S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Biosensors and Bioelectronics 172 (2021) 112752

8

Contents lists available at ScienceDirect

Biosensors&
Bioelectronics

Biosensors and Bioelectronics

ELSE\/[E journal homepage: http://www.elsevier.com/locate/bios l :
COVID-19 diagnosis —A review of current methods el

Meral Yiice ™, Elif Filiztekin ”, Korin Gasia Ozkaya b

& SUNUM Nanotechnology Research and Application Centre, Sabanci University, 34956, Orhanli, Tuzla, Istanbul, Turkey
® Faculty of Engineering and Natural Sciences and, Sabanci University, 34956, Orhanli, Tuzla, Istanbul, Turkey

ARTICLE INFO ABSTRACT

Keywords:

COVID-19

SARS-CoV-2 diagnosis

SARS-CoV-2 detection

RT-PCR

Lateral flow assay

Loop-mediated isothermal amplification
Point of care devices

A fast and accurate self-testing tool for COVID-19 diagnosis has become a prerequisite to comprehend the exact
number of cases worldwide and to take medical and governmental actions accordingly. SARS-CoV-2 (formerly,
2019-nCoV) infection was first reported in Wuhan (China) in December 2019, and then it has rapidly spread
around the world, causing ~14 million active cases with 582,000 deaths as of July 2020. The diagnosis tools
available so far have been based on a) viral gene detection, b) human antibody detection, and c) viral antigen
detection, among which the viral gene detection by RT-PCR has been found as the most reliable technique. In this
report, the current SARS-CoV-2 detection kits, exclusively the ones that were issued an “Emergency Use
Authorization” from the U.S. Food and Drug Administration, were discussed. The key structural components of
the virus were presented to provide the audience with an understanding of the scientific principles behind the
testing tools. The methods that are still in the early research state were also reviewed in a subsection based on the

reports available so far.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
previously 2019-nCoV) is an enveloped, positive-sense single-stranded
genomic RNA virus (+ssRNA), is the cause of the coronavirus disease
2019 (COVID-19). SARS-CoV-2, registered in the Wuhan City of China
for the first time, is contagious in humans, and it has rapidly spread
worldwide through close human interactions or the spilled respirational
material (cough, sneeze) of the infected people. The Director-General of
WHO declared the COVID-19 outbreak as “a pandemic” on March 12th,
2020, as a result of the increased infection rate out of China (WHO,
2020a). SARS-Cov-2 taxonomically belongs to coronaviruses family and
Sarbecovirus subgenus that contain several other species causing mild to
severe human diseases. SARS-CoV-2 is the seventh reported Coronavirus
that has infected people after 229E, NL63, 0C43, HKU1, MERS-CoV, and
the previous SARS-CoV (Cui et al., 2019; Su et al., 2016; Zhu et al.,
2020a). Khailany et al. (2020) reported a complete genome character-
ization study based on 95 SARS-CoV-2 sequences that were accessible on
GenBank, National Microbiology Data Center (NMDC) and NGDC
Genome Warehouse between December-2019 and early April-2020 in
which NC_045512 genome sequence was used as the reference for the
alignment. According to the report, the SARS-CoV-2 complete genome is
around 30kb and two-third of 5’ contains orflab encoding orflab
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polyproteins, while the one-third of 3’ consists of genes encoding
structural proteins, currently known as surface glycoprotein (S), an en-
velope protein (E), membrane protein (M), and nucleocapsid (N) pro-
teins (Khailany et al., 2020). Additionally, the genomic comparison
study revealed 116 mutations among which a) 8782C > T in ORFlab
gene, b) 28144T > C in ORF8 gene, and c) 29095C > T in the N gene are
defined as the most common ones. The mutations might affect the
gravity and extent of the SARS-CoV-2, as stated in the study.

The morphology and complete genome structure of the SARS-CoV-2
are illustrated in Fig. 1 based on the reports by Khailany et al. (2020),
Walls et al. (2020) and Rosales-Mendoza et al. (2020). Significant
sequence similarity between SARS-CoV-2 S and SARS-CoV S glycopro-
teins was shown by Walls et al. (2020), and the team also accomplished a
comprehensive cryo-electron microscopy (cryo-EM) study disclosing the
architecture of SARS-CoV-2 S glycoprotein subunits. The binding affin-
ities of the S proteins of the two SARS viruses to the human
angiotensin-converting enzyme 2 (ACE2), the host surface receptor used
by the virus to enter the cells, were found in the low nanomolar range
and comparable. The initial experiments performed by the SARS-CoV
S-derived murine polyclonal antibodies demonstrated that the SAR-
S-CoV-2 cell admission could be neutralized effectively (Walls et al.,
2020), which was later approved by another publication of the same
group (Pinto et al., 2020). A novel antibody, 47D11, against S protein of
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SARS-CoV-2 was also developed recently, where the humanized 47D11
antibodies effectively neutralized SARS-CoV and SARS-CoV-2 (C. C.
Wang et al., 2020). Another team predicted by simulation that the
SARS-CoV-2 S glycoprotein binds to the ACE2 receptor protein through
Leu455, Phe486, Gln493, Asn501, and Tyr505 amino acid residues of
which only a few were the same as SARS-CoV S protein (Liu et al., 2020).
All these studies deliver an immense amount of information regarding
the SARS-Cov-2 genome and structure, which we believe it has based the
foundation for further diagnosis, treatment, and vaccine studies.
Currently, many commercial SARS-CoV-2 detection kits, granted an
Emergency Use Authorization (EUA) from FDA (U.S. Food and Drug
Administration, 2020a,1), can identify a) specific viral gene regions
through nucleic acid amplification techniques (Real-Time Reverse
Transcription Polymerase Chain Reaction (RT-PCR) and isothermal
nucleic acid amplification), b) the antibodies produced by the immune
system in response to the viral infection (serology/Immunoglobulin M

a) SARS-CoV-2 morphological structure

Spike glycoprotein (S)

Membrane protein (M)
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(IgM)/Immunoglobulin G (IgG) tests), and c) the antigen testing by
lateral flow assays, all have to be entirely operated in designated labo-
ratories by trained personnel, under specified experimental and Bio-
logical Safety Level (BSL) conditions.

As an exception, “home collection of specimens by COVID-19 RT-
PCR Test” developed by LabCorp was issued a EUA from FDA in late
April 2020 to be used by individuals to self-collect nasal samples at
home (U.S. Food and Drug Administration, 2020b,m). Presently, this
sample collection kit comes for USD 119 each, and the company gives
purchase priority for healthcare workers and first responders, consistent
with CDC guidelines, due to the limited sample collection materials
(LabCorp, 2020a). The kit is only for sample collection, and the collected
sample has to be sent back to the authorized laboratory for nucleic acid
testing, which remains to be the gold standard for COVID-19 detection,
based on the clinically validated results.

On the other hand, the serology tests do not directly diagnose the

Envelope protein (E)

Nucleoprotein (N) and
+ssRNA genome

Hemagglutinin-esterease dimer (HE)

b) SARS-CoV-2 S glycoprotein trimer

hACE2-binding
S domains (closed)
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Fig. 1. A visual artwork for whole SARS-CoV-2 virus (a), cryo-EM restructure of SARS-CoV-2 S trimer glycoprotein, which is responsible for host cell receptor binding

(b), and the complete genome structure of SARS-CoV-2 virus (c).

a) The morphological structure of SARS-Cov-2 reproduced from ref (Rosales-Mendoza et al., 2020). “The envelope membrane is associated with the spike protein (S),
which mediates binding to the host cell receptors and considered a critical target for the induction of antibodies capable of neutralizing the virus;
hemagglutinin-esterase dimer (HE), which acts as a potent mediator of attachment and destruction of sialic acid receptors on the host cell surface; a membrane
glycoprotein (M), which is important to generate the virus; and the envelope protein (E), which adheres to the M protein to form the viral envelope. The viral
structure also comprises a nucleocapsid protein (N) that, along with the RNA genome, produces the nucleocapsid.” (Rosales-Mendoza et al., 2020).

b) The reconstruction of the closed SARS-CoV-2 S ectodomain trimer at 2.8A resolution reproduced from ref (Walls et al., 2020). “(A) Closed SARS-CoV-2 S trimer
unsharpened cryo-EM map. (B and C) Two orthogonal views from the side (B) and top (C) of the atomic model of the closed SARS- CoV-2” (Walls et al., 2020).
¢) Complete genome structure of the SARS-CoV-2 virus, the data is redrawn based on the information and results of ref (Khailany et al., 2020).
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presence of the virus, but the immune system molecules (immunoglob-
ulins/antibodies), such as IgM and IgG that are produced by the body
when encountered with the virus. IgG/IgM tests could play a central role
in the fight against COVID-19 by accurately classifying the individuals
who developed an immune response because of SARS-CoV-2 infection.
Although the serology tests are suitable for indirect diagnosis, vast herd-
immunity scanning, and mortality rate statistics, the antibody amounts
produced on the first a few days of the infection may be insufficient for
the detection. Furthermore, the lifetime of the produced antibodies, as
well as the effectiveness, is still vague, restricting the engagement of the
antibody-based rapid tests in the COVID-19 pandemic as a robust
diagnosis and surveillance tool. A small number of serology tests have
been EUA-authorized by FDA so far (U.S. Food and Drug Administration,
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2020a,1), but no country has performed an antibody testing on a national
scale yet even though tremendous local efforts are on the way (ARUP
Laboratories, 2020; Cohen, 2020b; Financial Times, 2020).

