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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the agent responsible for the coronavirus disease of 2019 (COVID-19),
which triggers lung failure, pneumonia, and multi-organ dysfunction. This enveloped, positive sense and single-stranded RNA virus can be
transmitted through aerosol droplets, direct and indirect contacts. Thus, SARS-CoV-2 is highly contagious and has reached a pandemic level
in a few months. Since COVID-19 has caused numerous human casualties and severe economic loss posing a global threat, the development
of readily available, accurate, fast, and cost-effective diagnostic techniques in hospitals and in any places where humans spread the virus is
urgently required. COVID-19 can be diagnosed by clinical findings and several laboratory tests. These tests may include virus isolation,
nucleic acid-based molecular assays like real-time polymerase chain reactions, antigen or antibody-based immunological assays such as rapid
immunochromatographic tests, enzyme-linked immunosorbent assays, immunofluorescence techniques, and indirect fluorescent antibody
techniques, electrochemical sensors, etc. However, current methods should be developed by novel approaches for sensitive, specific, and
accurate diagnosis of COVID-19 cases to control and prevent this outbreak. Thus, this review will cover an overview and comparison of mul-
tiple reports and commercially available kits that include molecular tests, immunoassays, and sensor-based diagnostic methods for diagnosis
of COVID-19. The pros and cons of these methods and future perspectives will be thoroughly evaluated and discussed.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0021554

INTRODUCTION CoV and the Middle East respiratory syndrome (MERS)-CoV, which
pose a significant threat to humans.” The genome sequence of SARS-
CoV-2 showed similarities of 79.0% and 51.8% with SARS-CoV and
MERS-CoV, respectively, and is 87.6% closely related to bat-induced
SARS coronavirus." Therefore, it is predicted that SARS-CoV-2 was

On 31 December 2019, 27 cases of a pneumonia of unknown
etiology were detected in Wuhan City, China. All these patients had
the same clinical symptoms as dry cough, fever, dyspnea, and bilateral
lung infiltrates. It has been estimated that all the cases are linked to the
Wuhan animal market, which includes various animals such as poul- transmitted to humans from bats.”
try, bats, marmots, and snakes.' The disease was named coronavirus Coronaviruses, which are single-stranded RNA viruses with a
disease of 2019 (COVID-19) by the World Health Organization diameter of 80-220 nm, have a crown-like appearance under electron
(WHO) on 7th January 2020.”° COVID-19 caused by SARS-CoV-2 micrqs;opy Flue to their surropnding glycoproteins.” Coronaviruses
primarily targets the human respiratory system. Previous coronaviral are divided into four groups, mcluding alphaCoV (Of)> betaCoY (A,
outbreaks (CoV's) were the severe acute respiratory syndrome (SARS)- deltaCoV (7), and gammaCoV (0). While o- and f-viruses can infect
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mammals, y- and o-viruses tend to infect birds.” Previously, human-
susceptible alphaCoVs displayed low pathogenicity and caused mild
respiratory symptoms similar to the common cold, while SARS-CoV
and MERS-CoV, among the other two known betaCoV’s, caused seri-
ous and potentially fatal respiratory tract infections.” As a member of
beta coronaviruses, SARS-CoV-2 has a positive single-stranded RNA
and enveloped structure.” The viral RNA contains specific genes that
encode proteins for viral replication in ORF1 downstream regions like
all coronaviruses.'’

Angiotensin-converting enzyme-2 (ACE2) is used by the corona-
viruses as a receptor for entrance to the related cell. These receptors
are commonly found not only in lung epithelial cells but are also
located in small intestinal enterocyte cells, heart cells, and kidney
endothelial cells."' It is proved that SARS-CoV-2 binds to ACE2'”
through its spike protein. After membrane fusion, viral RNA is
released into the cytoplasm, and then RNA replication is initiated.
Viral proteins synthesized through the host cell and the replicated viral
RNAs are combined. Eventually, vesicles containing virion are fused
with the plasma membrane and released out of the cell through exocy-
tosis."”'” Each virion remains to infect other cells until the immune
defense takes over the task.

The investigations demonstrated that the virus could be easily
transmitted from symptomatic or asymptomatic individuals. SARS-
CoV-2 is transmitted through respiratory droplets from coughing,
sneezing, and also direct contact. Therefore, it is quickly spread pri-
marily among family members, healthcare professionals, and other
close contacts.'® The reported clinical symptoms in 1099 COVID-19
cases are fever (88.7%), cough (67.8%), fatigue (38.1%), sputum pro-
duction (33.4), shortness of breath (18.6%), sore throat (13.9%), and
headache (13.6%). Some of the patients also manifested gastrointesti-
nal symptoms such as diarrhea (3.8%) and vomiting (5.0%)."” The
elderly and those with chronic diseases have developed rapidly acute
respiratory distress syndrome, septic shock, and coagulation dysfunc-
tion, which has even lead to death.'®

A definite treatment or specific vaccine for COVID-19 have not
been observed yet. However, several approaches are currently used for
treatment to prevent the outbreak. One of these methods is the utiliza-
tion of antiviral drugs such as Chloroquine and Remdesivir to disrupt
the viral mechanism.'” Another approach is to benefit from convales-
cent plasma. Convalescent plasma is obtained from COVID-19
patients who recovered from the disease.”’ However, investigations are
still performed to find out the exact treatment and vaccine for
COVID-19.

For the diagnosis of COVID-19, real-time reverse transcription-
polymerase chain reaction (RT-PCR), computed tomography (CT),
and various laboratory tests are widely used.”' In this review article,
diagnostic approaches for COVID-19 and diagnostic kits approved by
the FDA will be discussed in detail. Comprehensive information will
be presented about principles, challenges, advantages, and disadvan-
tages of diagnostic approaches.

TARGETS FOR COVID-19 DIAGNOSIS

As mentioned before, the diagnostic tests for SARS-CoV-2 can
be performed by detection of the virus or the immune response against
the viral agent. As a direct diagnosis, RT-PCR assays generally target
one or more of the SARS-CoV-2 genes such as open reading framela/b
(ORFla/b), ORFlb-nuclear shuttle proteinl4 (ORF1b-nspl4),

scitation.org/journal/apb

RNA-dependent RNA polymerase (RdRp), envelope (E), spike (S),
or nucleocapsid (N) genes.zz’24 Besides, another virus detection
method is antigen-based immunoassays, and they should target the
structural proteins of SARS-CoV-2, namely, viral antigens. Among
them, the S protein is usually utilized for the diagnosis because it is
the major transmembrane protein of the virus and highly immuno-
genic. Moreover, the S protein has an amino acid sequence variation
among coronaviruses, enabling the specific diagnosis of the novel
virus. Therefore, it is usually utilized as a target, albeit other proteins
such as E and particularly N protein can be used as a marker for
direct or indirect detection of the virus.”>”® The use of more than
one of these antigens in the assays is essential for the sensitivity and
specificity of the assay. Therefore, molecular assays or immunoas-
says prefer more than one specific SARS-CoV-2 target.”” On the
other hand, to detect the immune response for SARS-CoV-2,
antibody-based immunoassays can be carried out. Although total
immunoglobulins can be used as a target for this assay, usually pre-
ferred molecules are IgM and IgG.**

Viral antigens and antibodies (IgM and IgG) become detectable
at different periods during infection (Fig. 1). The detection time of
viral RNA, antigen, and antibodies depends on several parameters
such as viral features, individual patient variability, and applied test.
For these reasons, it is vital to select the appropriate diagnostic test
within the correct timing for an accurate diagnosis.”* For instance, if
you perform an immunoassay in the early stages of the infection when
the antibodies cannot be produced yet, the test will be negative even
though the disease is present. On the other hand, performing an RT-
PCR test at the end of the disease or at the time that antibodies are
produced will give a negative result due to the lack or low viral RNA
load in the sample, respectively. Therefore, diagnostic periods and
complementarity of the tests for the detection will affect the results in
a negative manner.

COMMON DIAGNOSTIC METHODS FOR RNA VIRUSES

Early and rapid detection of the virus provides both accurate and
targeted therapy. Also, it reduces the consumption of nonspecific
drugs, treatment costs, and morbidity.”” The diagnostic assays for
RNA viruses are classified into five major categories: (i) cell culture,
(i) electron microscopy, (iii) next-generation sequencing methods,
(iv) nucleic acid methods, and (v) serological methods (Fig. 2).

Cell culture, which is a traditional method, is utilized as a confir-
mation reference for most of the techniques that emerged for viral
diagnosis. It is the only available technique for the detection and isola-
tion of unknown viruses to characterize. However, the specificity issue
and long incubation period have made the cell culture technique an
undesirable method in urgent cases.””"”

