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Abstract
The ongoing pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is one of the most devastating outbreaks

witnessed in the last 100 years. The outbreak started in China and spread rapidly to almost every country, culminating in woefully

overwhelmed health-care systems in most countries. The only approved diagnostic test to accompany radiographic evaluation is reverse

transcription PCR. However, the applicability of this test in diagnosis and surveillance is challenged by a global shortage of reagents and

the lack of well-equipped laboratories with specialized staff in several low- and middle-income countries. Loop-mediated isothermal

amplification and CRISPR-based diagnostic assays have developed and expected to play a role however, their accuracy is still inferior to

the recommended PCR approach. The need for the development of accurate and rapid diagnostic assays became apparent.

Immunodiagnostic tests and other molecular approaches were developed and tested. Other recently developed point-of-care molecular

tests are expected to be helpful in pandemic management as no particular skills are required from the operator. Fortunately, a number

of serological tests have been granted authorization for use under the emergency situation by the US FDA for the diagnosis of SARS-

CoV-2. The majority of recently authorized serological tests detect IgG and IgM in blood of infected individuals by on ELISA,

chemiluminescence platforms or lateral flow cassettes.
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Introduction
Medically important coronaviruses were identified from the
nasal secretions of patients with mild colds for the first time in

the 1960s. Generally, coronaviruses are spherical (80–160 nm),
pleomorphic, enveloped, single-stranded, positive-sense RNA

viruses [1]. Their helical nucleocapsid surrounds a non-
segmented genome (27–32 kb) characterized by a 5ʹ-end

containing genes important for viral replication and pathogen-
esis in the host cell [2]. The 3ʹ-end genomic region harbours
genes for nucleocapsid and membrane proteins [3]. In 2003, the

animal coronavirus severe acute respiratory syndrome
This is an open access arti
coronavirus (SARS-CoV) was described; it crossed the species
barrier and resulted in the epidemic of severe acute respiratory
syndrome (SARS) in China and nearby countries. Middle East

respiratory syndrome coronavirus (MERS-CoV) was described
in 2012, when an outbreak took place in the Middle East of a

similar disease called Middle East respiratory syndrome (MERS)
[4]. A third animal coronavirus to be described, severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), originated
from the Chinese city of Wuhan and led to the ongoing

pandemic of coronavirus disease 2019 (COVID-19) [5]. SARS-
CoV-2 seems to have spilled over from the bat population
through an intermediate host (most likely the pangolin) [6].

Since the official announcement of this novel coronavirus
(known then as 2019-nCoV) in China in December 2019, the

global confirmed cases had reached 6 663 304 in more than 190
countries and territories with a total of 392 802 deaths as of 6

June 2020 (10:00 CEST) [7]. Similar to SARS-CoV and MERS-
CoV, infections of SARS-CoV-2 predominate in adults and

men without a confirmed underlying cause [8]. The majority of
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SARS-CoV-2 infections are subclinical, whereas symptomatic

patients usually present with cough, fever, fatigue and ground-
glass appearance of lungs on radiographic imaging [9]. Admis-

sion to intensive care units is common because of the bad
prognosis in individuals with co-morbidities and in the elderly

population [10,11]. The clinical management of SARS-CoV-2
from a physician’s perspective is best reviewed elsewhere
[12,13].

The laboratory-based approach to the diagnosis of SARS-
CoV-2 is real-time reverse transcription PCR (rRT-PCR)

approved by the WHO and by the US CDC. Due to the
pandemic situation, testing laboratories were overwhelmed and

shortage of reagents became a global issue. The introduction of
accurate serological tests will undoubtedly facilitate pandemic

management, in addition to reducing time, costs and workloads
in national laboratories and health-care systems. For accurate
diagnosis, rRT-PCR should be accompanied by computed to-

mography (CT) radioimaging [14]. Indeed, patients were found
to develop ground-glass appearance on chest CT before the

successful detection of viral RNA. Generally, rRT-PCR results
turn positive 4–6 days after lung manifestations become