As of July 15th, 2020, the number of worldwide SARS-Cov-2 active
cases is around 14 million, with 582,126 deaths and 7,881,023 recov-
ered (Worldometer, 2020). Due to the limited test type and the number,
only a small portion of the world population has been tested so far. As
critically discussed by Morales-Narvaez and Dincer, the development of
high performance, fast, accurate, sensitive, and selective SARS-CoV-2
sensing tools has become pivotal for public health authorities (Moral-
es-Narvaez and Dincer, 2020). In this report, current SARS-CoV-2
diagnosis tests, mostly the ones with a EUA, have been methodically
reviewed. Some non-commercial techniques that have been recently

a) The principle of TagMan probe based RT-PCR
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Fig. 2. The principle of RT-PCR based on commercial TagMan probes (a) and the relative amplicon positions for SARS-Cov-2 on GenBank data of the previous SARS-
CoV and SARS-CoV-2 (b).

a) TagMan Probe-based RT-PCR steps. The illustration was redrawn based on Ref (Roy et al., 2019). The probe is modified with a fluorescent dye (reporter dye) at one
end, and one quencher dye on the other end. The quencher blocks the fluorescent signal of the reporter dye due to proximity. The probe does not fluoresce in its
native condition. When the polymerase enzyme starts the amplification and encounters with the labeled probe, the probe gets hydrolyzed, releasing its components
away from each other, which constitutes a fluorescent signal. Each successful amplification produces fluorescent that is proportional to the amount of the target gene
in the sample.

b) Relative positions of amplicon targets on SARS-CoV and Wuhan-CoV genome. S: Spike glycoprotein, E: Envelope protein, M: Membrane protein, N: nucleocapsid;
ORF: open reading frame; RdRp: RNA-dependent RNA polymerase. Numbers below amplicon are genome positions according to SARS-CoV, NC_004718”. Reproduced
from ref (Corman et al., 2020).
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published in the literature are explicitly included in the report to provide
the audience with the most recent research-based solutions and the
initial outcomes.

2. Viral gene detection by RT-PCR method

RT-PCR is a version PCR method explicitly developed for (genomic)
RNA detection. RT-PCR is sufficiently reliable and a fast technique,
producing results in a few hours in a high throughput manner (Green
etal., 2020). RT-PCR technique is based on two consecutive reactions: a)
conversion of RNA into complementary DNA (cDNA) through reverse
transcription enzyme and b) amplification of the cDNA sample by po-
lymerase chain reaction using gene-specific primers and fluorescently
labeled hydrolysis probes. The first step produces DNA templates to be
used in the second step, where the copy number of the DNA is increased
throughout repeated thermal cycles. Gene-specific primers guide the
second reaction for the amplification of only the selected region on the
genome while the probes produce fluorescent signals upon each suc-
cessful amplification of the gene regions, allowing a quantifiable reac-
tion system (Nolan et al., 2006). An illustration for RT-PCR based on
well-known TagMan hydrolysis probes (Holland et al., 1991), is pre-
sented in Fig. 2a. The discovery of the RT-PCR method has paved the
way for the detection of gene transcripts at trace levels, and the tech-
nique has been vastly utilized for contagious disease testing worldwide
(Lee et al., 2001; Pabbaraju et al., 2009).

RT-PCR is currently the gold standard for SARS-Cov-2 detection due
to its capacity to directly measure the viral genomic parts rather than the
secondary biomarkers such as antigens or antibodies. Malaysian Insti-
tute for Medical Research (IMR) announced the SARS-CoV-2 specific RT-
PCR primers and probes on January 11th, 2020 (General of Health
Malaysia, 2020), the day when the scientists from China had released
the entire genome sequence of the virus (Harun, 2020). Several other
countries, such as England, Germany, South Korea, Turkey, Russia, the
USA, and China, later declared their clinical-grade RT-PCR kits for
SARS-CoV-2 detection. Some of the first SARS-CoV-2 Real-Time PCR
Diagnostic kits delivered by the Central Disease Center (CDC) of the USA
to national laboratories were found to cause inconclusive results and
thereby limited the number of valid tests performed in February 2020 in
the USA. The validated test kit from CDC, namely “CDC 2019-Novel
Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel” was
then approved by FDA under an Emergency Use Authorization (EUA)
scheme in late February 2020 (U.S. Food and Drug Administration,
2020c,n) to be used in qualified laboratories. Shortly, FDA has granted
EUA for Abbott m2000 system (U.S. Food and Drug Administration,
2020d), Panther Fusion SARS-COV-2 Assay by Hologic (U.S. Food and
Drug Administration, 2020e), COVID-19 RT-PCR test by LabCorp (U.S.
Food and Drug Administration, 2020b,m), and TaqPath COVID-19
Combo Kit by Thermo Fisher Scientific (U.S. Food and Drug Adminis-
tration, 2020f) for authorized laboratory use. It should be noted that
FDA gives EUAs for “unapproved medical products as well as the novel
utilization of the existing, approved medical products” under section
564 of the Federal Food, Drug, and Cosmetic Act (Pilot, 2012), only for
emergencies like public health threats, pandemics where no appropriate
alternatives exist.

The list of EUA granted test kits, to be used only by authorized lab-
oratories, is readily updated on FDA website (U.S. Food and Drug
Administration, 2020a,]). By June 6th, 2020, 72 commercial
SARS-Cov-2 detection kits out of 88 EUA-issued were based on RT-PCR
principle. On March 31st, 2020, FDA concluded that some other mo-
lecular detection-based tests developed by various laboratories could be
authorized for use in the single laboratory that developed the test, and
that is sanctioned under the “Clinical Laboratory Improvement
Amendments (CLIA)” of 1988, 42 U.S.C. §263a to perform high
complexity tests (U.S. Food and Drug Administration, 2020a,1). FDA has
issued EUA for another 23 kits under this category for singular/-
identified laboratory use as of early May 2020. RT-PCR kits have been
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used for samples from various infected parts of the body, including
nasopharyngeal, oropharyngeal, or nasal swabs, upper and lower res-
piratory tract aspirates, bronchoalveolar lavage, and the sputum. The
swaps taken from throat samples might cause misleading results since
the virus starts moving towards the lower parts of the respiratory system
following the first week of the infection. Therefore, the samples must be
collected carefully from the deeper parts of the respiratory system
wherever possible. A study conducted recently by Xu et al. (2020) re-
ported that eight infected children out of ten continuously tested posi-
tive on rectal swab samples. However, their nasopharyngeal swab
samples tested negative, indicating the potential of rectal samples for
assessing the treatment efficacy as well as the quarantine period of the
patients.

RT-PCR kits for SARS-CoV-2 detection mainly include the reverse
transcription and amplification enzymes, two to three sets of primers
and probes for amplification of the specific viral genome regions, and
authorized reagents for negative, positive, and internal controls. The
potential PCR amplicon regions for SARS-Cov-2 are illustrated in Fig. 2b
(Corman et al., 2020). Control samples are processed in the same
manner as the clinical patient samples and included in every plate in
high throughput detection setups. For a valid test setup, all control
samples must provide expected results as specified in the user guides of
each kit. Some of the EUA-authorized RT-PCR kits have been explained
here to highlight the significant differences in the principles. “NXTAG®
CoV Extended Panel” by Luminex is a high throughput system that can
process 96 samples in around 4 h (Rao et al., 2020). The platform is
based on the amplification of viral ORFlab, E gene, and N genes, and
RNase P internal gene is used as an internal control. The synthetic
double-stranded DNA gBlocks corresponding to SARS-CoV-2 gene frag-
ments are used as positive control. “Real-time SARS-CoV-2 Assay” kit by
Abbott relies on the amplification of RARp and N genes from the samples
collected only from respiratory system parts (Abbott, 2020a). Positive
control of the kit contains non-infectious, recombinant SARS-CoV-2
RNA sequences that monitor the reagent or condition flops. The nega-
tive sample operates a buffer solution to check cross-contamination or
non-specific byproducts. Finally, an internal/extraction control is
included in the experimental setup to screen failures in the extraction
protocol. However, persistent utilization of this automated high
throughput system requires trained personnel as well as an installed
Abbott m2000 System. Similarly, the “cobas® SARS-CoV-2” kit by
Roche is high throughput RT-PCR detection platform that based on the
presence of either cobas® 6800 or cobas® 8800 system in the labora-
tories (Roche, 2020). The main difference is that the cobas®
SARS-CoV-2 kit targets ORF-1a and E-gene regions of the SARS-CoV-2
genome, and the platform also offers pan-sarbecovirus detection for
the sarbecovirus subgenus family. It should be noted that FDA-EUA
granted kits include at least three control samples, positive, negative,
and internal controls, to provide consistent test results with maximum
confidence level and minimum false positive/negatives as well as the
reagent/experimental procedure failures.