The pioneering studies to identify pathogens are initiated with
the imaging of the virus under an electron microscope (EM).”" The
EM technique, which is still a vital diagnostic tool, is mostly used to
eliminate inconsistencies of the results obtained from other methods.
Two different EM techniques, immunoelectron microscopy (IEM)
based on detecting a specific antibody-antigen complex and Solid-
phase IEM (SPIEM) based on capturing viral particles directly on the
solid surface of a grid, are used in the diagnosis of RNA viruses.”””
Unfortunately, EM has some disadvantages such as low diagnostic
sensitivity, the requirement of expensive equipment, and trained
personnel.”
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FIG. 1. Diagnostic periods to detect SARS-CoV-2 infection and the immune response indicating previous exposure to SARS-CoV-2.

The next-generation gene sequencing method has become a tech-
nique that is frequently applied mainly in the epidemiology and char-
acterization of pathogens.”’ Although it is an accurate and reliable
technique, its practical application is limited due to its high cost and
expert requirement.

adis , SARS-CoV-2

IMMUNOASSAYS

Serological Method

Among all diagnostic approaches, molecular methods and
serology-based methods are usually preferred techniques for SARS-
CoV-2 diagnosis. Mostly used molecular methods allow direct detec-
tion of the genetic material of the viruses from clinical samples such as
blood, respiratory secretions, or body tissues.

Next-generation Sequencing
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FIG. 2. Diagnostic methods for RNA viruses.
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SIGNAL AMPLIFICATION TECHNIQUES

In infectious diseases, nucleic acids that belong to the pathogen
are found in clinical samples in low copy numbers, and so amplifica-
tion techniques should be used to detect the presence of patho-
gens.”” " The amplification techniques are divided into three groups
according to the applied principle. These techniques are based on (i)
amplifying target nucleic acids, (ii) amplifying probes that bind to the
target nucleic acids, and (iii) amplifying signals generated from target
nucleic acids.”® The latter, signal amplification technique, is divided
into three subgroups as branched DNA techniques, hybrid capture,
tyramide signal amplification, and  cleavage-based  signal
amplification.”

The branched DNA technique is based on the signal measure-
ment of target nucleic acid after immobilization and then hybridiza-
tion with multiple branched and labeled probes. The advantages of the
technique are quantification capability, low contamination issue, appli-
cability without a thermal cycler, or enzyme. In contrast, the technique
has a long turnaround time and less sensitivity.”>***’

In the tyramide signal amplification technique, the target nucleic
acid is hybridized with a biotinylated probe and a nucleic acid-
biotinylated probe complex (NBPC) is obtained. Hydrogen peroxi-
dase, which carries streptavidin, is added to the medium and bound to
NBPC. When inactivated tyramide is added to the medium as a sub-
strate, the reaction results in the activated tyramide and precipitates in
the hybridization site. The amount of precipitate indicates signal
amplification. The technique is not preferred due to the low detection
threshold."’

In the hybrid capture technique, hybridization is achieved with
the complementary RNA probe of single-stranded target DNA (if tar-
get nucleic acid is RNA, the probe will be single-stranded DNA). The
resulting DNA:RNA hybrid is transferred to the polyclonal anti-
DNA:RNA hybrid antibody-coated medium and labeled with the con-
jugated enzyme-labeled monoclonal antibody. Signal amplification
reveals when the enzyme interacts with the chemiluminescence sub-
strate.”” The total duration for the assay is about 3 h, and the test pro-
vides a theoretically 3000 times amplification.”****

The cleavage-based signal amplification technique is much stron-
ger than the hybrid capture technique.” The technique is based on the
principle of hybridization of two target-specific oligonucleotides
(probes) with DNA, enzyme digestion, and hybridization of the prod-
uct with the FRET cassette and measuring the fluorescence generated
with the enzyme digestion.”” There is not any product developed using
this method yet for the detection of SARS-CoV-2.

Swift and Arbor Bioscience companies have developed a kit for
SARS-CoV-2 sequencing by combining the hybrid capture technique
with the next-generation sequencing method. In another next-
generation sequencing kit developed by BioCat, hybridization is
achieved with biotinylated RNA probes, and the hybrid product is
held with streptavidin-coated magnetic beads and amplified with PCR.

ELECTROCHEMICAL-BASED SENSOR SYSTEMS

In the case of viral infections, the development of portable DNA
sensors is essential in medicine. It is based on the principle that the
genetic material of the virus (RNA or cDNA) can be detected by using
a complementary probe.” ** Several transduction principles are used
in the development of such DNA sensors, among which electrochemi-
cal methods with their unique advantages have been explored, in
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particular, in terms of sensitivity, the limit of detection, and suscepti-
bility to miniaturization.””

Unlabeled electrochemical detection of DNA hybridization is
presented as a potential approach for the diagnosis of COVID-19 by
Tripathy and Singh.”' In this reported approach, the target nucleotide
can be SARS-CoV-2 specific viral RNA or the corresponding cDNA
or any unique sequence specific to them. A complementary single
strand probe with thiol modification at one end can be designed to
this target sequence, and the thiol-modified probe can be connected to
the gold sensing electrodes through the gold-thiol self-assembly. As a
result, it is made ready for diagnosis by blocking nonspecific binding
sites on the sensing surface, and the target nucleotide hybridizes with a
complementary probe under appropriate physiological conditions
when applied to the sensors. This hybridization can be recorded using
electrochemical techniques, thereby developing a diagnostic scheme.

For the detection of SARS-CoV-2, Seo et al. have developed a
field-effect transistor-based biosensor. This sensor was produced with
coated graphene leaves of FET with specific antibodies targeting the
SARS-CoV-2 spike protein. The device has the sensitivity to detect
SARS-COV-2 at the femtogram level in milliliters and does not require
sample preparation. This sensor is a high-precision immunological
diagnostic device developed for COVID-19.”°

MOLECULAR METHODS

The development of molecular diagnostic techniques to detect
SARS-CoV-2 depends on understanding the proteomic and genomic
composition of the virus. Nucleic acid amplification tests currently
available for diagnosis of COVID-19 include RT-PCR and reverse
transcription  loop-mediated  isothermal amplification  (RT-
LAMP).”>**

Three regions conserved among SARS-related viral genomes
were discovered: (i) the E gene (envelope protein gene), (ii) the RARP
gene (RNA-dependent RNA polymerase gene) in the open reading
frame ORFlab region, and (iii) the N gene (nucleocapsid protein
gene).s'1 The U.S. Food and Drug Administration (FDA) concluded
that a negative RT-PCR test result does not entirely exclude SARS-
CoV-2 infection and would not be used as a single reference for
diagnosis.”™

For SARS-CoV-2, transferring the molecular diagnostic tests
from the laboratory to the point of care (POC) applications is crucial
for increasing the testing capacity, also potentially reducing the assay
duration, and supporting early identification of positive cases.””””
Numerous points of care molecular tests have received Conformité
Européenne (CE) mark or Food and Drug Administration (FDA)
approval. The point of care molecular testing uses the same basic tech-
nology as laboratory-based testing but automates various steps.
MicrosensDx RapiPrep © COVID-19 and Abbott ID NOW COVID-
19 tests are based on isothermal nucleic acid amplification techniques,
while Credo VitaPCR COVID-19 assay, Cepheid Xpert SARS-CoV-2,
MesaBioTech Accula SARS CoV-2, GenMark ePlex SARS-CoV-2, and
tests are PCR based. Also, a Spartan Cube CYP2C19 System is devel-
oped in Canada, which is based on PCR.”

Loop-mediated isothermal amplification (LAMP) has been devel-
oped as a fast, accurate, reliable, and cheaper technique to amplify the
target region at a single reaction temperature instead of the thermal
cycle required in RT-PCR.”” The advantage of the LAMP method to
RT-PCR is that the amount of DNA produced is much higher, and a
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positive test result can be viewed visually without the need for an addi-
tional analysis step. While two studies reported that RT-LAMP meth-
ods showed more than 97% sensitivity in targeting the ORFlab gene
compared to RT-PCR, another study showed that both methods had
the same sensitivity and both were able to detect a 20-fold diluted sam-
ple.”” % It also showed that the technique was highly specific, as six to
eight primers were used in the RT-LAMP analysis to identify eight dif-
ferent regions on the target DNA.”*%

Another molecular method used to detect SARS-CoV-2 is clustered
regularly interspaced short palindromic repeats (CRISPR)-based analysis.
Two known companies developed this method. These are Mammoth
Biosciences and Sherlock Biosciences. The SHERLOCK method devel-
oped by Sherlock Biosciences uses Casl3, which can cut reporter RNA
sequences after activation by the SARS-CoV-2-specific guideline RNA.”*
The DETECTR test developed by Mammoth Biosciences relies on the cut
of the reporter RNA by Cas12a to accurately detect viral RNA sequences
of the E and N genes, followed by isothermal amplification of the target,
causing a visual reading with a fluorophore.””

