonfluorescent low-density microarray
assays, which are less expensive and have been shown
to have a sensitivity equal to that of RT-PCR in detect-
ing multiple coronavirus strains, offer a glimmer of
hope [72]. Considering the diversity and evolving
nature of SARS-CoV-2 and emerging viral strains, micro-
array-based methods could be a useful tool in
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surveillance and timely identification of emerging
strains [73,74].

Next generation sequencing

Next generation sequencing (NGS) has enabled genetic
sequencing with a wide range of applications in differ-
ent areas of medical research at an entirely unprece-
dented scale [75-79]. NGS allows comprehensive
characterization and analysis of viral genetic material.
Thanks to global sequencing efforts made possible by
this method, over 380,000 SARS-CoV-2 genome sequen-
ces have so far been shared on the GISAID initiative
(global initiative promoting rapid open-access sharing
of the genetic sequencing data of influenza viruses and
SARS-CoV-2), paving the way for real-time surveillance
and monitoring of the pandemic as well as offering pro-
found insight into the virus evolution and genomic epi-
demiology [80].

The major advantage of NGS is that it can screen for
and identify viral agents without the need for previous
knowledge of the causative agent [81,82]. Shotgun
metagenomics (i.e. untargeted sequencing of all micro-
bial genomes in a sample) facilitates the identification
of viral strains that cannot otherwise be detected due
to highly mutagenic regions that hinder the proper
function of assays such as RT-PCR [83]. A study of 75
patients under investigation for SARS-CoV-2 that used
RNA metagenomics next generation sequencing to
assess other viral etiologies showed the enormous cap-
ability of this method in identifying other respiratory
viruses in the setting of co-infection or infection due to
other etiologies; in four patients who were infected
with human coronavirus NL63, respiratory syncytial
virus and human metapneumovirus, the causative

Detection

2 ) Hybridization 3

Figure 5. Overview of microarray assay workflow. Viral and reference RNA undergo reverse transcription to generate ¢DNA and
differential fluorescent labeling. They are then mixed and transferred to microarray wells coated with highly specific probes that

enable the fluorescent scan to provide the image for analysis.
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agent was not detected by routine clinical testing for
respiratory infections [84].

Despite the great advantages of metagenomics next
generations sequencing, the massive amount of data
generated, which in turn requires advanced data stor-
age and processing infrastructure, limits its widespread
use in the setting of an outbreak [85]. In addition, NGS
platforms are much more expensive compared to other
molecular diagnostic assays and involve intricate sam-
ple preparation and library construction protocols that
require significant expertise. Furthermore, most current
NGS assays cannot compete with other molecular diag-
nostic assays with respect to speed; it takes more than
18 h to perform the sequencing run alone on a stand-
ard Illumina sequencing platform (lllumina, San Diego
CA) [86]. An alternative, focused approach is target
enrichment [87]. Target enrichment using the Illumina
respiratory virus oligo panel, one of the latest develop-
ments in this field, is designed to detect a wide range
of respiratory viruses including SARS-CoV-2 [88].

Swab-Seq, another method that applies next gener-
ation sequencing to the diagnosis of SARS-COV-2,
employs unique molecular barcodes embedded in RT-
PCR primers to enable parallel sequencing of thousands
of samples using very short reads in a single run [89].

Quality control

Although an increase in COVID-19 testing capacity is
indispensable for containing the pandemic, the reliabil-
ity and validity of the tests used are of utmost import-
ance [90]. In the absence of adequate quality control in
COVID-19 molecular testing, beginning from the test
design stages up to their use in the clinical settings, the
reliability of such test results and the subsequent clin-
ical management of patients would be jeopardized.
Important test quality parameters commonly assessed
by regulatory agencies include sensitivity, specificity,
positive predictive value and negative predictive
value [91].

The quality and amount of viral RNA present in the
samples are important factors that determine the ana-
Iytical sensitivity of the test (i.e. lowest amount of ana-
lytical sample measurable by the assay) [92]. This in
turn depends largely on the sample type and the site of
collection [93]. In a meta-analysis of 8136 clinical speci-
mens, the highest positive rate (91.8%) was seen in
broncho-alveolar lavage fluid specimens. This was fol-
lowed by rectal swabs and sputum specimens with
positive rates of 87.8% and 68.1%, respectively. Notably
in this study, NP swab specimens, which are the most

widely used samples, had a positive rate of only
45.5% [94].

Another important consideration in COVID-19
molecular diagnostic assays is novel strains.
Laboratories and diagnostic assay manufacturers must
be vigilant about the emergence of novel virus strains
that could affect the efficacy of their diagnostic assays.
This goal can be attained by periodic evaluation of the
primer sets against publicly available viral genome
sequence databases to ensure their efficacy. Any muta-
tion in the viral genome that would compromise the
expected efficacy of molecular diagnostic assays should
lead to their re-design and subsequent re-validation. A
recent example is the 69/70del mutation found in the
VOC 202012/01 variant that has been shown to affect
the performance of PCR assays that target the S
gene [95].

Discussion and conclusions

Timely and accurate identification of patients infected
with SARS-CoV-2 plays a major role in the management
of this pandemic. The appropriate use of testing in dif-
ferent clinical settings and in the various stages of
infection can provide critical information necessary for
clinical decision making and formulation of healthcare
policy. Furthermore, beyond the clinical setting,
molecular diagnostic assays have far-reaching applica-
tions in population-wide COVID-19 surveillance [96].
The SARS-CoV-2 RNA concentration in sewage has been
shown to correlate with COVID-19 prevalence, high-
lighting the utility of sewage surveillance as a sensitive
monitoring tool [97]. Despite the substantial increase in
testing capacities in developed countries, there are still
glaring disparities among these countries (Figure 6).
The situation is even worse in developing countries
that face shortages of equipment, advanced laboratory
infrastructure, and trained personnel to carry out tests
[98,99]. This has prompted the WHO to ask researchers
to mobilize their efforts for the development of POC
diagnostic assays that could be used at the community
level [100].

