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Diagnostic technologies for COVID-19: a review

QT% *ab

Since the outbreak of COVID-19 in December 2019, the highly contagious SARS-CoV-2 virus has spread
rapidly worldwide. Although the governments across the world have adopted different preventative

measures, the spread of the virus still cannot be effectively controlled, and the number of infections and

deaths continues to grow. Early diagnosis of COVID-19 is one of the key measures to control the spread
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of the pandemic and timely treatment of infected people. This review summarizes current COVID-19

diagnostic techniques based on virology, serology, and imaging diagnostics and discusses their

DOI: 10.1039/d0ra06445a

rsc.li/rsc-advances COVID-19.

1. Introduction

Multiple cases of unexplained viral pneumonia were reported
in December, 2019 in Wuhan, China. Patients presented fever,
cough, fatigue, shortness of breath, and other symptoms.* On
January 11, 2020, researchers sequenced the genome of the
virus causing these unexplained cases of viral pneumonia and
confirmed it was a novel coronavirus.> Further research found
that this coronavirus shared 79.5%, 50% and 96% of its
genome with severe acute respiratory syndrome virus (SARS-
CoV), middle east respiratory syndrome virus (MERS-CoV)
and TG13 (a bat coronavirus), respectively.®* On February 11,
2020, the International Virus Taxonomy Committee (IVTC)
formally named the new coronavirus severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) and the World Health
Organization (WHO) named the disease 2019 coronavirus
disease (COVID-19). The SARS-CoV-2 invades human cells by
its spike protein binding to the cell membrane protein
receptor (angiotensin-converting enzyme 2, ACE2).*> The
receptor-binding domain (RBD) of SARS-CoV-2 spike protein
shows 10-20 times higher affinity to the ACE2 receptor
compared with that of SARS-CoV,* which demonstrated the
stronger infectivity of SARS-CoV-2. In a short time frame, what
started as a localized outbreak of COVID-19 in December,
quickly evolved into a global pandemic, as declared by the
WHO on March 11, 2020. Although governments across the
globe have implemented a range of prevention and
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advantages and limitations with the aim of providing a reference for rapid and accurate diagnosis of

containment measures, the spread of COVID-19 continues to
increase. As of July 15, 2020, there have been more than 13.5
million confirmed cases of COVID-19 worldwide and more
than 580 000 deaths (https://coronavirus.jhu.edu/map.html).

Since hydroxychloroquine and remdesivir have been found
to be ineffective in the treatment of COVID-19,>° there remains
no miracle drug treatment for COVID-19. Furthermore, vaccine
development is a complicated process characterized by signifi-
cant uncertainty and will require testing on safety and effec-
tiveness, before large scale production. Given this, early
diagnosis and timely treatment of COVID-19 is key to control
the further spread of the pandemic. This review aims to provide
references to develop appropriate diagnostic strategies for
COVID-19 by summarizing the most recent literature on labo-
ratory diagnostic technologies for COVID-19.

2. lIsolation, culture and identification
of SARS-CoV-2

Isolation of viral pathogens in cell culture is the gold standard
for the diagnosis of viral infections. Although it requires a long
cultivation period, specialized equipment, and good experi-
mental skills, it is still an effective method for identifying
emerging viruses. Adriana et al., reported that a 7 week-old baby
was diagnosed with SARS-CoV-2 infection before the COVID-19
outbreak in Italy, through cell-culture isolation, transmission
electron microscopy, and real-time reverse-transcription poly-
merase chain reaction (RT-PCR) identification.” In addition, live
virus propagation allows for large amounts of virus to be
developed and used for further research, such as antiviral drug
testing, vaccine development, and comparative genomic anal-
yses of viruses isolated from different regions. Finally, rapid and
coordinated sharing of research findings across scientific
communities and public health agencies is critical for the
effective study of viruses.
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Table 1 Examples of SARS-CoV-2 nucleic acid-based detection methods
Method Sample source Target gene Sample tested ~ Sensitivity Test time Reference
RT-PCR BLF, nasal and pharyngeal swabs ORFilab and N 4880 — — 14
RT-PCR Throat and nose swabs E and RdRP 297 5.2 and 3.8 — 13

copies per test
Digital PCR  Sputum, blood, urine ORFiab and N 323 11.1 copies per test >2 h 15

nasal and throat swabs

Digital PCR  Pharyngeal swabs, stool and blood = ORFiab and N 109 28.3 and — 16

35.2 copies per pL
RT-LAMP Swabs and BLF ORFiab and S 130 20 and 26.28 + 4.48 min 17