Microarray assays are based on the formation of cDNA from
viral RNA by reverse transcription and subsequent labeling of the
c¢DNA with specific probes, which have been used for rapid high-
throughput detection of SARS-CoV nucleic acids. Labeled cDNAs are
loaded into the wells of microarray trays containing solid phase oligo-
nucleotides on their surface. If hybridization occurs, the cDNAs
remaining into the well indicate the presence of virus-specific nucleic
acid.”® Microarray analysis has proven to be useful in identifying
SARS-CoV-related mutations and has been found to detect 24 single
nucleotide polymorphisms (SNPs) associated with mutations in the
SARS-CoV spike (S) gene with 100% accuracy.(’7 The amplicon-based
metagenomic sequencing technique for identifying SARS-CoV-2 is
based on a dual approach that involves both metagenomic sequencing
and the use of amplicon-based sequences. Metagenomic sequencing
can quickly identify SARS-CoV-2 virus and other pathogens that con-
tribute to secondary infections that affect the severity of COVID-19
symptoms by providing analysis of the background microbiome of
infected individuals. Amplicon and metagenomic MinION-based
sequencing were used to rapidly sequence the SARS-CoV-2 genome
and other microbiomes in nasopharyngeal swabs obtained from
COVID-19 patients.”” Using sequencing methods, it is provided to
detect mutations in the SARS-CoV-2 that may occur over time, to
identify variations in different sites of the world, and to offer new tar-
gets for diagnosis and treatment.

Microarray analysis is the most prominent method; microarray
analysis has confirmed that it has 100% accuracy for identifying and
detecting SARS-CoV-related mutations. Identifying and detecting
mutations can lead further studies that can offer new types of diagno-
sis and treatments. On the other hand, all over the world, RT-PCR is
used, but it is not sufficient as a single reference. In comparison to RT-
PCR, RT-LAMP, which has no additional analysis step, would be
more prominent.

IMMUNOLOGICAL ASSAYS

Although the molecular techniques are effective and sensitive for
COVID-19 diagnosis, they suffer from numerous limitations.
Sampling failures/quality, complicated protocols, long turnaround
times, the dependency on certified laboratories, expensive equipment,
and trained people are the most known drawbacks of this conventional
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method. Moreover, false-negative results of these tests triggered to
develop other supportive tests for accurate diagnosis of COVID-19 at
this pandemic stage to prevent the spread of viruses.”””**’” As shown
in Fig. 1, the sensitivity of a nucleic acid test to be performed in the
earlier period of the disease or the recovery stage will be very low and
the test will give false negative results even though in the presence of
infection. Particularly, the specimens collected in the late stage of dis-
ease may not have enough viral load and lead to a low positive rate for
RT-PCR. Albeit, the same clinical samples also have high amounts of
virus-specific antibodies. Therefore, to detect the antibodies by immu-
noassays is a preferable method at this stage.”” To overcome all the
above-mentioned limitations of molecular tests, immunoassays can be
used as a complementary method due to their advantages such as
comparatively easier sampling/performing, less requirement for tech-
nical expertise, and equipment. On the other hand, immunoassays can
also be designed not only for antibody detection but also for antigen
detection as an alternative for RT-PCR.”"**

Another issue about molecular tests is reporting very mild cases
of infection or asymptomatically infected cases. According to the stud-
ies, the symptoms of COVID-19 differ among individuals, ranging
from asymptomatic infection to severe cases.”'”’* Asymptomatic car-
riers are defined as individuals who are positive for viral RNA but
without any symptoms during the screening of close contacts. It is also
challenging to identify and quarantine them by RT-PCR.>”
Confirming these suspected COVID-19 cases as early as possible with
the help of serological testing can reduce exposure risk. That is, the
combination of nucleic acid assay and immunoassay is a more sensi-
tive and accurate approach for the diagnosis of COVID-19.”""*

Immunoassays are available in a broad range of different types
but mainly consist of an antibody or antigen immobilized on a matrix,
which binds viral targets or antibodies in clinical samples (respiratory
samples or blood derivatives). It is then possible to detect a virus-
specific immune signal to confirm the presence of the antigen or anti-
body by adding a further reporter protein.””’® That is, immunoassays
can detect viral antigen (antigen tests) or immune response (antibody
tests), respectively.

ANTIBODY-BASED ASSAYS

After the viral infection, the body protects itself via immune
defense and produces specific antibodies for this pathogenic organism.
Antibody assays can be used to detect this immune response, and also,
the previous exposure to SARS-CoV-2 can be determined in this way.
The body typically takes a certain period to initiate a response to the
infection. Therefore, the utility of antibody assays to diagnose acute
infections in the early stages is limited. Because during this period, the
body is not yet familiar with the related antigen and it will take time to
recognize it and develop an appropriate immune response. Therefore,
an antibody test to be applied at this stage will give a false negative
result due to the absence of antibodies despite the presence of the dis-
ease. During the primary reaction of a virus, IgM antibodies are the
first to appear. However, they are relatively short-lived and disappear
after a few weeks. The detection of these antibodies implies potentially
active or recent infection. On the other hand, IgG is the major anti-
body of the immune defense and provides long-lasting immunity
against the same virus for re-infection.”””” Thus, detection of both
IgM and IgG can give information about the virus infection time
course. The kinetic specificities of serum-specific antibody production
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after the SARS-CoV-2 infection are still under investigation.”””®

According to the acquired data, there is a decrease in levels of immu-
noglobulins in COVID-19. This indicates the effects of the disease on
antibody-producing B lymphocytes. Even though viral antigens have
shown potential for triggering antibody production, lymphopenia may
have caused the depletion of immunoglobulins.”” Although the anti-
body amount is reduced, IgM and IgG play critical roles in the immu-
nity of COVID-19. There are some reports on this issue.”*’ In one of
them, Long et al. studied for the acute antibody responses to SARS-
CoV-2 with 285 patients by using a magnetic chemiluminescence
enzyme immunoassay (EIA).”* They had observed three types of sero-
conversion; synchronous seroconversion of IgG and IgM, IgM sero-
conversion earlier than that of IgG, and IgM seroconversion later than
that of IgG. That is, seroconversion for IgG and IgM occurred simulta-
neously or sequentially. Both IgG and IgM quantities plateaued within
6 days after seroconversion. Within 19 days after the symptom onset,
100% of patients assayed positive for IgG. As it is known, the produc-
tion of antibodies during an acute phase infection is consistent in most
patients; albeit, it may be delayed, weak, or ineffective in the elderly
members and in those who have immunosuppression or other treat-
ments that weaken the immune response, such as chemotherapy.
Except for the immunodeficiency situation, the presence of a specific
antibody can be detected, avoiding false-negative.”*”" Thus, to increase
the sensitivity of COVID-19 diagnoses, antibody-based immunoassays
can be utilized for the detection of IgM and IgG. A positive antibody
test indicates current or recovered infection; however, negative test
results do not exclude COVID-19 disease. In summary, viral RNA
detection assays (RT-PCR, next-generation sequencing, etc.) and tests
to detect antibodies should not be considered competing alternatives.
Both assays are clinically relevant and complementary but must be uti-
lized at different time points during the clinical course of the disease,
taking consideration of their relevant diagnostic perspectives.”*”’

However, the specificity of the antibody assays should be consid-
ered and if required retested because these tests can cross-react with
antibodies produced against other coronaviruses, which are prevalent
in the general population. As it is known, whole-genome sequencing
of this novel virus has shown that it has a high degree of nucleotide
identity with SARS-CoV.”” Thus, any antibody tests used to detect
SARS-CoV-2 requires the identification of and ruling out cross-
reactivity with common coronavirus strains.”'

For high-throughput screening, a protein chip or microarray tech-
nologies can be used as an immunoassay for diagnosis. As a general
protocol, the clinical sample is incubated on the chip. If antibodies pro-
duced against SARS-CoV-2 are present in the clinical sample, an inter-
action between the viral antigen and antibody is detected.”” Proteome
microarrays for the diagnosis of SARS-CoV-2 are currently in develop-
ment, and by these tests, it will be possible to identify, profile, and
compare antibody responses in sera samples to inform vaccine develop-
ment or screen viral antigens to find and characterize appropriate
immunodominant epitopes for in vitro diagnostics research.””"*

Consequently, the combination of both tests is the optimal
method for considering the whole stages of the disease and determin-
ing SARS-CoV-2 infection. This result had also been confirmed by
Rashid ef al,, and they had reported that when IgM Enzyme Linked
Immunosorbent Assay (ELISA) is combined with PCR, the positive
detection rate is remarkably increased (98.6%) for each patient com-
pared to a single qPCR test (51.9%).7"%