Many rapid POC immunologic and molecular assays
have been developed to address this urgent need.
Overall, in different studies, rapid antigen assays have
been shown to have considerable variation in sensitivity
[average sensitivity 56.2%, 95% Cl 29.5-79.8%)], while
molecular assays were shown to have consistently
higher sensitivity [average sensitivity 95.2%, 95% Cl
86.7-98.3%)] [101]. However, even though serologic
assays often require only basic equipment and are
rapid, the long period between the onset of symptoms
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Figure 6. Weekly SARS-CoV-2 testing rates per 100,000 population. Although the weekly number of tests per 100,000 population
for all the countries presented has increased during this period, there is a considerable disparity among countries. (Data extracted
from The COVID Tracking Project COVID Tracking Project [https://covidtracking.com/data/national] and European Center for
Disease Prevention and Control [https://www.ecdc.europa.eu/en/publications-data/covid-19-testing]).

and the development of detectable antibody response
(days to weeks) limits the utility of such assays in the
diagnosis of acute SARS-CoV-2 infection [102]. This
highlights the influential role of the molecular diagnos-
tic assays discussed in this review.

At this time, RT-PCR is the most widely used molecu-
lar assay to diagnose COVID-19. However, because
these assays require the transfer of clinical specimens
to a laboratory with expert staff and because of the
associated costs and slow turnaround times, researchers
around the globe have been motivated to explore
other molecular diagnostic assays that avoid these
issues. Although isothermal amplification methods such
as RT-LAMP seem attractive alternatives to RT-PCR
because of their lower cost and rapid analysis time,
nonspecific amplification due to the absence of tem-
perature gating mechanisms may lead to false-positive
results, raising potential concerns over the widespread
implementation of such methods [103].

Prolonged detection of viral RNA after the resolution
of symptoms has been reported by many researchers.
However, it should be noted that detectable viral RNA
does not necessarily indicate the presence of an infec-
tious virus. A study of nine young- to middle-aged
COVID-19 patients with no underlying disorders

highlighted the importance of viral load; infectious virus
could not be identified in clinical specimens with a viral
RNA load of less than 106 copies/mL [104]. Considering
the inability of RT-PCR to differentiate degraded nonin-
fectious viral RNA from intact infectious virus, a focus
on molecular assays with the potential to distinguish
between these two entities could have wide-ranging
implications, for the adverse economic consequences of
keeping individuals in quarantine who test positive but
are no longer infectious are irrefutable. Although the
superior precision of digital PCR may not be clinically
relevant in the context of quantification of SARS-CoV-2
RNA, the ability of droplet digital PCR to ascertain the
integrity of the viral genome could be very useful in
this regard [105,106].

In June 2020, the US Food and Drug Administration
granted Emergency Use Authorization for the first
COVID-19 NGS diagnostic assay [107]. Notwithstanding
that the advanced technical requirements of NGS assays
have been the major bottleneck in their widespread
availability, exploring the untapped potential of NGS
could pave the way for their use not only to detect
SARS-CoV-2 but also to gauge the patient's immune
response to the infection. Recent studies have shed
light on transcriptomic findings in patients infected
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with SARS-CoV-2 [108-110]. Considering the enormous
number of human inflammatory cells in different clin-
ical specimens (e.g. NP specimen), profiling the host
transcriptome response using shotgun NGS could be
used to tailor clinical management.

Another major obstacle in the wide-scale use of
molecular diagnostic assays is the viral RNA extraction
step; the supply chain has not been able to meet the
surging demand for reagents and extraction kits, which
has led to global shortages. Although many investiga-
tors have tried to come up with protocols to tackle this
issue, this area remains a lively area of investigation
[64,111,112]. Nanotechnology methods could have far-
reaching applications in improving the efficiency of
SARS-CoV-2 diagnostic assays [113-115]. Magnetic
nanoparticles show promise for high sensitivity detec-
tion of viruses without the need for purification
[116,117]. Nanotechnology can also facilitate the devel-
opment of POC molecular testing assays. Gold nanopar-
ticles, which have been previously used in CRISPR-
based detection assays for other viral pathogens, can
be used in SARS-CoV-2 POC molecular calorimetric
assays [118]. This highlights the importance of nano-
technology in the development of cost-effective and
efficient SARS-CoV-2 molecular diagnostic assays.

Overall, the delay in test result reporting that accom-
panies centralized laboratory SARS-CoV-2 testing has
been the most significant challenge confronting health-
care systems globally.

Although the development of high quality laboratory
assays is necessary to provide accurate diagnoses, this
should not hinder the development of rapid diagnostic
tests that are of cardinal importance during the early
days of an outbreak. It should be noted that even tests
that are less accurate and precise, yet are rapid and
inexpensive, can play a substantial role in the fight
against an outbreak during the initial days when high
standard laboratory assays are under development
[119]. Considering the wide range of POC molecular
diagnostic assays available, they should play an import-
ant role in containing the pandemic, particularly in
areas with limited resources. However, it should be
noted that the reallocation of scarce resources in these
areas should not undermine the surveillance efforts for
other pathogens such as human immunodeficiency
virus, Mycobacterium tuberculosis and malaria [120].
Collaboration between the clinicians, scientists and
public health administrators in a multidisciplinary effort
can undoubtedly achieve this goal.

The COVID-19 pandemic has led to unprecedented
investment in the development of molecular diagnostic
assays, particularly POC tests. Building on this

invaluable experience, the scientific community can
address a wide range of human diseases beyond cor-
onavirus infection through further development of
such assays.
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