A list of the target genes, corresponding primer, and probe sequences
used in RT-PCR kits so far for SARS-CoV-2 detection is presented in
Table 1. WHO also provided a recipe document (Maschinen et al., 2020)
for in house RT-PCR-based SARS-CoV-2 detection that summarizes the
methods from well-known institutions worldwide, including China CDC
(China), Institute Pasteur (France), USA CDC (USA), Charité (Germany),
National Institute of Infectious Diseases (Japan), University of Hong
Kong (Hong Kong) and National Institute of Health (Thailand). In a
recent pre-print study conducted by Jung et al. (2020), the primers
“2019-nCoV_N2 and N3” of the USA and the ORFlab” of China were
claimed to be the most sensitive primer-probe sets for detection of N and
Orfl genes, respectively. Another study conducted by Nalla et al. (2020)
suggested that the E-gene primer/probe sets described by Corman et al.
(2020) and N2 primer-probe set defined by the CDC (Jung et al., 2020)
provided the most sensitive assays. The authors also stated that all the
tested primer and probes sets were found to be highly specific for the
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Table 1
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A list of the target gene regions, primer and probe sequences used in different RT-PCR setups for SARS-CoV-2 detection.

Reference Genes Forward Primer Reverse Primer Probe Sequence’
Corman et al. (2020) RdARP GTGARATGGTCATGTGTGGCGG CARATGTTAAASACACTATTAGCATA  CAGGTGGAACCTCATCAGGAGATGC
E ACAGGTACGTTAATAGTTAATAGCGT  ATATTGCAGCAGTACGCACACA ACACTAGCCATCCTTACTGCGCTTCG
N CACATTGGCACCCGCAATC GAGGAACGAGAAGAGGCTTG ACTTCCTCAAGGAACAACATTGCCA
Rao et al. (2020) ORFlab  CCCTGTGGGTTTTACACTTAA ACGATTGTGCATCAGCTGA CCGTCTGCG/ZEN/
GTATGTGGAAAGGTTATGG
N GGGGAACTTCTCCTGCTAGAAT CAGACATTTTGCTCTCAAGCTG TTGCTGCTGCTTGACAGATT
U.S. Centers for Disease Control RdARP AGATTTGGACCTGCGAGCG GAGCGGCTGTCTCCACAAGT TTCTGACCTGAAGGCTCTGCGCG
and Prevention (2020) N1 GACCCCAAAATCAGCGAAAT TCTGGTTACTGCCAGTTGAATCTG ACCCCGCAT/ZEN/TACGTTTGGTGGACC
N2 TTACAAACATTGGCGCAAA GCGCGACATTCCGAAGAA ACAATTTGCCCCCAGCGCTTCAG
N3 GGGAGCCTTGAATACACCAAAA TGTAGCACGATTGCAGCATTG AYCACATTGGCACCCGCAATCCTG
Chu et al. (2020) ORF1b TGGGGYTTTACRGGTAACCT AACRCGCTTAACAAAGCACTC TAGTTGTGATGCWATCATGACTAG
N TAATCAGACAAGGAACTGATTA CGAAGGTGTGACTTCCATG GCAAATTGTGCAATTTGCGG
Nao et al. (2019) N AAATTTTGGGGACCAGGAAC TGGCAGCTGTGTAGGTCAAC ATGTCGCGCATTGGCATGGA
Institute of Pasteur (2020) RdARP ATGAGCTTAGTCCTGTTG CTCCCTTTGTTGTGTTGT AGATGTCTTGTGCTGCCGGTA
RdARP GGTAACTGGTATGATTTCG CTGGTCAAGGTTAATATAGG TCATACAAACCACGCCAGG
E ACAGGTACGTTAATAGTTAATAGCGT  ATATTGCAGCAGTACGCACACA ACACTAGCCATCCTTACTGCGCTTCG
China CDC (2020) ORFlab  CCCTGTGGGTTTTACACTTAA ACG ACGATTGTGCATCAGCTGACCG CCGTCTGCGGTATGTGGAAAGGTTATGG
N GGGGAACTTCTCCTGCTA GAA T CAGACATTTTGCTCTCAA GCT G TTGCTGCTGCTTGACAGATT
Thailand Ministry of Public Health N CGTTTGGTGGACCCTCAGAT CCCCACTGCGTTCTCCATT CAACTGGCAGTAACCA

(2020)

@ All sequences are given in the direction of 5 to 3’ (from left to right). Probe sequences are always labeled with a reporter dye at 5’ (usually FAM) and a quencher at

the 3’ (usually BHQ).

SARS-CoV-2 genes, and no cross-reactivity with other respiratory viruses
was observed. The SARS-COV-2 qRT-PCR primer-probe sets comparison
study performed by Vogels et al. (2020) under identical PCR conditions
(not optimized for each set) were in good agreement with the previous
findings of the other groups except for the RARp-SARSr set from Charité,
Germany (Corman et al., 2020) that had low sensitivity under the
specified experimental conditions.

The commercial kits based on the RT-PCR method are only operated
in laboratory conditions equipped with specialized tools and in-
struments because of the sophisticated nature of the RT-PCR reactions as
well as safety reasons. Therefore, it may be challenging to use the RT-
PCR kits for rapid surveillance or screening of the nations for the cur-
rent pandemic. COVID-19 RT-PCR Test kit by Laboratory Corporation of
America (LabCorp) was granted an FDA-EUA in mid-March 2020 for the
qualitative detection of nucleic acid from SARS-CoV-2 in upper and
lower respiratory specimens. Recently, in April 2020, LabCorp requested
an amendment for its COVID-19 RT-PCR Test kit to be used with a “home
specimen collection method” and received a swift authorization from
FDA (U.S. Food and Drug Administration, 2020g). Nasal swab specimens
now can be self-collected by individuals at home using the “Pixel by
LabCorp COVID-19 home collection kit” when found suitable by
healthcare personnel following a COVID-19 questionnaire. The
COVID-19 RT-PCR Test kit targets three different nucleocapsid proteins
from the viral genome (N1, N2 and N3), and it includes a) RNase P (RP)
reagents as the internal control, b) an in vitro transcribed SARS-CoV-2
RNA as the positive control, c) a clinically negative patient sample as
the negative extraction control and d) nuclease-free, molecular-grade
water as the no-template or negative control. On the other hand, the
Pixel by LabCorp COVID-19 Test Home Collection Kit contains a ship-
ping box, pre-labeled return FedEx envelope, nasal specimen collection
swab, saline tube, insulated specimen pouch, gel pack (for sample
cooling), specimen biohazard bag and the user guideline. Appropriately
collected home nasal swab sample is placed in the provided saline tube,
packaged in the specimen pouch, placed in between the cooling peds,
and sent back to the laboratory in the pre-labeled FedEx return enve-
lopes. The test results are provided online and repeated as seen neces-
sary. Still, the home kit is available at limited numbers and only for a
limited number of locations, in its current state. In this way, the patients
are not required to visit hospitals for regular checks, the frontline
healthcare personnel are genuinely protected, and the overloads in the
hospitals are reduced, allowing the patients to be tested and screened at
their homes. The test has a LOD of 6.2 genomic copy/ul sample and

slightly cross-reacts with the SARS-Cov-2 N3 gene, according to the
cross-reactivity tests, conducted using in silico analysis, purified nucleic
acid extracts or whole organisms (U.S. Food and Drug Administration,
2020h). The interpretation of the results is the same for RT-PCR Kkits,
differing by the type of targeted viral gene. The RT-PCR results inter-
pretation table for COVID-19 RT-PCR Single Plex Test kit by LabCorp
(2020b) is represented in Table 2, as an example. As can be seen from the
table, the test becomes “invalid” when all the genes tested negative. The
test result becomes “SARS-CoV-2 positive” when all the viral N genes are
tested positive. If only one target viral gene tests positive, the result is
considered “intermediate,” and the sample requires another testing.
Finally, the test result becomes “SARS-CoV-2 negative” when all the
viral N genes are tested negative.