apparent on radiographs [15].
Next-generation sequencing and microarray analyses are not

currently applied for diagnosis of SARS-CoV-2; however, these
techniques are important research tools for the scrutiny of

mutations and virus evolution [16]. The aim of this review is to
provide a concise view of the currently known diagnostic tests
for SARS-CoV-2. Laboratory staff should be aware of the

importance of continually consulting up-to-date laboratory
interim guides published by WHO and other regional centres

for infectious diseases as information becomes available or
more accurate data are obtained regarding the disease and

diagnostics.
Considerations before laboratory testing
As of 12 May 2020, the WHO defines a suspected case as ‘A

patient with any acute respiratory illness and having been in
contact with a confirmed or probable COVID-19 case in the

last 14 days before symptom onset’ [17]. However, this defi-
nition is not valid in countries where SARS-CoV-2 is spreading
widely in a community transmission pattern. In such commu-

nities, acquiring the infection may occur by contact with
asymptomatic untested cases. Hence, an individual with rele-

vant clinical manifestations not fully explained by other aeti-
ology should be considered as a suspected case [12].

Diagnosis of suspected and asymptomatic cases is of para-
mount importance in the management and control of out-

breaks. When testing is not possible, specimens should be
© 2020 The Author(s). Published by Elsevier Ltd, NMNI, 36, 100713
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shipped, according to WHO instructions, to the nearest

reference laboratory [18]. It should be noted that a negative
result does not rule out the infection and the tested person may

be still in the first days of infection when viral RNA load in
respiratory specimens is still undetectable. Consequently,

caution and follow-up testing are recommended for highly
suspected individuals. It should be noted that most SARS-CoV-2
tests are currently approved to be implemented only under the

current emergency situation and manufacturer-independent
evaluation for test performance is mostly lacking. In other

words, clinical correlation with patient history and radiographic
imaging is necessary to determine the correct infection status.
Diagnostic specimens: types and times
For general procedures for specimen collection, interim guides
from the WHO and CDC are the best to consult [18,19].

Notably, different respiratory specimens (from upper and
lower parts of the tract) were found to have different detection

rates of SARS-CoV-2. Indeed, variations occur between pa-
tients and even in the same individual during the course of the
illness; the pattern of viral shedding is not fully understood

[20–22]. For instance, nasopharyngeal specimens have shown
negative results, while viral RNA was detected in sputum

specimens from the same patients [23]. Additionally, the ac-
curacy of the test depends on specimen quality and quantity,

time of collection during the course of the disease, and the
inherent quality of the test kit [15].

Swab specimens are not possible from bedridden patients
with severe respiratory involvement or those undergoing me-

chanical ventilation. Invasive procedures to obtain endotracheal
aspirates, sputum and bronchial lavage are possible ways to
obtain specimens from such patients. Throat swabs were found

to result in false-negative results as viral RNA was recovered
from sputum samples of patients after viral load in the throat

had decreased to undetectable levels [24,25]. As course of
illness progresses, lower respiratory tract specimens become

the best choice [22,26]. However, collection of specimens from
the lower respiratory tract may increase infection risk to

health-care workers owing to aerosol generation during
collection procedures [27]. Saliva and nasal wash specimens
have been found to be good alternatives, especially when lab-

oratory biosafety measures cannot be met [28–30]. Stool and
blood specimens were found to contain SARS-CoV-2 and viral

RNA has been successfully detected from such specimens by
RT-PCR; however, their diagnostic value has not been studied

thoroughly [31]. Lastly, minimum essential medium, sterile
phosphate buffer, and 0.9% saline solutions were all found to be

alternatives to viral transport media [32].
nses/by-nc-nd/4.0/).
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Specimen processing
Upon receiving the specimen, immediate testing procedures

should be performed in a biosafety cabinet of class II or higher.
Care should be paid to minimizing aerosol generation during
specimen manipulation. In addition to biosafety precautions, the

testing operator should be aware of technical factors affecting
result accuracy [33]. For nucleic acid amplification assays, the