200 copies per test
RT-LAMP Throat swabs ORFlab, N and § 16 80 copies per mL 30 min 18
DETECTR Nasal and pharyngeal swabs E gene and N 78 10 copies per pL 45 min 19
SHERLOCK  Nasal swabs N 17 100 copies per test 40 or 70 min 20
Gene Throat swabs ORFilab and N 61 10 copies per mL 6-10 h 21
sequencing

3. Virology-based detection methods

SARS-CoV-2 is a novel, enveloped, positive-sense RNA virus,
with a single-stranded RNA genome of ~30 kilobases and four
structural proteins (Fig. 1), belonging to genus B, of the coro-
naviridae family.>® Researcher have confirmed that the SARS-
CoV-2 enters into human cells by spike protein binding to
ACE2 receptors on the surface of human cells. Human ACE2
receptors are present in arterial and venous endothelial cells
and arterial smooth muscle cells in almost all organs, and
human ACE2 mRNA is highly expressed in renal, cardiovas-
cular, and gastrointestinal tissues.® The SARS-CoV-2 virus has
been isolated from blood samples, sputum, cerebrospinal fluid,
urine, nasal swab, tracheal aspirates, throat swabs, anal swabs,
and bronchoalveolar lavage fluid.*' Pan et al, found that
sputum samples and nasal swabs contain the highest viral load,
with a median of 10° copies per mL, providing a target for the
detection of SARS-CoV-2."

3.1 Nucleic acid-based detection methods

As of July, 15, 2020, of total of 66 000 viral genomic sequences of
SARS-CoV-2 had been shared to Global Influenza Data Initiative
(GISAID). This genetic information laid the foundation for the
development of primers and probes for specific detection of
SARS-CoV-2. Rangan et al., analyzed the genome sequences of
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Fig. 1 The structure (A) and genome (B) schematic of SARS-CoV-2.
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SARS-CoV-2 and SARS-associated viruses and found 59
conserved regions, which were primarily located in the RNA-
dependent RNA polymerase gene, envelope protein gene, and
nucleocapsid protein gene.'>* These studies provide a refer-
ence to establish nucleic acid-based diagnostic methods. A
number of SARS-CoV-2 nucleic acid-based detection methods
from different research groups are listed in Table 1.

3.1.1 Real-time reverse-transcription polymerase chain
reaction. Currently, RT-PCR is the most common method for
diagnosing COVID-19 due to its high sensitivity, strong speci-
ficity, and high penetration rate. The principle of RT-PCR is
shown in Fig. 2. Briefly, SARS-CoV-2 genomic RNA was con-
verted into complementary DNA (cDNA) by reverse transcrip-
tase. The DNA was amplified by DNA polymerase using the
c¢DNA template and the PCR reaction was monitored in real
time by fluorescent dye or TagMan DNA probe. RT-PCR detec-
tion of SARS-CoV-2 includes the steps of specimen collection,
RNA extraction, PCR, and result analysis. Yang et al, used
commercial RT-PCR kits recommended by China Food and
Drug Administration (CFDA) to analyze 866 samples collected
from the respiratory tracts of patients including nasal swabs,
throat swabs, sputum and BALF. Sputum samples showed the
highest positive rate in both severe (88.9%) and mild (82.2%)
cases, followed by nasal swabs (73.3%, 72.1%) and throat swabs
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Fig. 2 Schematic diagram of RT-PCR detection of SARS-CoV-2.
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(60.0%, 61.3%). These results provide a reference for the
selection of SARS-CoV-2 sample collection sites.*