Although the RT-PCR remains to be the most reliable method for
SARS-CoV-2 detection so far, only a limited number of tests could be
performed each day, which prevents the authorities from obtaining
consistent data on the prevalence of the virus in the entire world pop-
ulation. The sensitivity of this method usually depends on the RNA
amount in each sample. The patients can be categorized as SARS-CoV-2
positive (active case) or SARS-CoV-2 negative based on the outcome of
the RT-PCR results. However, this technique does not give information
for the patients who have already recovered from the SARS-CoV-2, since
the viral load is cleared out of the body after recovery. Equally, the
patients who are in the very first days of the viral infection may not
respond “positive” with this test due to the inadequate amount of the
virus on the swabs. Therefore, swab samples from different parts of the
body may be required for a confirmation test. The development of faster
detection kits that do not rely on trained personnel, advanced reactions,
or equipped laboratories is of great importance. Antigen tests that target
the viral biomarkers such as spike, envelope, or nucleocapsid proteins
could be useful to support the current RT-PCR-based systems and
accelerate the detection speed worldwide. On the other hand, antibody
or serology tests are equally important to see how many people have
already had the virus and developed protective antibodies, which may
be later used as a databank to survey potential plasma donors for the
disease treatment.

3. Antibody detection methods
An antibody is a protein produced by the immune system in response

to an antigen. Each antibody has sites that can bind only one specific
type of antigen to remove it from the body. This specificity is determined
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Table 2

LabCorp COVID-19 RT-PCR test interpretation-SINGLEPLEX. Reproduced from ref (LabCorp, 2020b).
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SARS- SARS- SARS- RNAse P Interpretation Report Actions (Clinical Site Samples) Actions (Pixel Home Collection Kit
CoV-2 CoV-2 CoV-2 (FAM) samples)
N1 N2 N3
(FAM) (FAM) (FAM)
+ + + +/— SARS-CoV-2 DETECTED Report results to sender and appropriate ~ Report results to PWN Health, who will
detected public health authorities call the patient. Report the result to the
Pixel portal. Report the result to the
appropriate public health authorities
If only one target is +/— +/— SARS-CoV-2 INDETERMINATE  The sample is repeated once. If results The sample is repeated once. If results
positive Indeterminate remain the same, it is reported to the remain the same, it is reported to the
sender as indeterminate and sender as indeterminate to PWN Health,
recommend recollection if the patientis ~ who will call the patient. Report the result
still clinically indicated to the Pixel Portal
- - - + SARS-CoV-2 NOT DETECTED Report results to sender Report results to PWN Health and the Pixel

Not Detected
Invalid Result

INVALID

The sample is repeated once. If a second
failure occurs, it is reported to the
sender as invalid and recommend
recollection if the patient is still
clinically indicated

Portal

The sample is repeated once. If a second
failure occurs, it is reported to PWN
Health. Pixel’s customer service will
contact the patient to discuss options.
Report the result to the Pixel Portal

by Complementary Determining Regions (CDRs), localized on N-termi-
nus of the antibody. Antibodies are also called immunoglobulins (Ig).
Five classes of antibodies exist; IgM, IgD, IgG, IgA, and IgE, which are
distinguished by C-terminus regions. IgM is the first antibody produced
during an infection, while the IgG is the most common and abundant one
in serum. Antibodies are secreted in mucosa and blood; here, they
neutralize pathogens by binding to and inactivating antigens. Therefore,
antibody neutralization prevents the virus from infecting the cells
(Jacofsky et al., 2020). An antibody test can measure the presence and
concentration of IgG and IgM levels in the blood/serum/plasma samples
to determine if the body is fighting with a pathogen, for example, a
contagious virus. A “recombinant” antigen that mimics the virus can be
produced in the laboratory, and antibodies with specific target binding
affinity can be produced by using these artificial pathogens (Loeffelholz
and Tang, 2020). The most common antibody tests are based on lateral
flow type assays (LFA) and enzyme-linked immunosorbent type assays
(ELISA).

In an LFA, the presence of the molecule(s) of interest is determined
by antibodies immobilized onto a membrane. The device is composed of
a cassette, enclosing a strip of the polymer membrane, usually con-
taining two lines: a control line and a test line. In an antibody LFA test,
the molecules of interest are the specific antibodies present in the pa-
tient’s blood sample. The sample is deposited onto the sample pad
through a port and moves through the strip by capillary action. When it
encounters the first line, antibodies labeled with gold nanoparticles bind
to the target molecule in the sample. Then as the sample continues to
move, the gold-labeled antibodies are bound by the capture antibodies
in the lines. The gold-labeled antibodies that are in excess then move
further along the strip and are captured at the control line. Even in the
absence of the target molecule in the sample solution, the gold-labeled
antibodies must be captured at the control line, making the control
line for the validity of the test (Soh et al., 2020). Depending on whether
the test is for IgG- or IgM-class antibodies, or both, the display window
should show either one, two, or three stripes. If the test is only for one
class of antibody and is negative, it should display one stripe, only at the
control line. If the test is positive, it should display two stripes, both at
the control line and the test line. If the test is for both antibodies and
negative, it should, again, display one stripe at the control line. If it is
positive for both, three stripes will be displayed: one at the control line,
one at the IgG test line, and one at the IgM test line. Additionally, in an
IgG/IgM test, only one antibody may be present, which could be indirect
indicators of the course of the infection or direct immune response.

In ELISA tests, the recombinant viral antigen is coated onto the
surfaces of plastic wells as the target molecules. Once the wells are
prepared, the sample, i.e., the patient’s serum, is added to the well. If

antibodies (IgG or IgM) against the target antigen are present in the
sample, a binding event occurs. The excess sample is washed out several
times to ensure all unbound substrate is removed. Then, a second so-
lution containing labeled, secondary anti-human antibodies are added
and allowed to bind; if the antibody of interest is absent in the sample,
no binding occurs. The excess is again removed by washing, and the
binding of target antibodies is confirmed by an enzyme-dependent
(usually horseradish peroxidase) color changing reaction. A spectrom-
eter reads the color change, and the concentration of the antibody of
interest can be determined. In chemiluminescent immunoassays (CLIA,
also called modified-ELISA), the binding of the secondary antibody is
confirmed by a separate chemiluminescent substrate (Lin et al., 2020).

As of June 2020, there were only 16 serology tests issued EUA by the
FDA, some of which are detailed in Table 3. All these tests require lab-
oratories that are authorized to perform moderate to high complexity
tests or high complexity tests, as specified by the CLIA of 1988. There
are, however, six more tests, developed by countries outside the USA, in
China and South Korea, two of which, the SARS-CoV-2 Rapid Test by
ScanWell Health/INNOVITA and the (COVID-19) IgM/IgG Rapid Test by
Aytu BioScience, Inc./Orient Gene Biotech., are waiting for authoriza-
tion by the FDA. Additionally, several other tests with CE/IVD approval
are available for purchase by research labs and, in some cases, health-
care professionals. The CE/IVD approval is a legal requirement for all
on-market medical products to aid in patient care and decision making.
The authorization is valid within the European Union (EU), European
Free Trade Area (EFTA), Switzerland, and Turkey (Global Product Cer-
tification, 2020). These companies include Ray Biotech, Eagle Bio-
sciences, Biomedomics, Sanuo Biotech, Shenzhen Yhlo Biotech
Company, GenBody, Snibe Co., Liming Bio, BioEasy, Sensing self,
Sugentech, Euroimmun AG, and Livzon Diagnostics (Johns Hopkins
Bloomberg School of Public Health, 2020). There are several more
US-based tests approved under the FDA Policy for Diagnostic Tests for
Coronavirus Disease-2019, wherein Section IV-A specifies that labora-
tories authorized under the CLIA of 1988 will be granted EUAs in the
absence of significant problems. Section IV-D specifies that FDA plans to
not object to the development and distribution of serological tests by
commercial manufacturers, as long as proper disclaimers are given and
the application of said tests are only in research laboratories or with
healthcare professionals at point-of-care. The suggested disclaimers
include: the test is not FDA-approved, should not be the only basis for a
diagnosis, a positive result may be due to a past coronavirus infection,
and that a negative result does not guarantee that the patient is not
infected. If the patient has been in contact with the virus, they should
undergo molecular testing (U.S. Food and Drug Administration, 2020b,
m).
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Table 3
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The kits cleared a EUA from FDA for SARS-CoV-2 antibody detection. The commercial kit list was retrieved from the FDA website in early May 2020 (U.S. Food and
Drug Administration, 2020a,1). Instruction for Use (IFU) and Fact Sheet for Healthcare Providers (HCP) documents were also retrieved from the same FDA website.