REVIEW scitation.org/journal/apb

ANTIGEN-BASED ASSAYS

A key aspect of limiting this pandemic outbreak is to ensure the
early and accurate diagnosis of the disease and provide appropriate
quarantine conditions for those symptomatic or asymptomatic
patients.”’ As it is known, antibody detection assays have drawbacks
for early case detection due to the absence of antibodies at the first
stage of the disease. Therefore, at this stage, the viral RNA or viral anti-
gens should be used for diagnosis via RT-PCR or antigen-based
immunoassays, respectively. For an acceptable diagnosis, antibody-
based immunoassays should be supported by one of these methods.
Due to their ease-of-use and turnaround time, antigen tests can be pre-
ferred for this issue, if they are sufficiently sensitive. These tests incor-
porate the antibodies that are specific to viral antigens and can
determine the presence of viral immunogen as a precursor of infection.
They are fast and also of low cost relative to molecular assays; albeit,
they are generally less sensitive.”” If proven to have relatively high spe-
cificity and sensitivity, antigen detection tests may be of value in the
early diagnosis of COVID-19 but cannot be used for past exposure.”*

These immunoassays can be performed with various clinical
samples due to their variable load of antigen or antibody. While whole
blood, serum, or plasma can be used as a specimen for antibody-based
immunoassays, the upper or lower respiratory samples are used for
antigen-based immunoassays. To acquire blood samples are easier and
risk-free compared to respiratory samples. For safe and accurate sam-
pling for diagnosis, different clinical samples such as stool, urine, and
saliva are under investigation to screen their viral load and diagnostic
potential for COVID-19.”%%*%

Immunoassay systems have different turnaround times, specific-
ity, and sensitivity. These parameters are generally related to the
binding assay type. There are numerous special binding assays such as
immunofluorescence assays (IFAs), rapid immunochromatographic
assays, chemiluminescence immunoassays (CLIA), and enzyme-linked
immunosorbent assays. Several researchers had utilized each of these
binding principles for their diagnostic assays and reported some con-
cluding remarks about the detection time, specificity, and sensitivity of
their immunoassays.”*""***** For instance, Zhang et al. used an
automated chemiluminescence immunoassay to evaluate the value of
immunoassays for diagnosis of COVID-19 and the antibody produc-
tion process after infection.”” This commercial immunoassay kit
including magnetic particle-coated S and N protein was used for anti-
body detection using an automatic chemiluminescence immunoassay
analyzer in 30min. Serum IgM and IgG antibodies against SARS-
CoV-2 were measured in 736 participants. According to their investi-
gation, the course and speed of antibody production are correlated
with disease severity and have diversity in different individuals.
Nucleic acid tests should be supported by such tests. In another study,
Loeffelholz and Tang developed an accurate, rapid, and simple, immu-
nochromatographic fluorescence assay for detecting N protein of
SARS-CoV-2 in nasopharyngeal swab and urine samples for diagnosis
of COVID-19 within 10 min.” The investigation was performed with
239 participants with suspected SARS-CoV-2 infection. The viral loads
were also checked using nucleic acid tests, and results were used as the
reference standard for immunoassay. The tests gave positive results
with urine and nasal samples, and also, the earliest participant after
3 days of fever was able to be identified using this method. These find-
ings indicate that nucleocapsid protein assay is an accurate, rapid,
early, and simple method for diagnosis of COVID-19. On the other
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hand, Li et al. have developed a rapid and simple point-of-care lateral
flow immunoassay that can detect IgM and IgG antibodies simulta-
neously against the RBD domain of SARS-CoV-2 spike protein in
human blood within 15 min.*” Its clinical efficacy has been validated.
The sensitivity/specificity of this test has been measured using blood
samples collected from 397 PCR, which confirmed COVID-19
patients and 128 negative patients at eight different clinical sites. The
observed testing sensitivity and specificity have been reported to be
88.66% and 90.63%, respectively. In addition, different types of venous
and fingerstick blood samples have been evaluated and compared for
diagnosis, and the results displayed a detection consistency among
samples. These researchers claimed that the IgM-IgG combined assay
has better utility and sensitivity compared to a single IgM or IgG test.
They also propose this test for the rapid screening of SARS-CoV-2 car-
riers, symptomatic or asymptomatic, in hospitals, clinics, and test labo-
ratories. Still, there are relatively few reports on COVID-19 patient
diagnoses through serological tests. To fill this gap and to increase the
sensitivity of COVID-19 diagnoses, Xie et al. used both commercial
IgM-IgG immunoassay and nucleic acid assay for detection and tested
this combination with 56 patients with suspected SARS-CoV-2
infection.”” In all patients, IgG and IgM antibodies against the SARS-
CoV-2 E and N protein in serum samples were measured using
chemiluminescence immunoassay, and the gene encoding nucleocap-
sid protein and ORFlab were amplified by RT-PCR. They realized
that despite negative nucleic acid test results, all patients showed high
specific IgG concentrations, suggesting SARS-CoV-2 infection. Based
on this study, they suggested that such a combination would be a
more sensitive and accurate approach for diagnosis and early treat-
ment of COVID-19. As it is known, the turnaround time is as signifi-
cant as accuracy and also, diagnosis at early stages is crucial. To
provide these advantages, Sona Nanotech (Halifax, Canada) tried to
develop a quick-response lateral-flow test prototype to screen the
SARS-CoV-2 virus in clinical samples to produce results in
5-15min.” It offers a unique advantage over other lateral flow tests as
it detects the presence of the COVID-19 virus. To date, only the com-
petitive lateral flow tests that have been announced for sale are serolog-
ical assay tests, which are designed to identify IgM and IgG antibodies
that present post-infection. Therefore, to detect the viral particle with
the immunoassay is a superiority for this investigation. As a comple-
mentary method for RT-PCR, Zhong et al. developed ELISA and
chemiluminescence methods to detect IgM and IgG antibodies in serum
samples and both assays are investigated in the presence of S or N
proteins, respectively. These tests were performed with 47 COVID-19
positive patients and 300 healthy participants, and results were com-
pared with those obtained from the nucleic acid detection assay. The
research indicated that ELISA and chemiluminescence methods to
detect IgG and IgM antibodies by the recombinant N and S proteins of
SARS-CoV-2 were more consistent with the nucleic acid detection
assay. According to the given data, the S-based IgM ELISA was more
sensitive than the N-based IgM ELISA.”" This result can be explained by
the immunogenicity of S1 protein, which may easily stimulate the body
to produce the IgM antibody, especially during early infection.”
COMPARISON OF US FDA CERTIFIED COMMERCIAL
KITS FOR COVID-19

According to FIND data (Foundation for Innovative New
Diagnostics), numerous diagnostic approaches have been developed to

scitation.org/journal/apb

determine either SARS CoV-2 or the immune response (IgM or/and
IgG) against the virus.

These assays include a range of laboratory-based tests and rapid
tests designed for near-patient testing to accelerate clinical diagnosis
and increase testing quantity; however, a majority of these tests are yet
to be validated for utilization in clinical settings.”* At present, there are
333 molecular tests that are developed or in the development stage as
a diagnostic tool for COVID-19, but only 31 of them had been com-
mercialized with US FDA approval. All these tests targeting one or
more regions of the viral RNA require automated lab systems. Also,
347 immunoassays (developed or in the development stage) are
known for the diagnosis of COVID-19. But only 12 of them (11 of
them are antibody-based and only one of them is antigen-based) had
been approved by the US FDA. All these FDA approved immunoas-
says and only some of the representatives of molecular assays are pro-
vided together with their features, principles, and analytical
performances in Table L.

The selection of the most appropriate assay will depend on the
availability of resources and the local epidemiological situation. The
ASSURED (Affordable, Sensitive, Specific, User-friendly, Rapid and
robust, Equipment-free, and Deliverable to end-users) criteria pro-
posed by the WHO can be used as a guide to select the most appropri-
ate diagnostic assay among numerous available alternatives.”” Among
all these tests, particularly rapid tests are attractive in such pandemic
situations because rapid assays can be applied in remote and low-
income regions where molecular assays or automated immunoassays
cannot be utilized.”” Many of these rapid tests that are available or in
development for the detection of SARS-CoV-2 are based on antigen
and antibody immunoassays. The majority of them are based on lat-
eral flow assays, and cellulose-based devices intended to detect the tar-
get analyte in a liquid sample. These qualitative or semi-quantitative
in vitro diagnostic medical devices can be used singly or in a small
series.”* According to FIND verification, only four rapid antibody-
based tests are approved by the US FDA (Table I).