False negative results caused by improper sampling or
patient viral load is a major limitation of RT-PCR detection of
SARS-CoV-2. Feng reported a case where a 34 year-old man
finally positive result after five RT-PCR tests.”® In order to
improve the accuracy of the RT-PCR method, Chan et al.,
developed and evaluated three novel RT-PCR assays that target
different gene regions of the SARS-CoV-2 genome. They found
that the novel COVID-19-RdRp/Hel assay was highly sensitive
and specific for the detection of SARS-CoV-2 RNA in vitro and in
clinical specimens, with the lowest limit of detection being 11.2
RNA copies per reaction in vitro.>*

Low detection throughput is another major limitation of RT-
PCR detection of SARS-CoV-2.%* Given this, there is a focus on
developing high-throughput RT-PCR detection platforms by
diagnostic companies. Liu reported a high-throughput nucleic
acid detection mode (Huo-Yan Laboratory platform), which
uses an automated process and rigorous quality control strate-
gies to ensure the stability and reliability of detection in large-
scale specimens. The automated nucleic acid extraction based
on the MGISP-960 sample preparation system, is comparable to
manual extraction, but requires less time and fewer resources.
As of July 15, 2020, total expected daily reached a maximum
testing capacity of 325 600 per day (https://huoyan.bgi.com).>®

3.1.2 Digital PCR. At present, RT-PCR is widely used as the
gold standard for the diagnosis of COVID-19. However, the large
number of reports of false negatives, is a significant limitation.
In addition to inadequate sampling or improper handling of
samples, low viral load in infected patients can also lead to false
negative results.”” For more accurate COVID-19 diagnosis,
a more sensitive RNA detection method is needed to address the
limitations of RT-PCR. Digital PCR employs sample dilution,
end-point PCR, and Poisson statistics to achieve an absolute
quantitation of nucleic acids. Suo et al. explored the feasibility
of droplet digital PCR (ddPCR) to detect SARS-CoV-2 from 57
clinical pharyngeal swab samples and compared the sensitivity
and accuracy with RT-PCR. Under optimal conditions, the limit
of detection (LOD) of ddPCR is 0.109 copies per pL and 0.021
copies per uL for ORFlab and N primers/probe sets, respec-
tively. This is approximately 500 times lower than that of the RT-
PCR. Further, 64% (9/14) of patients that tested negative in two
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consecutive RT-PCR tests, were found to be positive when using
digital PCR, demonstrating the superiority of ddPCR for clinical
detection of SARS-CoV-2 and reduce the false negatives.*®

3.1.3 Reverse transcription loop-mediated isothermal
amplification. Reverse transcription loop-mediated isothermal
amplification (RT-LAMP) is another promising alternative
technology for the rapid detection of SARS-CoV-2. The RT-LAMP
utilizes four to six specially designed primers and a Bst DNA
polymerase with chain displacement activity under a constant
temperature (60-65 °C) to synthesize the strand displacement
DNA. The amplified product is continuously extended, circu-
larized, and re-extended and the DNA with different stem-loop
structures are finally produced. The amplification reaction is
monitored by measuring turbidity or fluorescence. Compared
with RT-PCR, the RT-LAMP has the advantages of simple
operation, short reaction time, no need for special instruments,
and high sensitivity, which is particularly suitable for rapid on-
site detection.”®*® Yan et al., developed a RT-LAMP assay for the
detection of SARS-CoV-2 in clinical samples and designed five
sets of primers that target the orflab gene and the spike gene
for optimization of this assay. The detection of 130 clinical
samples by RT-LAMP showed that the sensitivity and specificity
of this method were 100%, and the detection time was 26.28 +
4.48 min, demonstrating the RT-LAMP assay is a powerful tool
for the detection of SARS-CoV-2."