Entity/Company

Targeted Molecules and Kit Name

Details

Abbott Laboratories
Inc.

Autobio Diagnostics
Co. Ltd.

DiaSorin Inc.

Ortho-Clinical
Diagnostics, Inc.

Mount Sinai
Laboratory

Ortho Clinical
Diagnostics, Inc.

Chembio Diagnostic
System, Inc.

Cellex Inc.

1gG only
SARS-CoV-2 IgG assay

IgM and IgG
Anti-SARS-CoV-2 Rapid Test

IgG only
LIAISON SARS-CoV-2 S1/S2 IgG

1gG only
VITROS Immunodiagnostic Products Anti-
SARS-CoV-2 IgG Reagent

1gG only
COVID-19 ELISA IgG Antibody Test

Total Antibody
VITROS Immunodiagnostic Products Anti-
SARS-CoV-2 Total Reagent Pack

IgM and IgG
DPP COVID-19 IgM/IgG System

IgM and IgG qSARS-CoV-2 IgG/IgM Rapid Test

The test can be used only in authorized laboratories on Abbott’s Architect i1000SR and i2000SR
instruments. This platform can run 100-200 tests/hour, being faster than RT-PCR. It is reported that the
kit has a sensitivity of 100% and specificity of 99.5% (IFU). The company plans to develop an IgM test
too, which would be the 4th product of the company in the market for the COVID-19 diagnosis (Cairns,
2020).

This is a rapid LFA test based on a one-step capture protocol. The samples can be taken from serum or
plasma. The membrane pads are decorated with anti-Spike, anti-IgM, and IgG antibodies lines, which
serve as a control, IgG detection, and IgM detection lines, respectively. The spike protein-coated gold
nanoparticles are employed to capture the antibodies and form a reddish color on the pads for fast,
visual detection. The protocol implies that the tests are more accurate when used after around 15 days
following the infection (IFU). Such a test can be used by individuals since they do not require trained
personnel or sophisticated equipment.

This kit is a two-step automated immunoassay for the qualitative detection of anti-SARS-CoV-2 IgG
antibodies in serum/plasma samples. The assay is based on chemiluminescent microparticle
immunoassay technology (CMIA) in which the particles are functionalized with the SARS-CoV-2
antigens. Further addition of the Anti-human IgG acridinium-labeled conjugate into the incubation
medium creates a chemiluminescent signal that is measured as relative light units. The positive percent
agreement (PPA) was reported as 100% for 88 clinically validated positive samples that are measured
after at least 14 days following the infection, whereas this value was <25% when tested in the first week
(n = 12) (IFU). This test can only be performed at laboratories; however, the sensitivity of the test is high
enough to make a decision without further confirmation.

This two-step kit is performed with Anti-SARS-CoV-2 IgG Reagent Pack, the Anti-SARS-CoV-2 IgG
Calibrator on the ECi/ECiQ/3600 Immunodiagnostic Systems and the 5600/XT 7600 Integrated
Systems, all available from Ortho-Clinical Diagnostics, Inc. In the first step, anti-SARS-CoV-2 antibodies
bind to the wells that are decorated with the virus spike proteins. The wash step removes the unbound
molecules from the sample environment, which is followed by the addition of the horseradish-
peroxidase-linked anti IgG antibodies. If there is no spike protein-IgG complex in the sample, the second
antibody will be cleared off the well with the second washing step. If positive, the addition of a final
enzymatic substrate results in a color change that is measured and correlated with the virus presence.
The test showed 100% negative agreement (n = 407) and 87.5% (n = 48) positive agreement (IFU). The
positive agreement value of the test is relatively low that probably requires a second confirmatory test.
The ELISA-based test kit is only authorized for use at Mount Sinai Laboratory (New York, USA), certified
CLIA (1988, 42 U.S.C. §263a), to perform high complexity tests (HCP). The ELISA kits cannot be
performed out of laboratory; however, they are both reliable and high throughput and thus a very
efficient alternative to the RT-PCR method.

The SARS-CoV-2 Total Antibody kit by Ortho Clinical, Inc. is quite similar to the one other VITROS kit,
listed earlier in this table except for the second step, which involves the use of horseradish peroxidase
(HRP)-labeled recombinant SARS-CoV-2 antigen instead of horseradish-peroxidase-linked anti IgG
antibodies. The clinical agreement of the kit was reported as 100% negative agreement (n = 400) and
83.3% positive agreement, which is less than the IgG antibody kit agreement values, provided by the
same company (IFU).

The DPP® COVID-19 IgM/IgG System is a single-use rapid test (a version of LFA performed on a device
for readout) for qualitative IgG and IgM detection in blood, serum, or plasma samples. The platform
includes the DPP COVID-19 IgM/IgG Test Devices and the DPP Micro Reader/DPP Micro Reader 2 for
use with the kit. For this dual antibody detection platform, the positive agreement was reported as 100%
(n = 13) for both IgG and IgM (for the samples tested after the first two weeks of the infection). The
negative agreements were reported as 100% for IgM and 95.9% for IgG, 95.9% for IgG, and IgM dual test
line (n = 49) (IFU).

This test is an LFA that can detect antibodies produced against the new Coronavirus. The cassette
includes colloidal gold conjugated- SARS-CoV-2 antigens and rabbit IgG-gold conjugates to be spiked
with the actual sample. One of the test lines contains an anti-human IgG antibody for IgG testing; the
other one contains anti-human IgM antibodies for IgM detection. The control line contains anti-rabbit
IgG antibodies produced in goat and work regardless of the presence of anti-SARS-CoV-2 IgG/IgM
antibodies in the sample. The overall clinical agreement values were reported as 93.8% for the positive
percent (n = 128), and 96% for the negative percent (n = 250) (IFU). The clinical agreement values are
higher than the previous kits.

The Other Serology Kits

Supplier Target Molecules and Kit Sensitivity/Specificity Country/Use/Reference
Name
Aytu BioScience, Inc./ IgM and IgG The sensitivity of 1gM only test is 89.2% (n = 112). The specificity is 100% (n = 14).  China
Orient Gene Biotech. (COVID-19) IgM/IgG The sensitivity of 1gG & IgM test is 91.9% (n = 112), and the specificity is 100% (n =  For only professional use
Rapid Test 14) (Aytu BioScience Inc, 2020)
ScanWell Health/ IgM and IgG 87.3% sensitivity and 100% specificity in clinical trials China

INNOVITA

SD Biosensor, Inc.

SARS-CoV-2 Rapid Test

IgM and IgG
Standard Q COVID-19
IgM/IgG Duo Rapid Test

The positive percent value for IgM/IgG was reported as 98.1% (n = 52) for the
samples measured following around two weeks of the infection. This percent was
increased up10 100% following almost three weeks of the infection. The negative

For use at-home with
smartphone readout (Murphy,
2020)

South Korea/Point-of-care (
SDBiosensor Inc., 2020)

percent value was reported as 96.1& (n = 205).
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The benefit of an LFA over the ELISA test is that the device can be
used at home without training, such as at-home pregnancy tests. ELISA is
a diagnostic technique that can be conducted only in laboratories with
authorization to perform moderate or high complexity tests, as the
protocol involves multistep and long turnaround time and requires
skilled personnel and specific instrumentation. These limitations in-
crease the need for point-of-care rapid testing. Therefore Sars-Cov-2
studies have focused on improving the sensitivity and specificity of
LFAs. To increase the accuracy, sensitivity, and detection throughput,
new approaches are in development, such as signal amplification and
multiplexed detection. Especially in resource-poor areas, because of the
lack of early diagnosis, many cases remain undifferentiated, and this
leads to an uncontrollable spread of the virus. Multiplexed LFAs have
become necessary to test multiple biomarkers simultaneously by
reducing the reagents, turnaround time, and labor costs (Soh et al.,
2020). However, both methods suffer from setbacks.