FUTURE PERSPECTIVES AND BARRIERS

Currently, nucleic acid-based molecular tests are still considered
the gold standard for the diagnosis of COVID-19 disease. The detec-
tion time has been reduced to 30 min. It is a highly sensitive specific
technique in the diagnosis of infected COVID-19 patients. RT-PCR is
the most used test among molecular techniques. The requirement of
reliable control for confirmation, the necessity for expensive equip-
ment and trained person, certificated reagents, and laboratory facilities
are known disadvantages of molecular methods. In future applications,
alternatives such as LAMP and CRISPR-Cas methods may become
more common as they are a less costly, simple procedure.”””*
Serological methods such as antibody or antigen-based diagnostic tests
may be considered more desirable in the future because of their cycle
times and point-of-care (POC) applicability, if their accuracy and reli-
ability can be improved over molecular techniques. It is necessary to
identify the disease and assess the sensitivity and specificity of the tests,
especially during the acute phase of COVID-19 infection. However, in
combating a worldwide pandemic, serological methods and data will
become increasingly important to understand the history of pandem-
ics and predict the future.”””” As one of the next-generation techni-
ques, whole-genome sequencing is the most promising method for
COVID-19 characterization, genomic surveillance, understanding

APL Bioeng. 4, 041506 (2020); doi: 10.1063/5.0021554
© Author(s) 2020

4, 041506-7


https://scitation.org/journal/apb

0202 (s)oyny @

$9G1.200°G/€904°01 10p :(0202) 905110 ‘¥ “Busoig Idv

8-905170 ‘¥

TABLE 1. US FDA-approved commercial diagnostic kits for COVID-19 diagnosis. LFI: Lateral Flow Immunoassay; EIA: Enzyme Immunoassay; IFA: Immunofluorescence Assay; ECLIA:
Electrochemiluminescence Immunoassay; ELISA: Enzyme Linked Immunosorbent Assay; CLIA: Chemiluminescence Immunoassay; N: Nucleocapsid; S (1,2): Spike (1,2); E: Envelope; RBD: Receptor Binding
Domain; ORF: Open Reading Frame; and RdRp: RNA-dependent RNA polymerase.

Molecular-based assays®

Number Manufacturer Kit name Detection target ~ Duration (min) Specimen type Assay Sensitivity (%) Specificity (%)
1 Altona Diagnostics RealStar® E and S genes ~90" Nasal, nasopharyngeal, =~ RT-PCR 92 100
SARSCoV-2 RT- and oropharyngeal  (BioRad CFX96
PCRKit 1.0 swabs deep well)
2 Atila BioSystems, Inc. Atila iIAMP ORF1ab and N genes ~60 Nasal, nasopharyngeal, =~ RT-PCR 100 99 (ORFlab)*
COVID-19 and/or oropharyngeal (BioRad CFX96 100 (N)
Detection (isother- swabs deep well)
mal detection)
3 BGI Health (HK) Co., Real-time fluores- ORF1 gene 180 Throat swab and Fluorescent 100 99°
Ltd. cent RT-PCR kit Bronchoalveolar RT-PCR
for detection 2019- Lavage Fluid (Roche
nCOV (CE-IVD) LightCycler
480)
4 Primerdesign, Ltd. Coronavirus RdRp gene 120 Nasopharyngeal, Fluorescent 100 100
COVID-19 gen- oropharyngeal swabs, RT-PCR
esig® Real-Time and sputum (LightCycler
PCR assay 480)
5 SD Biosensor Inc. ~ Standard M nCoV  E and ORFI genes ~90 Nasopharyngeal swabs  Fluorescent 100 97 (E)°
Real-Time and throat swab RT-PCR 99 (ORF1)*
Detection Kit (Roche
LightCycler
480)
6 Seegene, Inc. Allplex™ 2019-  E,Nand RdRp genes  ~110 (After ~ Sputum, Throat swab, RT-PCR 100 100
nCoV assay extraction) Nasopharyngeal, (BioRad

Bronchoalveolar lavage ~ CFX96)

Antigen-based manual or automated immunoassays

Detection Specifi-
Number Manufacturer Kit name target Duration (min) ~ Specimen type Assay Sensitivity (%) city (%)
1 Quidel Sofia 2 SARS N protein 15-20 Nasal IFA 80 100
Antigen FIA Nasopharynge-
al samples

Antibody-based manual or automated immunoassays

1 Bio-Rad Laboratories, Platelia SARS-CoV-2 IgG, IgA, IgM (against ~120 Serum EIA 97.50 99.56
Inc. Total Ab N protein) Plasma
2 Calbiotech, Inc. ErbaLisa COVID-19 IgG (against S protein) ~ 60 Serum ELISA 98.30 98.10
IgG ELISA
3 EUROIMMUN AG Anti-SARS-CoV-2 IgG (against S1 RBD) 120 Serum ELISA 94.40 99.60
ELISA (IgG) Plasma
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TABLE |. (Continued.)

Antibody-based manual or automated immunoassays

Whole blood
4 Ortho Clinical VITROS® IgG (against S protein) ~85 Serum CLIA 83.30 100
Diagnostics Immunodiagnostic Plasma
Products Anti-SARS-
CoV-2 IgG
5 Ortho Clinical VITROS® IgG, IgA, IgM (against ~90 Serum CLIA 80 100
Diagnostics Immunodiagnostic S1 protein) Plasma
Products Anti-SARS-
CoV-2 Total
6 Roche Elecsys Anti SARS IgG (against N protein) 18 Serum ECLIA 88.1 99.81
CoV-2 Plasma
Antibody-based rapid diagnostic kits
Detection
Number  Manufacturer Kit name target Duration (min)  Specimen type Assay Sensitivity (%)  Specificity (%)
1 Cellex, Inc. Cellex qSARS- IgM/IgG 15-20 Serum LFI 93.80 95.60
CoV-2IgGIgM  (against N & S Plasma
Cassette Rapid protein) Whole blood
Test(Colloidal
Gold)
2 Jiangsu SARS-CoV-2 IgM/IgG 15 Serum LFI 88.66 90.63
Superbio (COVID-19) (Against S Plasma
Biomedical IgM/IgG RBD) Whole blood
Technology Antibody Fast
(Nanjing) Co., Detection Kit
Ltd (Colloidal
Gold)
3 ScheBo Biotech ~ ScheBo SARS- IgM/IgG 15 Serum LFI 97.5 99.5 (IgM)
AG CoV-2 Quick Plasma 100 (IgG)
Whole blood
4 Autobio Anti-SARS- IgM/IgG <15 Serum LFI 95.7 (IgM) 99.5
Diagnostics CoV-2 Plasma 99 (IgG)
Co., Ltd. Whole blood

https://www.finddx.org/covid19/pipeline/?avance=Commercialized&type=all&test_target=all&status=US+FDA&section=molecular-assays&action=default#diag_tab (visit the website for other 25 tests which are
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approved by the US FDA molecular test). Updated information on evaluation of the diagnostic tests can be found in https://www.finddx.org/covid-19/sarscov2-eval/.
PReaction period in the thermal cycler.
“Further investigation needed to determine if apparent false positives are truly false positives or whether they are due to a false negative reference standard result.
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viral transmission, and pathogenicity, identifying viral mutations, and
developing therapy. However, this costly and time-consuming method
limits its practical application. Electrochemical sensors, one of the new
generation methods, are thought to be more sophisticated in the future
for the selective and sensitive detection, identification, and quantifica-
tion of viruses. Biosensor-based virus detection systems that utilize
nanotechnology and microfluidics and instrumental advances are pre-
dicted to be among the most promising technologies in pandemic sit-
uations like COVID-19.”° In the future, it is thought that easier and
more mature biosensor platforms will replace RT-PCR. Further studies
are needed to compare existing methods in terms of robustness, repro-
ducibility, reliability, and sensitivity.””

To summarize, current analysis methods are not sufficient to dis-
tinguish infected persons, especially in public places. There is a need to
produce POC devices that can detect infections on the site without the
need for professionally trained personnel. In future applications, POC
diagnostic devices and tests are increasing in popularity, especially in
the case of a worldwide pandemic such as COVID-19.”"*

CONCLUSION

Early diagnosis is essential to identify cases and prevent infection
in such pandemic outbreaks. In the current scenario, various technolo-
gies are available to provide better diagnostic capabilities to the com-
munity. For accurate and precise diagnosis, correct sampling and
sampling periods are significant. In current COVID-19 cases, RT-PCR
testing is the gold standard for the etiological diagnosis of the virus.
On the other hand, antibody-based immunological tests are practical
and easy-to-use methods for rapid screening of a whole society and
verification of the molecular analysis. Rapid diagnosis kits are in
demand for providing rapid diagnosis especially in emergencies, at the
bedside and in several places. Even if there are various doubts about its
accuracy and sensitivity, it is an indispensable, important method for
early diagnosis in the case of an existing pandemic. Nowadays, immu-
nological tests and RT-PCR applications are critical diagnostic systems
used to combat the COVID-19 outbreak that affects our life and the
global economy. In summary, the use of the current tests can be done
alone or in combination; although it can detect COVID-19 cases, there
is still an urgent need to develop more practical, precise, and accurate
detection tests that show results faster for an enhanced quality of life.

AUTHORS’ CONTRIBUTIONS

0.G,, CB.U,, M.S,, and S.A. conceived the review topic and out-
lined the manuscript draft. EI. drafted the general information and
future perspective/barrier sections, E.U. drafted molecular- and
sensor-based methods, S.A. drafted the immunoassays and also com-
pared the FDA approved commercial kits. All the authors edited,
revised the draft critically, and approved the final version of this
manuscript.