3.1.4 CRISPR-based assays. Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas) proteins (CRISPR/Cas), provide adaptive
immunity against virus invasion in bacteria and archaea. In
2012, Doudna et al., demonstrated that the CRISPR-associated
protein Cas9 and crRNA ribonucleoprotein complex can cleave
specific sites of target DNA sequences.** Since this discovery, the
CRISPR/Cas system has become the most popular gene editing
tool. In recent years, research has found that some class II Cas
proteins have collateral cleavage activity and subsequently used
them in the rapid detection of nucleic acids.***

Recently, CRISPR-based nucleic acid detection methods have
shown significant potential in the development of next-
generation molecular diagnostic technology given its high
specificity, sensitivity, simplicity, and reliability, and has been
applied to the diagnosis of COVID-19. Broughton et al., devel-
oped a rapid (<40 min), easy-to-implement, CRISPR-Cas12-
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Fig. 3 Schematic of CRISPR-Casl12-based assay workflow for detection of SARS-CoV-2.°
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based lateral flow assay for the detection of SARS-CoV-2 from
respiratory swab RNA extracts (Fig. 3). The proposed CRISPR-
based DETECTR assay showed 95% positive predictive agree-
ment and 100% negative predictive agreement in 36 patients
with COVID-19 infection and 42 patients with other viral
respiratory infections.*

3.1.5 Gene sequencing. unexplained
diseases, gene sequencing is the best way to identify pathogenic
microorganisms. The first genomic sequence of SARS-CoV-2
was completed by metagenomic RNA sequencing and shared
with GenBank (MN908947) and GISAID on January 2020.> For
the detection of known viruses, targeted sequencing is
a popular method due to its accuracy, comprehensiveness, and
sensitivity. Wang et al, developed a nanopore targeted
sequencing (NTS) method, combining the advantages of target
amplification and long-read, real-time nanopore sequencing, to
be used for diagnosing COVID-19 and simultaneously detecting
other common respiratory viruses and mutated nucleic acid
sequences, within 6-10 h. Parallel testing of 61 nucleic acid
samples from suspected COVID-19 cases with commercial RT-
PCR kits and the proposed NTS method, showed the NTS
method was more sensitive for SARS-CoV-2 detection and
identified more positive cases.** Although the accuracy of gene
sequencing to detect SARS-CoV-2 is high, there are limitations
in its clinical application due to testing duration, high cost, and
complex equipment. Finally, with the ongoing spread of COVID-
19, genome sequencing has shifted from initial virus identifi-
cation to investigation of the origin and evolution of the SARS-
CoV-2 virus.?*°

For infectious

3.2 Protein-based detection methods

In addition to nucleic acid, the viral structural proteins (spike
protein, nucleocapsid protein, envelope protein, and
membrane protein) and virus particles can also be used as the
target molecule to diagnose COVID-19. These diagnostic
methods include instrument-based methods, such as mass
spectrometry and rapid detection methods based on antigen-
antibody recognition, such as chemiluminescence immuno-
assay, lateral flow immunoassay, and biosensors.

3.2.1 Mass spectrometry. Mass spectrometry-based detec-
tion of proteins can be performed with either a targeted strategy
or without any a priori, making it useful for identifying novel
viruses.®” Similar to targeted sequencing, for known viruses, the
targeted proteomics methods using mass spectrometry also
showed potential in the diagnosis of COVID-19. Bezstarosti
evaluated the detection limit by parallel reaction monitoring on
an Orbitrap Eclipse mass spectrometer for structural proteins of
SARS-CoV-2 in samples of virus-infected Vero cells. Nucleo-
capsid protein was found to be the most abundant viral protein
with a limit of detection of 0.9 x 10~ g, corresponding to
about 10 000 SARS-CoV-2 virus particles.’® Further, the targeted
proteomics and metabolomics assay of patients through mass
spectrometry can be used for illness evaluation. Shen et al,
performed a systematic proteomic and metabolomic investiga-
tion of serum samples from 46 COVID-19 patient groups and 53
control groups based on mass spectrometry and machine
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learning. In total, 22 proteins and 7 metabolites characteristic
of critical patients were screened out, demonstrating the
potential of this method in identifying potentially severe
COVID-19 cases. This work may provide useful information in
the allocation of medical resources.*