processing kit reagents should be the recommended match
with the PCR platform to be used [33]. Moreover, reagent

preparation and storage should be in accordance with the
manufacturer’s instructions. For RNA extraction phase, various

commercially available extraction kits (from Qiagen, Roche and
bioMérieux) have been validated by the CDC to work properly

when manufacturer’s instructions are followed strictly [33].
Specimens should quickly be diluted in lysis buffer containing

an inactivating agent (guanidinium-based compounds to inacti-

vate virions) and non-denaturing detergent to disrupt the lipid
envelopes of respiratory epithelial cells and the virus. Addi-

tionally, lysis buffer also prevents viral RNA degradation [34].
When self-enclosed automated systems are used, success of

this step is optimally guaranteed. The currently used systems
are ID NOW™ (Abbott, Abbott Park, IL, USA), Cobas Liat®

(Roche Molecular Systems, Basel, Switzerland) and Gen-
eXpert® (Cepheid, Sunnyvale, CA, USA). Extracted RNA
should be stored at or below –70°C if subsequent steps of

analysis are to be performed later.
Detection of SARS-CoV-2 nucleic acid
There are two available categories for RNA amplification tests
for SARS-CoV-2; rRT-PCR and loop-mediated isothermal

amplification (LAMP). For SARS-CoV-2 detection, protocols of
rRT-PCR were approved by WHO and the US Food and Drug

Administration (FDA), whereas the isothermal amplification
assays have not been authorized. For diagnosis of RNA virus

infections, RT-PCR is the most common tool due to its accu-
racy and popularity [35]. Additionally, less common amplifica-
tion assays other than PCR are also used in the detection of

RNA viruses. Nonetheless, the accuracy of nucleic acid ampli-
fication tests is ultimately affected by mutations in the se-

quences targeted by test primers [36].

Real-time RT-PCR
Different qualitative rRT-PCR protocols for SARS-CoV-2
diagnosis were developed by different countries
This is an open access artic
[33,34,37–39]. Two diagnostic rRT-PCR-based assays are

accepted for procurement under Emergency Use Listing pro-
cedure; Genesig Real-Time PCR Coronavirus (Primerdesign

Ltd, Southampton, UK) and Cobas SARS-CoV-2 6800/8800
system (Roche Molecular Systems). The Cobas 6800 SARS-

CoV-2 system from Roche was recently evaluated by Roche-
independent researchers and found to be reliable for detect-
ing SARS-CoV-2 RNA in nasopharyngeal specimens [40].

The first rRT-PCR protocol developed outside China
incorporated primers targeting genes of the envelope protein

(E), nucleocapsid (N) and RNA polymerase (RdRp) [39]. The
primers of E and RdRp were the most sensitive and were

rapidly and widely adopted in Europe [41]. However, RdRp
primers were found to cross-react with RNA of SARS-CoV

[42]. A point worth mentioning is that reagent design has the
most influential role on assay performance, therefore, well-
optimized targets are expected to arise from different

genomic sequences of SARS-CoV-2.
Currently, numerous primers are designed to target various

RNA sequences in six genes of SARS-CoV-2 for diagnostic
purposes: ORF1a/b, ORF1b-nsp14 (50-UTR), RdRp (RNA-

dependent RNA polymerase), S (spike protein), E (envelope),
N1/N2/N3 (nucleocapsid) and RdRp/Hel (RNA-dependent RNA

polymerase/helicase). Of note, a recent study found nucleo-
capsid N2 and envelope E genes to be the most sensitive sin-

gleplex reactions and no significant change in cycle threshold
(Ct) was noted when both assays were combined [43]. The
recommended rRT-PCR diagnostic panel by CDC includes

primers for (i) two specific regions of SARS-CoV-2 nucleo-
capsid (N) gene and (ii) human RNase P gene (RP) in a one-step

qualitative RT-PCR-based detection [33].
Real-time RT-PCR tests have been positive in convalescent

patients after earlier negative RT-PCR tests performed in the
same laboratory with the same testing kit and same technician

[44–47]. False results in rRT-PCR may be attributed to various
factors. Variations in viral load kinetics may lead to collecting
specimens with less viral load resulting in false-negative results.