ACKNOWLEDGMENTS

The authors report no conflict of interest.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REVIEW scitation.org/journal/apb

REFERENCES

TH. Lu, C. W. Stratton, and Y. W. Tang, |. Med. Virol. 92(4), 401-402 (2020).

2c, Sohrabi, Z. Alsafi, N. O’Neill, M. Khan, A. Kerwan, A. Al-Jabir, C. Iosifidis,
and R. Agha, Int. J. Surg. 76, 71 (2020).

33. Hamid, M. Y. Mir, and G. K. Rohela, New Microbes New Infect. 35, 100679
(2020).

“L. L. Ren, Y. M. Wang, Z. Q. Wy, Z. C. Xiang, L. Guo, T. Xu, Y. Z. Jiang, Y.
Xiong, Y. J. Li, H. Li, G. H. Fan, X. Y. Gu, Y. Xiao, H. Gao, J. Y. Xu, F. Yang, X.
M. Wang, C. Wu, L. Chen, Y. W. Liu, B. Liu, J. Yang, X. R. Wang, J. Dong, L.
Li, C. L. Huang, J. P. Zhao, Y. Hu, Z. S. Cheng, L. L. Liu, Z. H. Qian, C. Qin, Q.
Jin, B. Cao, and J. W. Wang, Chin. Med. J. 133(9), 1015-1024 (2020).

5M. Giovanetti, D. Benvenuto, S. Angeletti, and M. Ciccozzi, ]. Med. Virol. 92,
584-588 (2020).

6]. F. W. Chan, K. K. W. To, H. Tse, D. Y. Jin, and K. Y. Yuen, Trends
Microbiol. 21(10), 544-555 (2013).

7S, E. Park, Clin. Exp. Pediatr. 63(4), 119-124 (2020).

8Y. Yin and R. G. Wunderink, Respirology 23(2), 130-137 (2018).

Y. R. Guo, Q. D. Cao, Z. S. Hong, Y. Y. Tan, S. D. Chen, H. J. Jin, K. Sen Tan,
D.Y. Wang, and Y. Yan, Mil. Med. Res. 7, 11 (2020).

195, van Boheemen, M. de Graaf, C. Lauber, T. M. Bestebroer, V. S. Raj, A. M.
Zaki, A. D. M. E. Osterhaus, B. L. Haagmans, A. E. Gorbalenya, E. J. Snijder,
and R. A. M. Fouchier, MBio 3(6), e00473-12 (2012).

TA. J. Turner, J. A. Hiscox, and N. M. Hooper, Trends Pharmacol. Sci. 25(6),
291-4 (2004).

12M. Letko, A. Marzi, and V. Munster, Nat. Microbiol. 5(4), 562-569 (2020).

13A. H. de Wilde, E. J. Snijder, M. Kikkert, and M. J. van Hemert, Curr. Top.
Microbiol. Immunol. 419, 1-42 (2018).

145, G. Sawicki and D. L. Sawicki, Curr. Top. Microbiol. Immunol. 287, 31-55
(2005).

15S. Hussain, J. Pan, Y. Chen, Y. Yang, J. Xu, Y. Peng, Y. Wu, Z. Li, Y. Zhu, P.
Tien, and D. Guo, J. Virol. 79(9), 5288-5295 (2005).

T6M. Cascella, M. Rajnik, A. Cuomo, S. C. Dulebohn, and R. Di Napoli, Features,
Evaluation and Treatment Coronavirus (COVID-19) (StatPearls Publishing,
2020).

7W. . Guan, Z. Y. Ni, Y. Hu, W. H. Liang, C. Q. Ou, J. X. He, L. Liu, H. Shan, C.
L. Lei, D. S. C. Hui, B. Du, L. J. Li, G. Zeng, K. Y. Yuen, R. C. Chen, C. L. Tang,
T. Wang, P. Y. Chen, J. Xiang, S. Y. Li, J. L. Wang, Z. J. Liang, Y. X. Peng, L.
Wei, Y. Liu, Y. H. Hu, P. Peng, ]. M. Wang, J. Y. Liu, Z. Chen, G. Li, Z. J.
Zheng, S. Q. Qiu, J. Luo, C. J. Ye, S. Y. Zhu, and N. S. Zhong, N. Engl. . Med.
382(18), 1708-1720 (2020).

18C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X.
Gu, Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y.
Xiao, H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, and B.
Cao, Lancet 395, 497-506 (2020).

M. Wang, R. Cao, L. Zhang, X. Yang, J. Liu, M. Xu, Z. Shi, Z. Hu, W. Zhong,
and G. Xiao, Cell Res. 53(3), 436-443 (2020).

205 s, Jean, P. 1. Lee, and P. R. Hsueh, J. Microbiol. Immunol. Infect. 53(3),
436-443 (2020).

2T, Aj, Z. Yang, H. Hou, C. Zhan, C. Chen, W. Lv, Q. Tao, Z. Sun, and L. Xia,
Radiology 296(2), E32-E40 (2020).

22J_F. Chan, C. C. Yip, K. K. To, T. H. Tang, S. C. Wong, K. H. Leung, A. Y. Fung,
A. C.Ng, Z. Zou, H. W. Tsoi, G. K. Choi, A. R. Tam, V. C. Cheng, K. H. Chan, O.
T. Tsang, and K. Y. Yuen, J. Clin. Microbiol. 58(5), €00310-20 (2020).

23A. K. Cordes and A. Heim, J. Clin. Virol. 125, 104305 (2020).

245ce https://www.hiqa.ie/sites/default/files/2020-05/Rapid_HTA_COVID-
19_tests.pdf for “Health Information and Quality Authority, 2020.”

25R. Lu, X. Zhao, J. Li, P. Niu, B. Yang, H. Wu, W. Wang, H. Song, B. Huang, N.
Zhu, Y. Bi, X. Ma, F. Zhan, L. Wang, T. Hu, H. Zhou, Z. Hu, W. Zhou, L.
Zhao, J. Chen, Y. Meng, J]. Wang, Y. Lin, J. Yuan, Z. Xie, ]. Ma, W. J. Liu, D.
Wang, W. Xu, E. C. Holmes, G. F. Gao, G. Wu, W. Chen, W. Shi, and W. Tan,
Lancet 395, 565-574 (2020).

28G. Seo, G. Lee, M. J. Kim, S. H. Baek, M. Choi, K. B. Ku, C. S. Lee, S. Jun, D.
Park, H. G. Kim, S. J. Kim, J. O. Lee, B. T. Kim, E. C. Park, and S. I. Kim, ACS
Nano 14(4), 5135-5142 (2020).

27], Xie, C. Ding, J. Li, Y. Wang, H. Guo, Z. Lu, J. Wang, C. Zheng, T. Jin, Y. Gao,
and H. He, J. Med. Virol. 92, 2004-2010 (2020).

APL Bioeng. 4, 041506 (2020); doi: 10.1063/5.0021554
© Author(s) 2020

4, 041506-10


https://doi.org/10.1002/jmv.25678
https://doi.org/10.1016/j.ijsu.2020.02.034
https://doi.org/10.1016/j.nmni.2020.100679
https://doi.org/10.1097/CM9.0000000000000722
https://doi.org/10.1016/j.tim.2013.05.005
https://doi.org/10.1016/j.tim.2013.05.005
https://doi.org/10.3345/cep.2020.00493
https://doi.org/10.1111/resp.13196
https://doi.org/10.1016/j.tips.2004.04.001
https://doi.org/10.1128/JVI.79.9.5288-5295.2005
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1148/radiol.2020200642
https://doi.org/10.1016/j.jcv.2020.104305
https://www.hiqa.ie/sites/default/files/2020-05/Rapid_HTA_COVID-19_tests.pdf
https://www.hiqa.ie/sites/default/files/2020-05/Rapid_HTA_COVID-19_tests.pdf
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1021/acsnano.0c02823
https://doi.org/10.1002/jmv.25930
https://scitation.org/journal/apb

APL Bioengineering

287, 7. Rashid, S. N. Othman, M. N. A. Samat, U. K. Ali, and K. K. Wong,
Malays. J. Pathol. 42(1), 13-21 (2020).

291, N. Cella, D. Blackstock, M. A. Yates, A. Mulchandani, and W. Chen, Crit.
Rev. Eukaryotic Gene Expression 23(2), 125-137 (2013).

30y, 8. Malik, A. K. Verma, N. Kumar, N. Touil, K. Karthik, R. Tiwari, D. P.
Bora, K. Dhama, S. Ghosh, M. G. Hemida, A. S. Abdel-Moneim, K. Banyai, A.
N. Vlasova, N. Kobayashi, and R. K. Singh, Front. Microbiol. 10, 1957 (2019).