The biggest issue concerning serological tests is cross-reactivity.
Cross-reactivity occurs when antibodies bind with an antigen different
from the target antigen, often due to the similarities between the mol-
ecules. For example, cross-reactivity was observed by Okba et al. for
SARS-CoV-2 spike (S) protein with S proteins of SARS-CoV and MERS-
CoV (Okba et al., 2020). However, no cross-reactivity was observed
for the S1 subunit of the spike protein for MERS-CoV. The S2 is more
highly conserved among coronaviruses, which could make the S1 sub-
unit a better candidate for serological tests. The biggest issue with this
cross-reactivity is that it can lead to false positives: a patient previously
infected with SARS-CoV may test positive for SARS-CoV-2, although
uninfected. Additionally, because antibodies are developed through the
course of an infection, a negative result on an antibody test may not
confirm that the patient is uninfected. A majority of patients develop an
antibody after around 14 days in response to SARS-CoV-2 infection,
while a recent study shows that both IgG and IgM antibodies were
detected five days later (Cevik et al., 2020; Loeffelholz and Tang, 2020).
This general late response may, therefore, lead to false negatives: where
the patient is infected but has not yet produced antibodies at detectable
levels. It is, therefore, essential to establish the sensitivity and specificity
values of tests to comprehend the possibilities of false positives and false
negatives. Sensitivity is the percentage of true positives among all pos-
itive results, and the percentage of true negatives among all negative
results (Li et al., 2020). On the other hand, due to the late detection of
antibodies, serological studies may be retroactively beneficial in vaccine
studies, epidemiologic studies, and late complications, where RT-PCR
testing may yield false negatives due to shedding or low viral loads in
the tested samples (Woo et al., 2020). Dr. Edward Wright, senior lecturer
in microbiology at the University of Sussex, says that an antibody test
cannot tell us who is infected as the antibodies are generated up to two
weeks later when the virus should have been cleared from the system.
However, it can tell us who developed an immunity to the virus and
what proportion of the population has been infected (Kent, 2020).

4. Antigen detection methods

An antigen is a particle/fragment/molecule that can trigger the im-
mune system and induce antibody production to kill the pathogens,
thereby protecting the body. The antigen tests, unlike PCR-based
methods, detect viral components (i.e., S glycoprotein, M protein, or
released N protein) or the virus directly without thermal amplification
steps (Green et al., 2020). Like the PCR-based methods, antigen tests
only reveal the active viral infection, not the recovery situation. Because
antigens precede antibodies and are target-specific, they could be more
reliable than antibody tests. Antigen tests can be operated on LFA strips
for rapid detection purposes or in ELISA format for better sensitivity, and
high throughput uses (the simultaneous measurement of 96 samples).
Diao et al. developed a fluorescent immunochromatographic LFA assay
for detecting the nucleocapsid (N) protein of SARS-CoV-2 (Diao et al.,
2020). The assay utilizes anti-N mouse antibodies and goat anti-rabbit
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IgG antibodies to create the test and control lines, respectively. It uses
anti-N rabbit IgG marked with carboxylate-modified polystyrene Euro-
pium (III) chelate microparticles as signal particles, unlike conventional
gold nanoparticles. Nasopharyngeal swabs and urine were used as the
samples. When compared with nucleic acid testing, the assay was shown
to have a sensitivity of 68% and a specificity of 100%. However, such
studies are at early research state that it could take years to put into the
market even if they present excellent sensitivity and selectivity.

Although ELISA and LFA techniques are well-established, and anti-
gen tests are urgently and immensely needed, there is only one EUA-
issued antigen test in the market so far for SARS-COV-2 detection that
is “Sofia 2 SARS Antigen Test Kit” developed by QUIDEL (U.S. Food and
Drug Administration, 2020i). Sofia 2 rapid antigen test kit is based on a
sandwich-type immunofluorescence strip technology that is used with
an instrument to detect N protein of both SARS-CoV and SARS-CoV-2,
meaning that the kit cannot differentiate between these two closely
related virus species. Furthermore, the kit utilizes nasal and nasopha-
ryngeal swab samples, and it is only intended to be operated by medical
professionals. The clinical sensitivity of the kit was found as 80%,
whereas the specificity was 100% out of 47 positive and 96 negative
clinical samples (U.S. Food and Drug Administration, 2020j). After the
failures of several antibody kits (Cohen, 2020a; Royal Statistical Society
Covid-19 Task Force, 2020), WHO and FDA warned scientific and
medical communities on the use of the rapid commercial tests for
SARS-CoV-2 detection (U.S. Food and Drug Administration, 2020c). The
original quote from WHO was as follows: “with the limited data now
available, WHO does not currently recommend the use of
antigen-detecting rapid diagnostic tests for patient care, although
research into their performance and potential diagnostic utility is highly
encouraged” (WHO, 2020b). Two companies are trying to develop
reliable antigen tests. In Table 4, we briefly covered these future tech-
nologies based on the information available from online sources so far. It
is for sure that the sensitive and selective rapid antibody/antigen tests
will dramatically change the spread of the virus worldwide because they
basically can be operated by anyone.

5. Other methods

The prompt testing of the SARS-CoV-2 is a subject of the emergency
as the virus is continuing to spread. It would be a tremendous help to
fight against the virus if a precise and rapid test was developed since the
methods based on rapid antibody and antigens tests are still in question
regarding their accuracy and selectivity worldwide (Maxmen, 2020).
The researchers all around the globe have been thriving to develop a test
that could deliver fast and accurate results, without compromising the
sensitivity and selectivity. In this subsection, some of the novel
research-stage methods proposed for SARS-CoV-2 detection in the
literature were elaborated. The content is also summarized in Table 5 for
a quick review of the procedures and the outcomes. So far, many of the
published methods have relied on field-effect transistors (FET) and
surface plasmon resonance (SPR) principles that are known to deliver
fast and sensitive signals. SPR principle is based on the collective
oscillation of electrons on a given noble metal surface, and it is
commonly used to monitor molecular interactions in proximity between
protein-protein,  protein-DNA, protein-RNA, antigen-antibody,
enzyme-substrate samples in real-time, with high sensitivity (Kurt et al.,
2019). The SPR method proposed by Djaileb et al. was based on the gold
chips modified by the viral nucleocapsid proteins, and it detected the
antibodies in diluted human serum samples in 15 min with nanomolar
sensitivity (Djaileb et al., 2020), but no clinical testing was performed.
The system was also utilized to fast screen some potential antibody
candidates that showed the best binding affinity against the immobilized
nucleocapsid proteins. Another SPR study, based on plasmonic photo-
thermal effect (PPT) and localized surface plasmon resonance (LSPR),
was published by Qui et al. in which the gold nanoparticles were
decorated with oligonucleotides that were complementary to the
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Table 4

The antigen tests under development for SARS-CoV-2 detection.

Companies Target

Method and Possible
Outcome

Ref.

QUIDEL? N protein

SARS-CoV-2
viral antigens, S
glycoproteins

Avacta and
Cytiva
(formerly
GE
Healthcare
Life
Sciences)

OraSure Inc. A panel of
SARS-CoV-2
viral antigens-
not specifically

disclosed

Sofia 2 SARS Antigen
Test Kit is based on a
sandwich-type
immunofluorescence
strip technology that is
used with an instrument
to detect N protein of
both SARS-CoV and
SARS-CoV-2. The clinical
sensitivity of the kit was
found as 80%, whereas
the specificity was 100%
out of 47 positive and 96
negative clinical
samples.

The developer of
Affimer®
biotherapeutics and
reagents, Avacta Group
ple (AIM: AVCT),
announced in late April
(2020) a collaborative
project to develop rapid
diagnostic assays for
SARS-CoV-2 antigen
detection. Affimer
binders® have been
produced against S
proteins of the SARS-
COV-2. The developed
affinity reagents are
planned to be
characterized by Avacta,
which then be
transferred to Cytiva for
employment in strip
assays, like those handy
pregnancy tests. The
affinity agents are
reported to be highly
specific to the new virus,
not to the previous
versions (SAR or MERS).
The technology will be
available as mass testing
units as well as strip
tests.

OraSure Inc. was
awarded around USD
700,000 from
Biomedical Advanced
Research and
Development Authority
(BARDA) to develop a
rapid pan-home test for
SARS-CoV-2 detection
that could be issued a
EUA from FDA as early as
September. The test will
not require any trained
personnel, complex
solutions, or instruments
and will be available self-
testing at home. The
platform, based on
OraSure’s OraQuick®
technology, will allow
testing in less than half
an hour by using oral
samples such as saliva.
The company had
successfully developed
an oral-sample-HIV

(U.S. Food and
Drug
Administration,
2020i)

Avacta Life
Sciences Limited
(2020)

OraSure (2020)
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Table 4 (continued)

Method and Possible Ref.
Outcome

Companies Target

home test previously,
which was used by
millions around the
globe.

 Sofia 2 SARS Antigen Test Kit by QUIDEL was received and EUA from FDA in
mid-May 2020.

selected viral gene regions (Qiu et al., 2020). The dual-function system
successfully detected the RdRp gene, E gene, ORFla gene regions with
picomolar sensitivity. SPR systems are now widely available in labora-
tories, and especially the ones with automated handling systems can
analyze several samples without human interference. The system works
in real-time and gives reliable results in minutes on the antigen or
antibody-modified surfaces in minutes. Therefore, SPR can be consid-
ered an alternative testing station to laboratory-based antigen and
antibody kits for faster diagnosis of the clinical samples.