False-negative results for RT-PCR were also reported in cases of
typical CT findings of SARS-CoV-2 infection [48,49]. Indeed,

some researchers found the sensitivity of rRT-PCR to be around
70% in SARS-CoV-2 diagnosis [49]. Additionally, studies have

indicated that the SARS-CoV-2 genome is undergoing an evolu-
tionary process through mutations and active genetic recombi-

nation [50,51]. This observation is expected because RNA viruses
lack efficient proofreading machinery to ensure fidelity of RNA

replication [52]. Mutations in primer and probe targeted se-
quences may lead to false-negative results, but can be reduced by
targeting two or three sequences within the viral genome.
© 2020 The Author(s). Published by Elsevier Ltd, NMNI, 36, 100713
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FIG. 1. Principle of reverse transcription loop-mediated isothermal amplification (RT-LAMP). B2 backwards inner primer (BIP) anneals to the target

RNA forming a start point for reverse transcriptase to synthesize a complementary DNA strand (cDNA) (1). The outer primer B3 anneals to a

sequence outside that of B2 to initiate synthesis of a new cDNA (2). During synthesis of the second cDNA, the former strand is displaced by the

reverse transcriptase (3). The displaced strand is released with a loop at the 50 end. Forward inner primer F2 anneals to the 30 end of the newly

released cDNA strand and DNA polymerase starts synthesis of a complementary DNA strand (4). Forwards outer primer F3 anneals to the 30 end of

the strand formed by the F2 primer and DNA polymerase initiates the synthesis of new strand and simultaneous displacing of the former (5). The

recently displaced cDNA strand contains complementary sequences at both ends, hence it forms a dumbbell-shaped structure (6). This structure is the

starting material for loop-mediated amplification cycles. It contains multiple sites for amplification initiation and is rapidly converted to stem-loop DNA

structures in response to self-primed synthesis at the 30 end (7). At the same time, backwards inner primer B2 to the single-stranded loop region to

start DNA synthesis culminating in long concatemers (8 and 9). Further synthesis leads to dumbbell-shaped structures and accumulation of ampli-

fication dsDNA products (10).
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Isothermal amplification assays
Loop-mediated isothermal amplification is based on the tech-
nology of autocycling strand displacement DNA synthesis via

special DNA polymerase (Bst) (Fig. 1). In such tests, the positive
reaction is detected visually or by simple turbidity measure-

ment [53]. Incorporation of fluorescent intercalating dyes to
these tests is possible, allowing for real-time monitoring of the

reaction [54]. The technique was further developed to enable
RNA detection by reverse transcription with successful appli-

cation in detection of numerous RNA viruses including H7N9
influenza virus, MERS-CoV, West Nile virus and Zika virus
© 2020 The Author(s). Published by Elsevier Ltd, NMNI, 36, 100713
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
[55–58]. However, these tests are awaiting authorization by
the WHO or FDA to be performed even under emergency
situations. Successful application of real-time LAMP tests in the

SARS-CoV-2 pandemic will positively contribute to pandemic
management because this test is rapid (results are available in

less than 1 hour) and can be performed using a small instrument
at general laboratories in hospitals, at bedsides or in the field.

Nonetheless, primer designing for LAMP tests is more difficult
than in PCR assays.

A handful of studies have developed, optimized and tested
RT-LAMP assays for the diagnosis of SARS-CoV-2 using
nses/by-nc-nd/4.0/).
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primers for different genes [59–64]. Park et al. found primers

of the nucleocapsid gene to be the most sensitive, detecting as
low as 100 RNA copy/reaction [60]. This level of detection is

still considered high for sensitive diagnosis of suspected cases.
Indeed, the primer sets of another study targeting Orfl1ab and

S genes achieved a detection level as low as 20 copies/reaction
[59]. Moreover, high sensitivity and specificity of RT-LAMP
were also found comparable to that of PCR [60].