3IM. Knoll and E. Ruska, E. Z. Phys. 78, 318-339 (1932).

32p, Morinet, F. Ferchal, R. Colimon, and Y. Pérol, Eur. J. Clin. Microbiol. 3(2),
136-140 (1984).

33D. C. Lewis, N. F. Lightfoot, and J. V. S. Pether, J. Clin. Microbiol. 26(5),
938-942 (1988).

3D, R. Beniac, C. G. Siemens, C. J. Wright, and T. F. Booth, Viruses 6(9),
3458-3471 (2014).

35D. A. Handricks and L. Comanor, “Signal amplification-based techniques,” in
Nucleic Acid Testing for Human Disease, edited by A. Lorincz (CRC/Taylor &
Francis, New York, 2006), Vol. 19.

36]. C. Gullett and F. S. Nolte, Clin. Chem. 61(1), 72 (2015).

37F, Sahiner, R. Giimral, U. Yildizoglu, M. A. Babayigit, A. Durmaz, and N. Yigit,
Int. J. Pediatr. Otorhinolaryngol. 78(8), 1288 (2014).

38E. Nolte and C. Wittwer, “Nucleic acid amplification methods overview,” in
Molecular Microbiology, edited by D. Persing, F. Tenover, R. Hayden, M. Ieven,
M. Miller, and F. Nolte (ASM Press, Washington, USA, 2016), Vol. 3.

39H. G. M. Niesters and W. B. van Leeuwen, “Chapter 7: Quantitative isothermal
molecular amplification techniques,” in Molecular Diagnostics, edited by E.
Van Pelt-Verkuil, W. B. van Leeuwen, and R. Witt (Springer, Singapore, 2019),
pp. 321-337.

“OM. Boeckh and G. Boivin, Clin. Microbiol. Rev. 11(3), 533 (1998).

“IK. Griffiths, L. Partis, D. Croan, N. Wang, and K. R. Emslie, Review of
Technologies for Detecting Genetically Modified Materials in Commodities and
Food (Australian Government Analytical Laboratories, Pymble, NSW,
Australia, 2002).

“2Y. F. Wang, “Signal amplification techniques: BDNA, hybrid capture,” in
Advanced Techniques in Diagnostic Microbiology, edited by Y. W. Tang and C.
W. Stratton (Springer, USA, 2006), Vol. 228.

“3E. Sahiner, Mikrobiyol. Bul. 48(4), 689 (2014).

44E. M. Boon, D. M. Ceres, T. G. Drummond, M. G. Hill, and J. K. Barton, Nat.
Biotechnol. 18(10), 1096 (2000).

450, P. Kallioniemi, A. Kallioniemi, J. Piper, J. Isola, F. M. Waldman, J. W. Gray,
and D. Pinkel, Genes, Chromosomes Cancer 10(4), 231 (1994).

“6]_C. Alwine, D. J. Kemp, and G. R. Stark, Proc. Natl. Acad. Sci. 74(12), 5350
(1977).

47T. G. Drummond, M. G. Hill, and J. K. Barton, Nat. Biotechnol. 21(10), 1192
(2003).

“80. Akhavan, E. Ghaderi, and R. Rahighi, ACS Nano 6(4), 2904 (2012).

“49F_ Ricci, G. Adornetto, and G. Palleschi, Electrochim. Acta 84, 74 (2012).

5OF, Bakker and M. Telting-Diaz, Anal. Chem. 74(12), 2781 (2002).

51S. Tripathy and S. G. Singh, Trans. Indian Natl. Acad. Eng. 5, 205 (2020).

52G. §. Park, K. Ku, S. H. Baek, S. J. Kim, S. L Kim, B. T. Kim, and J. S. Maeng,
J. Mol. Diagn. 22(6), 729 (2020).

ST, Yang, Y. C. Wang, C. F. Shen, and C. M. Cheng, Diagnostics 10, 165 (2020).

5%B. Udugama, P. Kadhiresan, H. N. Kozlowski, A. Malekjahani, M. Osborne, V.
Y. Li, and W. C. Chan, ACS Nano 14(4), 3822 (2020).

55Food and Drug Administration, New York SARS-CoV-2 Real-Time RT-PCR
Diagnostic Panel (Food and Drug Administration, USA, 2020).

56C. Wang, P. W. Horby, F. G. Hayden, and G. F. Gao, Lancet 395, 470 (2020).

57T, Nguyen, D. Duong Bang, and A. Wolff, Micromachines 11(3), 306 (2020).

58K Green, S. Graziadio, P. Turner, T. Fanshawe, and J. Allen, The Centre for
Evidence-Based Medicine Develops, Promotes and Disseminates Better Evidence
for Healthcare (Oxford, USA, 2020).

59T, Notomi, H. Okayama, H. Masubuchi, T. Yonekawa, K. Watanabe, N.
Amino, and T. Hase, Nucl. Acids Res. 28, E63 (2000).

®OL. Yu, S. Wu, X. Hao, X. Li, X. Liu, S. Ye, H. Han, X. Dong, X. Li, and J. Li,
medRxiv (2020).

Sy Ouyang, J. Yu, J. Zhang, and C. Xie, J. Thorac. Oncol. 15(6), e82 (2020).

62\, Yang, X. Dang, Q. Wang, M. Xu, Q. Zhao, Y. Zhou, H. Zhao, L. Wang, Y.
Xu, and J. Wang, medRxiv (2020).

REVIEW scitation.org/journal/apb

83Y. Zhang, N. Odiwuor, J. Xiong, L. Sun, R. O. Nyaruaba, H. Wei, and N. A.
Tanner, medRxiv (2020).

84F, Zhang, O. O. Abudayyeh, and J. S. Gootenberg, see www.broadinstitute. org/
files/publications/special/ COVID-19%20detection%20(updated).pdf for “Broad
Institute of MIT and Harvard.”

©5], P. Broughton, X. Deng, G. Yu, C. L. Fasching, V. Servellita, J. Singh, and K.
Zorn, Nat. Biotechnol. 38(7), 870-871 (2020).

88Q. Chen, J. Li, Z. Deng, W. Xiong, Q. Wang, and Y. Q. Hu, Intervirology
53(2), 95 (2010).

87X Guo, P. Geng, Q. Wang, B. Cao, and B. J. Liu, Microbiol. Biotechnol. 24(10),
1445 (2014).

685, C. Moore, R. Penrice-Randal, M. Alruwaili, X. Dong, S. T. Pullan, D. P.
Carter, K. Bewley, Q. Zhao, Y. Sun, C. Hartley, E. M. Zhou, T. Solomon, M. B.
J. Beadsworth, J. Cruise, D. Bogaert, D. W. Crook, D. A. Matthews, A. D.
Davidson, Z. Mahmood, W. Aljabr, J. Druce, R. T. Vipond, L. F. P. Ng, L.
Renia, P. J. M. Openshaw, J. K. Baillie, M. W. Carroll, M. G. Semple, L. Turtle,
and J. A. Hiscox, medRxiv (2020).

97, Li, Y. Yi, X. Luo, N. Xiong, Y. Liu, S. Li, R. Sun, Y. Wang, B. Hu, W. Chen, Y.
Zhang, ]. Wang, B. Huang, Y. Lin, J. Yang, W. Cai, X. Wang, J. Cheng, Z. Chen,
K. Sun, W. Pan, Z. Zhan, L. Chen, and Y. Feng, J. Med. Virol. 2020, 1-7.

79C. Rothe, M. Schunk, P. Sothmann, G. Bretzel, G. Froeschl, C. Wallrauch, T.
Zimmer, V. Thiel, and C. Janke, N. Engl. ]. Med. 382, 970-971 (2020).

71S.Y. Xiao, Y. Wu, and H. Liu, J. Med. Virol. 92(5), 464-467 (2020).

72 He, Y. Deng, and W. Li, ]. Med. Virol. 92, 719-725 (2020).

737. Yongchen, H. Shen, X. Wang, X. Shi, Y. Li, J. Yan, Y. Chen, and B. Gu,
Emerging Microbes Infect. 9(1), 833-836 (2020).

74Q. X. Long, B. Z. Liu, H. J. Deng, G. C. Wu, K. Deng, Y. K. Chen, P. Liao, J. K.
Qiu, Y. Lin, X. F. Cai, D. Q. Wang, Y. Hu, J. H. Ren, N. Tang, Y. Y. Xu, L. H. Yu,
Z. Mo, F. Gong, X. L. Zhang, W. G. Tian, L. Hu, X. X. Zhang, J. L. Xiang, H. X
Du, H. W. Liu, C. H. Lang, X. H. Luo, S. B. Wu, X. P. Cui, Z. Zhou, M. M. Zhu, J.
Wang, C. J. Xue, X. F. Li, L. Wang, Z. J. Li, K. Wang, C. C. Niu, Q. J. Yang, X. J.
Tang, Y. Zhang, X. M. Liu, J. J. Li, D. C. Zhang, F. Zhang, P. Liu, J. Yuan, Q. Li, J.
L. Hu, J. Chen, and A. L. Huang, Nat. Med. 26(6), 845-848 (2020).