Graphene has been a vital component of FET-based label-free sensors
for the last decade (Ohno et al., 2010; Yiice and Kurt, 2017) based on the
key properties, such as optical transparency, electrical conductivity,
robust pi-interactions with macromolecules and tuneability, rivaling the
similar materials in the field. In FET-based biosensors, biological mol-
ecules change the charge distribution of the surface, or they induce a
surface potential by binding to the surface, which is then measured as a
conductance value with high sensitivity (Chen et al., 2019). In the study
conducted by Seo et al., the graphene sheets coated by SARS-CoV-2 spike
protein-specific antibodies were used as the active surface for moni-
toring the signal production out of viral protein binding (Seo et al.,
2020). The platform achieved a limit of the detection value of 242
copies/mL of in clinical samples, which is like the ones obtained in
standard RT-PCR setups (around five genomic copies/ul). Another
electrical probe was reported by Zhang et al., where the FET surface was
modified with the receptor binding domain to be able to detect viral S
glycoprotein (Zhang et al., 2020). The platform showed an excellent
sensitivity down to the picomolar level in real-time and without specific
labels. Graphene-based commercial electrodes have become common in
many laboratories specialized in electrochemical techniques. Because
the suggested sensing strategies are based on simple surface modifica-
tion of the graphene electrodes, many of the viral antigens are anti-
bodies have become commercially available, portable electrochemical
detection systems are available, such research-wise tools can be quickly
converted into biomedical instruments for field use after clinical
validations.

Loop-mediated isothermal amplification (LAMP), on the other hand,
is another tool being developed for rapid SARS-CoV-2 detection. LAMP
is a cost-effective alternative to standard PCR since it does not require
expensive thermocycler instruments that operate alternating tempera-
tures for the amplification (“Loop-mediated isothermal amplification of
DNA,” n.d.). The method can synthesize up to 10° copies of the target
gene in less than an hour. All the amplification reaction is processed in
one single tube at around 60-65 °C by using two or three different
gene-specific primer sets and strand-displacement polymerase enzymes
(Green et al., 2020). Magnesium pyrophosphate byproduct is formed
during the amplification process, which can be measured by the naked
eye or simple analytical devices, such as turbidimetry or photometry, for
increased sensitivity. Dye molecules could also be employed in the re-
action for selective quantitative detection of the target genes as well as
the data correlation purposes. Compared to PCR, a finely-tuned LAMP
test could be faster and more sensitive to rapid testing (Nguyen et al.,
2020). Reverse Transcription LAMP (RT-LAMP) applies an additional
transcription step for the detection of RNA targets. So far, only one
RT-LAMP-based kit, “SherlockTM CRISPR SARS-CoV-2 kit developed by
Sherlock Biosciences, Inc., has received and EUA from FDA (U.S. Food &
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Table 5
Early research stage SARS-COV-2 detection strategies in the literature.
Target Method Result Ref
A new Measurement of The proposed Maghdid et al.
framework to well-known framework is (2020b)
predict disease symptoms expected to read
COVID-19 (fever, fatigue, the smartphone
using onboard  headache, nausea, sensors’ signal
smartphone dry cough, lung CT  measurements to
sensors imaging features, predict the grade

An electrical
probe to
detect COVID-
19 spike
protein S1

An artificial
intelligence
tool (based on
deep learning
and transfer
learning
algorithms) to
predict
COVID-10
cases

A field-effect
transistor
device for
SARS-CoV-2
spike protein
detection in

and shortness of
breath) through
the sensors already
embedded in
smartphones
(cameras, inertial
sensors,
microphone, and
temperature
sensor)

Receptor Binding
Domain-modified
graphene field-
effect transistor
was used to
identify spike
proteins

Collection of X-
rays and CT scan
images from
multiple sources
and processing by
simple convolution
neural network
(CNN) and
modified the pre-
trained Alex Net
model.

The graphene
sheets coated by
SARS-CoV-2 spike
protein-specific
antibodies were
used as the
transducer for

of severity of
pneumonia.
Although the
sensitivity is still
a question, such
systems can be
useful to monitor
and act on mass
populations
worldwide
online.

The sensor can
capture S1
protein at a limit
of detection
down to 0.2 pM,
in a real-time and
label-free
manner. The
platform could
also be used to
screen high-
affinity
antibodies.
Portable
electrochemical
measurement
systems are
widely available
at low-cost, and
thus FET
principle may be
quickly
transformed into
a biomedical
instrument for
on-site diagnosis,
especially in rural
areas.

The constructed
models provide
accuracy up to
98% via a pre-
trained network
and 94.1%
accuracy by using
the modified
CNN. Such
algorithms can be
quite fast and
effective for
health and
regulatory
institutions to
monitor the
pandemic in real-
time and obtain
fast-track data of
individuals who
are at risk.

The sensor
detected SARS-
CoV-2 in culture
medium (limit of
detection [LOD]:
1.6 x 101 pfu/
mL) and clinical

Zhang et al. (2020)

Maghdid et al.
(2020a)

Seo et al. (2020)
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Target Method Result Ref
clinical sensing the signal samples (LOD:
samples production 2.42 x 102
copies/mL)
RT-LAMP- The assay is based The sensitivity (Zhu et al., 2020b)
coupled with on two sets of was reported as
Nanoparticles LAMP primers 12 copies/

are suggested
for COVID-19
diagnosing

A microfluidic
ELISA
technology
for rapid
(15-20 min)
detection of
viral IgG and
viral S antigen

against ORFlab
and N genes of the
virus. The assay
results were
interpreted
through the
nanoparticles

The portable,
microfluidic-based
ELISA array has 12
channels. The
signal intensities of
the microfluidic
ELISA were
measured with the
chemiluminescent
imaging method,
using a CMOS
camera. Multiple
exposures with
adjustable
exposure time
were applied to
enhance the
dynamic ranges of
the ELISA

reaction, and no
cross-reactivity
was generated
from non-SARS-
CoV-2 templates.
The analytical
sensitivity was
100% (33/33) in
the clinically
validated
oropharynx swab
samples, and the
specificity was
also 100% (96/
96) when
analyzed with
samples from
non-COVID-
patients. RT-
LAMP has rapidly
become an
efficient tool for
viral gene
detection
because of faster
reaction times
and increased
sensitivity. These
systems can be an
alternative to the
existent RT-PCR
method because
RT-LAMP can
also be
incorporated
with LFA
technology for
individual
implementation
(please see the
previous
sections).

A candidate IgG
with a high
binding affinity
towards the
SARS-CoV-2 S1
protein was
identified. The
microfluidic
ELISA platform
was used for the
detection of anti-
S1 monoclonal
antibodies. No
clinical testing
was performed.
The current rapid
antibody tests are
mainly LFA-
based, and many
of them still rely
on instruments
for increased
sensitivity.
Although ELISA
is also
instrument-
dependent, it can
give high

Tan et al. (2020)

(continued on next page)
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Target Method Result Ref Target Method Result Ref
throughput (UTM). Then, patients. The
results with selected SARS- results said to be
better sensitivity. CoV-2 sequences comparable with

The selected A dual-functional A reasonably low Qiu et al. (2020) are detected by Cas  the US CDC
gene plasmonic detection limit of 12 enzyme, and the =~ SARS-CoV-2 real-
sequences biosensor 0.22 pM was cleavage of a time RT-PCR
(RdRp, E combining the reported. SPR reporter dye assay.
gene, plasmonic instruments are confirms the
ORFlab) from  photothermal quite sensitive in presence of the
SARS-CoV- (PPT) effect and general and easy virus
through localized surface to operate in the SARS-CoV-2 A built in- house The limit of Mabhari et al. (2020)
nucleic acid plasmon resonance  laboratories. spike protein electrochemical detection was
hybridization (LSPR) was They only require detection in measurement reported as small

proposed for chip or surface saliva platform as 90 fM for the
COVID-19 modification by (eCovSens) was spiked saliva
diagnosis. antigens or used for the samples.

The two- antibodies. They, detection. The

dimensional gold therefore, can be fluorine-doped tin

nano islands- a good oxide and the gold

modified with alternative to nanoparticle

complementary current (signal amplifier)-

DNA receptors was  diagnostic tools based electrode

used to detect the that are limited was decorated with

selected viral by RT-PCR anti-spike

sequences instruments. monoclonal

Reverse ORFla and N gene 45 SARS-CoV-2 Butt et al. (2020) antibodies to
transcription regions from SARS-  positive and 25 monitor the
loop- CoV-2 RNA were negative samples change in the
mediated targeted with the were employed in conductivity upon
isothermal RT-LAMP system the study. The target binding
amplification using China-CDC dual gene RT- One-pot The assay The optimized Ding et al. (2020)
(RT-LAMP) approved primers LAMP assay was detection of platform, AIOD- system was able
methodology found to be 95% SARS-CoV-2 CRISPR, was based  to detect 1.2
was reported accurate in and on dual CRISPR- copies of DNA
for detecting positive Casl2a targets, and 4.6
simultaneous cases and showed components and copies of RNA
SARS-CoV-2 NO Cross- the LAMP targets in 40 min
RNA region reactivity or principles. The without the need
detection false-positive assays were for a
(ORFla and N results in non- conducted in one preamplification
regions) COVID- 19 pot at one step and step.

samples one temperature.