Next-generation assays
Applications of CRISPR-Cas technology in diagnostic microbi-

ology and biomedicine is growing rapidly [65]. Within the past 2
years, researchers invented new diagnostic sensitive assays

based on the CRISPR-Cas system for detection of infectious
agents with minimal or no equipment to perform the tests [66].

In April 2020, American scientists developed an RT-LAMP-

based CRISPR-Cas assay on lateral flow strips to detect the
RNA of SARS-CoV-2 in extracts from nasopharyngeal speci-

mens [67]. The assay is performed by dipping the test strip into
the RNA extract solution of the treated specimen and after 40

minutes the results are visually read. The Cas12, protein
component of CRISPR-Cas, is guided by specially designed

associated RNA (gRNA) to base-pair with a specific RNA
sequence of SARS-CoV-2. When the Cas12–gRNA complex
recognizes the targeted sequence, a labelled single-stranded

DNA reporter probe is cleaved by Cas12 to liberate a fluo-
rescent molecule visible to naked eye. However, its current

sensitivity is lower than of rRT-PCR. As in nucleic acid ampli-
fication assays, CRISPR-based diagnostics are also expected to

generate false results if mutations have occurred in the targeted
sequences.
Immunodiagnostic approaches
Immunodiagnostic point-of-care tests generating rapid results
(in less than 1 hour) are less complex than molecular tests.

Based on current evidence, seroconversion for SARS-CoV-2
was found to occurs between 7 and 11 days after onset of

symptoms [68]. Consequently, antibody detection assays
might be impractical for diagnosis of acute (current) infection
at the early stage. Nonetheless, these tests may be useful in

epidemiological surveillance (retrospective evaluation), con-
tact tracing and research studies addressing neutralizing

antibodies.
At the time of revision of this article, 19 serodiagnostic

tests have been granted Emergency Use Authorization from
the FDA [69]. Six of these tests are to be performed only in
This is an open access artic
laboratories certified to perform high complexity tests,

whereas the remaining panel can be performed in laboratories
with requirement of moderate complexity tests. Antibody

detecting tests are either run on ELISA, chemiluminescence
(Cobas analysers platforms) or rapid-test lateral flow cas-

settes. On the other hand, a single lateral flow cassette (Sofia 2
SARS antigen FIA® from Quidel, San Diego, CA, USA) was
authorized to be used to detect nucleocapsid antigen in

nasopharyngeal and nasal swabs. Other antibody-detecting
tests exploit recombinant nucleocapsid antigens to detect/

quantify anti-SARS-CoV-2 antibodies in blood. However,
dozens have been developed and introduced to markets with

limited independent validation.
Due to high nucleotide sequence similarity with SARS-CoV,

cross-reactivity is expected in such tests and their sensitivity is
expected to range from 34% to 80% [70–72]. Some lateral flow
rapid test kits have the capacity to detect IgM and IgG or viral

antigen, which makes these tests suitable for detecting current
and past SARS-CoV-2 infections. Theoretically, such assays will

decrease the time, costs and labour of testing in comparison to
nucleic acid amplification assays. The majority of available

immunodiagnostic tests are based on the principle of immu-
nochromatography (i.e. lateral flow) (Fig. 2). However, sampling

variations and variations between individuals in terms of viral
load are important factors affecting the accuracy of such assays

[70,71].

Antigen detection tests
Rapid antigen detection kits are generally characterized by

suboptimal sensitivity and specificity [73]. Nonetheless, unique
and conserved domains of proteins in SARS-CoV-2 could be

exploited to develop sensitive testing kits. Two approaches are
expected to increase the sensitivity of such tests: (i) prior

treatment to concentrate the targeted antigen and (ii) use of
monoclonal antibodies to different epitopes of the antigen to be
detected. Two recent pre-print studies reported a sensitivity

range of 93%–100% and 100% specificity of the immunochro-
matography SARS-CoV-2 antigen tests targeting N protein

[74,75] (accessed 13 May 2020).