75See https://thenativeantigencompany.com/why-we-need-antigen-and-anti-
body-tests-for-covid-19/ for “Why We Need Antigen and Antibody Tests for
COVID-19, 2020.”

78See  hittps://www.assaygenie.com/sarscov2-covid19-detection-methods  for
“Assay Genie, COVID-19 (SARS-CoV-2) Assay Tests.”

77). Zhang, J. Liu, N. Li, Y. Liu, R. Ye, X. Qin, and R. Zheng, International
Immunopharmacology 88, 106861 (2020).

78K. L. Shen, Y. H. Yang, R. M. Jiang, T. Y. Wang, D. C. Zhao, Y. Jiang, X. X. Lu,
R. M. Jin, Y. J. Zheng, B. P. Xu, Z. D. Xie, Z. S. Liu, X. W. Li, L. K. Lin, Y. X.
Shang, S. N. Shu, Y. Bai, M. Lu, G. Lu, J. K. Deng, W. J. Luo, L. J. Xiong, M.
Liu, Y. X. Cui, L. P. Ye, J. F. Li, J. B. Shao, L. W. Gao, Y. Y. Wang, and X. F.
Wang, World J. Pediatr. 16, 232-239 (2020).

79N. Chen, M. Zhou, X. Dong et al., Lancet 395, 507-513 (2020).

801, Guo, L. Ren, S. Yang, M. Xiao, D. Chang, F. Yang, C. S. D. Cruz, Y. Wang,
C. Wy, Y. Xiao, L. Zhang, S. Dang, Y. Xu, Q. W. Yang, S. Y. Xu, H. D. Zhu, Y.
C. Xu, Q. Jin, L. Sharma, L. Wang, and J. Wang, Clin. Infect. Dis. 71(15),
778-785 (2020).

815, Khan, R. Nakajima, A. Jain, R. R. de Assis, A. Jasinskas, J. M. Obiero et al,
bioRxiv (2020).

82]_A. Kwon, H. Lee, K. N. Lee, K. Chae, S. Lee, D.-K. Lee et al., Clin. Chem.
54(2), 424-428 (2008).

83H. Wang, X. Wu, X. Zhang, X. Hou, T. Liang, D. Wang, F. Teng, J. Dai, H.
Duan, S. Guo, Y. Li, X. Yu, “SARS-CoV-2 proteome microarray for mapping
COVID-19 antibody interactions at amino acid resolution,” ACS Cent. Sci.
(published online) (2020).

B45ee https://www.pepperprint.com/products/pepperchipr-standard-microarrays/
pepperchipr-sars-cov-2-proteome-microarray/ for “PEPperPRINT,
PEPperCHIP® SARS-CoV-2 Proteome Microarray,” 2020.

85 vy, L. Du, D. M. Ojcius, C. Pan, and S. Jiang, Microbes Infect. 22(2), 74-79
(2020).

861 J. Loeffelholz and Y. W. Tang, Emerging Microbes Infect. 9(1), 747-756
(2020).

87K. K. W. To, O. T. Y. Tsang, C. C. Y. Yip, K. H. Chan, T. C. Wu, J. M. C. Chan,
and D. C. Lung, Clin. Infect. Dis. 71(15), 841-843 (2020).

APL Bioeng. 4, 041506 (2020); doi: 10.1063/5.0021554
© Author(s) 2020

4, 041506-11


https://doi.org/10.1615/CritRevEukaryotGeneExpr.2013006974
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2013006974
https://doi.org/10.3389/fmicb.2019.01957
https://doi.org/10.1007/BF01342199
https://doi.org/10.1007/BF02014331
https://doi.org/10.1128/JCM.26.5.938-942.1988
https://doi.org/10.3390/v6093458
https://doi.org/10.1373/clinchem.2014.223289
https://doi.org/10.1016/j.ijporl.2014.05.012
https://doi.org/10.1128/CMR.11.3.533
https://doi.org/10.5578/mb.7631
https://doi.org/10.1038/80301
https://doi.org/10.1038/80301
https://doi.org/10.1002/gcc.2870100403
https://doi.org/10.1073/pnas.74.12.5350
https://doi.org/10.1038/nbt873
https://doi.org/10.1021/nn300261t
https://doi.org/10.1016/j.electacta.2012.06.033
https://doi.org/10.1021/ac0202278
https://doi.org/10.1007/s41403-020-00103-z
https://doi.org/10.1016/j.jmoldx.2020.03.006
https://doi.org/10.3390/diagnostics10030165
https://doi.org/10.1021/acsnano.0c02624
https://doi.org/10.1016/S0140-6736(20)30185-9
https://doi.org/10.3390/mi11030306
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1016/j.jtho.2020.04.005
http://www.broadinstitute.org/files/publications/special/COVID-19%20detection%20(updated).pdf
http://www.broadinstitute.org/files/publications/special/COVID-19%20detection%20(updated).pdf
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1159/000264199
https://doi.org/10.4014/jmb.1404.04024
https://doi.org/10.1056/NEJMc2001468
https://doi.org/10.1002/jmv.25702
https://doi.org/10.1002/jmv.25766
https://doi.org/10.1080/22221751.2020.1756699
https://doi.org/10.1038/s41591-020-0897-1
https://thenativeantigencompany.com/why-we-need-antigen-and-antibody-tests-for-covid-19/
https://thenativeantigencompany.com/why-we-need-antigen-and-antibody-tests-for-covid-19/
https://www.assaygenie.com/sarscov2-covid19-detection-methods
https://doi.org/10.1016/j.intimp.2020.106861
https://doi.org/10.1016/j.intimp.2020.106861
https://doi.org/10.1007/s12519-020-00362-4
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1093/cid/ciaa310
https://doi.org/10.1373/clinchem.2007.090464
https://doi.org/10.1021/acscentsci.0c00742
https://www.pepperprint.com/products/pepperchipr-standard-microarrays/pepperchipr-sars-cov-2-proteome-microarray/
https://www.pepperprint.com/products/pepperchipr-standard-microarrays/pepperchipr-sars-cov-2-proteome-microarray/
https://doi.org/10.1016/j.micinf.2020.01.003
https://doi.org/10.1080/22221751.2020.1745095
https://doi.org/10.1093/cid/ciaa149
https://scitation.org/journal/apb

APL Bioengineering

88D, Wang, B. Hu, C. Hu ef al., JAMA 323(11), 1061-1069 (2020).

89g, Meyer, C. Drosten, and M. A. Miiller, Virus Res. 194, 175-183 (2014).

90Gee https://sonanano.com/sona-develops-rapid-screening-test-for-coronavirus/
for “SonaNanotech, 2020.”

9'L. Zhong, J. Chuan, B. Gong, P. Shuai, Y. Zhou, Y. Zhang, and Y. Huang, Sci.
China Life Sci. 63, 777-780 (2020).

92p_C. Y. Woo, S. K. P. Lau, B. H. L. Wong, H. W. Tsoi, A. M. Y. Fung, R. Y. T.
Kao, K. H. Chan, J. S. M. Peiris, and K. Y. J. Yuen, J. Clin. Microbiol. 43,
3054-3058 (2005).

REVIEW scitation.org/journal/apb

95C. S. Kosack, A.-L. Page, and P. R. Klatser, Bull World Health Organ 95(9),
639-645 (2017).

9“H. H. Zalzala, New Microbes New Infect. 19, 245-253 (2020).

95K Jackson, S. Locarnini, and R. Gish, Clin. Liver Dis. 116, 106762 (2020).

96)ML R. de Eguilaz, L. R. Cumba, and R. J. Forster, Electrochem. Commun. 220,
121392 (2020).

97E. Sheikhzadeh, S. Eissa, A. Ismail, and M. Zourob, Talanta 220, 121392
(2020).

984 N. Konwar and V. Borse, Sens. Int. 1, 100015 (2020).

APL Bioeng. 4, 041506 (2020); doi: 10.1063/5.0021554
© Author(s) 2020

4, 041506-12


https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/j.virusres.2014.03.018
https://sonanano.com/sona-develops-rapid-screening-test-for-coronavirus/
https://doi.org/10.1007/s11427-020-1688-9
https://doi.org/10.1007/s11427-020-1688-9
https://doi.org/10.1128/JCM.43.7.3054-3058.2005
https://doi.org/10.2471/BLT.16.187468
https://doi.org/10.1016/j.talanta.2020.121392
https://scitation.org/journal/apb

	s1
	s2
	s3
	f2
	f1
	s4
	s5
	s6
	s7
	s8
	s9
	s10
	s11
	t1
	t1n1
	t1n2
	t1n3
	s12
	s13
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98