A portable The SPR chip SPR instrument Djaileb et al. (2020) SARS- CoV-2 Nanopore target The NTS platform (M. M. Wang et al.,
Surface surface was used with genome sequencing (NTS) was compared 2020)
Plasmon modified with the undiluted human sequences platform was with the
Resonance viral N proteins to serum samples developed to approved qPCR

(SPR)-based
platform for
SARS-CoV-2
specific
antibody
detection

CRISPR, Cas12-
based lateral
flow assay for
detection of
SARS-CoV-2
from RNA
extracts.

be able to detect
the antibodies
against the
nucleocapsid
proteins of the
virus in diluted
human serum
samples.

An SPR sensor
coated with a
peptide monolayer
and functionalized
with SARS-CoV-2
nucleocapsid
recombinant
protein detected
anti-SARS-CoV-2
antibodies in the
nanomolar range.
This bioassay was
performed on a
portable.

The platform
performs RT-LAMP
with RNA samples
extracted from
nasopharyngeal or
oropharyngeal
swabs in universal
transport media

provided binding
affinities in the
nanomolar range.
The results were
collected within
15 min of
sample/sensor
contact.

The method was
validated by
employing
contrived
reference
samples and 40
clinical samples
from infected US

Broughton et al.
(2020)

11

detect novel
coronavirus as well
as previous
respiratory viruses
in a simultaneous
manner in 6-10 h.

for 61 samples
from suspected
clinical samples.
The results
demonstrated
that the NTS
could detect
more positive
cases. Besides,
the mutated
sequences can be
found along with
the other
respiratory
viruses present in
the sample. The
sequencing-based
virus diagnosis
strategies are
quite rare but
highly needed
since the
revealed genomic
and proteomic
elements of the
virus form the
basis for the
current and
future diagnosis
tools.

(continued on next page)
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Table 5 (continued)

Target Method Result Ref
SARS-CoV-2 The diagnosis The method Gonzalez-Gonzalez
nucleic acids: system was based detected ~625 to et al. (2020)
N1, N2, and on the combined 2 x 10° DNA
N3 gene use of a portable copies through
regions mini PCR machine direct PCR
and a 96-well plate  amplification,
reader. EvaGreen and the signal
dye was employed measurements

as an intercalator
for fluorescent
detection of the
targeted regions.

were performed
on a plate reader,
which was
proposed as a
portable
alternative for
viral gene
sequencing.

Drug Administration, 2020k). The Sherlock kit is designed to target
ORF1lab, N, and RP genes, the third being the internal extraction control

gene.
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accuracy in clinically validated positive samples (n = 45), whereas no
cross-reactivity was observed with any of the clinically validated nega-
tive samples (n = 25). Similarly, a nanoparticle-based RT-LAMP assay
was reported to be 100% accurate in clinically validated oropharynx
swab samples (n = 33), and the specificity was again 100% with the
negative clinical samples (n = 96) tested (Zhu et al., 2020b). The
analytical tools that rely on the LAMP principle for SARS-CoV-2 detec-
tion, however, may give “false negative” results for the patients who
passed the infection and improved already (similar to RT-PCR) (Green
et al., 2020). Hence, the researchers are now fine-tuning the current
models to improve the test sensitivity as well as the specificity, mainly
by decreasing the required viral load for more reliable testing.

Based on a previously established “ID NOW rapid detection” tech-
nology, Abbott Inc. has developed an “Abbott ID NOW COVID-19” test
kit for SARS-COV-2 detection using LAMP principles and cleared a EUA
from FDA in late March 2020 (Abbott, 2020b; U.S. Food and Drug
Administration, 2020a,l). The new Abbott ID NOW COVID-19 test is
operated on a small instrument that could perform around 50,000 tests
per day, giving results only in five minutes per sample. This technology
has been the fastest rapid diagnostic tool so far that issued and EUA from
the FDA and sold out in thousands in the USA. Combined with the

Likewise, Butt et al. reported an RT-LAMP assay for the simultaneous

detection of ORFla and N genes (Butt et al., 2020). The test showed 95% RealTime SARS-CoV-2 platform, Abbott plans to deliver around 5

million tests in late April 2020.

a) Schematic of SARS-CoV-2 DETECTR workflow

SARS-CoV-2 DETECTR

Target recognition and
probe cleavage

[ vocors )

1 1

I 1
I 1
1 SARS-CoV-2 I
1 E gene :
1
1 ssDNA |
| SARS-CoV-2 gRNA probe |
1 N gene I

—_— —_— ! —) IO T !
! PAM Vlv .
1 RNase P I
X (human) Casl12 |
I P Y :
1 5 N
: Isothermal s \{\ :

Nasopharyngeal Extracted I amplification _“ Cas12 complexed with 1 Lateral flow
swab viral RNA 1 (RT-LAMP) b SARS-CoV-2 gRNAs : visual readout

1
b oo o oo o oo e s e e s s e e e s s e e e e e e e e e e e e e e e e e e e J

10 min, manual extraction (1-8 samples) 2 min

60 min, automated extraction (up to 48 samples)

b) Lateral flow strip 178 assay readout of SARS-CoV-2 DETECTR

Control  Test
s ©s Ngene Egene RNaseP Result
N gene l l
RNA + + +— SARS-CoV-2 positive
- - +— Presumptive positive
+ — 1 Sl ¢S
. a - + +/— Presumptive positive
d -
- - + SARS-CoV-2 negative
- - - QC failure

Fig. 3. (a) Illustration of the method workflow. Standard RNA extraction solution or original sample matrix can be used as an input to detect E, N, and RNase P genes.
The assay is monitored by a fluorescent reader or lateral flow strip. (b) Lateral flow readout of SARS-CoV-2 positive sample. Detection of at least two genes is
necessary for positive sample confirmation. Reproduced from ref (Broughton et al., 2020).
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A sophisticated method, combining RT-LAMP, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) (Jia et al., 2020;
Mustafa and Makhawi, 2020) and LFA principles in one assay (Post-
huma-Trumpie et al., 2009) was reported by a group of scientists from
Mammoth Biosciences Inc., University of California, Abbott Viral Di-
agnostics and Discovery Inc. and Center California Department of Public
Health (Broughton et al., 2020). As represented in Fig. 3, the method
named “SARS-CoV-2 DETECTR” processes the extracted RNA samples
(10 min) first with RT-PCR to increase the copy numbers of the selected
E, N, and RNAse P genes in the sample solution (62 °C for 20). Second,
the CRISPR-Cas 12 enzyme takes the role and detect the genomic copies
from the specified sequences, producing a fluorescent signal because of
the reporter dye cleavage (37 °C for 10 min). The optimized assay was
tested on 11 respiratory swab samples from patients with COVID-19
infection and 12 swab samples from patients with influenza.
SARS-CoV-2 DETECTR was found 90% sensitive and 100% specific for
SARS-COV-2 detection, which was reported to be relative to CDC
qRT-PCR standard assay values. It was also indicated that the
primer-probe set designed for the N2 gene was able to distinguish
SARS-CoV-2 from SARS-CoV and MERS-CoV at a single nucleotide level.
The group is focusing on validating the assay with clinical samples to be
able to receive a EUA from the FDA (Dutton, 2020).

6. Conclusion

The COVID-19 pandemic has proven the worth of rapid diagnostics.
As comprehensively reviewed in this paper (based on the information
available so far), the detection of the viral genomic regions has been
almost solely dependent on the RT-PCR method, or molecular tests in
general. Rapid antibody (serology) tests are certainly needed for vast
immune screening, but they do not confirm the presence of the virus.
The antigen tests are currently under development, and it would take
some time to develop a very accurate one since the virus is mutating
without control. Despite the unprecedented collective effort put by the
researchers into developing sensitive, selective and rapid test kits, still,
only a small portion of the world population has been tested by now, and
the testing priority has been understandably given to those who show
the severe clinical symptoms of the disease as well as the frontline
healthcare providers. As a result, the total lockdown, mask use, and
social distancing have become the most effective practice to prevent the
spread of the disease and overload in pandemic clinics. The global fight
against COVID-19 could be a long one until we develop effective and
clinically validated treatments above and beyond the vaccines. Until
then, analytical experts and antigen/antibody manufacturers must focus
on the development of self-testing home kits to be able to see the real
extent and progress of the disease worldwide and act accordingly.
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