Serological tests
Many commercially available serological kits have been granted
Emergency Use Licenses from the FDA to detect antibodies
against SARS-CoV-2 [69]. Such tests are mostly based on the

principles of immunochromatography, chemiluminescence or
ELISA to detect IgG or IgG and IgM in serum. Serodiagnosis is

believed to be useful in convalescent patients with negative PCR
findings, as the accuracy of molecular assays is influenced by
© 2020 The Author(s). Published by Elsevier Ltd, NMNI, 36, 100713
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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FIG. 2. Principle of immunochromatog-

raphy. This drawing shows lateral flow to

detect an antigen. The specimen con-

taining the antigen (Analyte) is placed on

the sample pad. The antigen, with the

fluid, moves to the conjugate pad where it

is bound by a labelled antibody specific to

the targeted antigen. The conjugate pad

also contains labelled antibodies non-

specific to the antigen to be detected.

Antigen–antibody complexes migrate

through the nitrocellulose membrane and

reach the ‘Test line’ area. In this area,

antigen-specific antibodies are immobi-

lized to catch the antigen–antibody

complexes. When antigen–antibody

complexes accumulate in this area, the

line becomes visible to the naked eye.

The non-specific antibodies also migrate

and pass the ‘Test line’ to reach the

‘Control line’ area and that line also be-

comes visible. The test is considered

positive only when the two lines (T and

C) are visible. (Reproduced from Paulini

et al. [82]).
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viral shedding dynamics [20]. However, cross-reactivity with
other antibodies is a major challenge to serological tests. In fact,
the profile of the humoral immune response to SARS-CoV-2 is

still partially unknown [76,77]. From the second week of
symptoms, IgM levels are detectable by commercially available

assays. In the third week after onset of symptoms, the IgM titre
peaks and then gradually decreases whereas IgG stabilises

around 4 weeks [68,77,78]. It should be noted that interference
from other antibodies, mounted against other phylogenetically

related viruses, is to be evaluated.
With the exception of immunodeficient individuals, in-

fections of SARS-CoV-2 result in cell-mediated immunity

and humoral responses by IgM, IgA and IgG uniformly in all
patients. IgM is usually the first class to be produced within

the first week of onset followed by robust IgG immunity
[77]. IgM and IgG against SARS-CoV-2 were detected by

quantitative ELISA and qualitative immunochromatography
assays with an increase in detection rates as the course of

the illness progressed [79,80]. However, a recent study (of
a small sample size and still as a preprint) from Oxford

University has found ELISA for IgM and IgG to be more
accurate than lateral flow strips with high sensitivity for IgG
from day 10 after onset [81]. Another immunodiagnostic
© 2020 The Author(s). Published by Elsevier Ltd, NMNI, 36, 100713
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice
test for quantitative measurement of interleukin-6 (Elecsys
IL-6 from Roche Diagnostics) has also been granted an
Emergency Use Authorization (2 June 2020). This test is

helpful in determining the risk of intubation with mechanical
ventilation as it measures the level of inflammatory

response in individuals with SARS-CoV-2.
Conclusions
The choice of specimen type for SARS-CoV-2 diagnosis is subject

to patient condition and stage of the disease course. Specimens
from upper respiratory tract are the best choice during the early

days of the illness, wheras sputum is the most sensitive at later
stages. Owing to occasional false results with rRT-PCR, CT

radiography should be obtained to reach an accurate diagnosis
and for proper management. As in other RNA viruses, mutations
and other genetic changes are likely to occur, which may result in

pitfalls of nucleic acid amplification assays. Genomic homology of
SARS-CoV-2 with other coronaviruses is also a challenge to

serological and antigen detection tests. However, improvements
in such point-of-care tests are expected to aid in better man-

agement of the pandemic as they are rapid and simple to
nses/by-nc-nd/4.0/).
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perform. Epidemiological studies will be easily conducted once

accurate serological tests become available.
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