3.2.2 Biosensor. Biosensor diagnosis COVID-19 relies on
converting the antigen-antibody binding reaction into
a measurable signal through optical, enzymatic, gravimetric,
electrical, or other methods to detect SARS-CoV-2. Seo et al.,
developed a field-effect transistor-based biosensor to detect
SARS-CoV-2 in clinical samples (Fig. 4). In this device, graphene
is functionalized with the SARS-CoV-2 spike antibody for use as
a SARS-CoV-2 virus detection platform. The device has a limit of
detection of 1.6 x 10" pfu mL ™" in culture medium and 2.42 x
10” copies per mL in clinical samples, respectively, demon-
strating its potential for clinical application.* Unfortunately,
the development of traditional antibodies requires complicated
processes including animal immunization and cell screening,
which make it difficult and time-consuming to obtain suitable
antibodies. As an alternative, some novel recognition elements
for SARS-CoV-2 virus, such as aptamer*>** and nanobody** have
been developed and applied in the diagnosis of COVID-19.

The recent emerging microfluidic biosensors have the
advantages of portability, simplicity and low reagent/sample
consumption, which have attracted the attention of many
researchers. Lin et al, developed a portable microfluidic
immunoassay system for highly sensitive detection of IgG/IgM/
antigen of SARS-CoV-2 simultaneously within 15 min. This
method was successfully applied for detecting SARS-CoV-2
antigen in pharyngeal swabs from 26 patients with COVID-19
infection and 28 uninfected people and demonstrated high
sensitivity and specificity, showing great promise for applica-
tions in COVID-19 pandemic monitoring and control.*

4. Serology-based detection
methods

Although nucleic acid-based detection methods have been
widely used in the diagnosis of COVID-19, the serology-based
diagnosis methods are also widely widespread attention due
to it not only can be used with molecular diagnostic technology
to improve the detection accuracy and exclude false negative

This journal is © The Royal Society of Chemistry 2020
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Method Sample source Detected target Sample tested Test time Reference
ELISA Serum IgA and IgG 200 — 51
ELISA Serum IgM 86 — 52
ELISA Serum IgG and IgM 238 — 53
ELISA Serum IgG and IgM 216 — 54
Lateral flow immunoassay Blood, serum, plasma IgG and IgM 134 15 min 55
Lateral flow immunoassay Serum IgG and IgM 814 10 min 56
Lateral flow immunoassay Serum IgG 19 10 min 57
Lateral flow immunoassay Blood, serum and plasma IgG and IgM 525 15 min 58
Chemiluminescence immunoassay Serum IgG and IgM 125 — 46
Chemiluminescence immunoassay Serum IgA, IgG and IgM 699 — 59
Chemiluminescence immunoassay Serum IgG and IgM 367 — 60
Chemiluminescence immunoassay Blood IgA, IgG and IgM 95 — 61
Chemiluminescence immunoassay Serum IgG and IgM 29 — 62

result.*** It can also collect information on SARS-CoV-2 infec-
tion in the general population, contributing to epidemiological
investigations of COVID-19.**~* Some current reported COVID-
19 serology-based diagnosis methods are listed in Table 2.

4.1 Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) method is
simple to perform and highly popular. It has been widely used
for the rapid quantitative detection of IgM/IgG antibodies in
serum. In this method, the antigen protein immobilized on the
surface of microplate wells, binds to the target antibody (IgM/
IgG) in serum and an enzyme-labeled anti-IgM/IgG secondary
antibody is used for quantitative detection. Liu et al., evaluated
the performance of nucleocapsid and spike protein-based
ELISA assays in the detection of SARS-CoV-2 IgM and IgG anti-
bodies in human serum, respectively. They found that the
sensitivity of the spike protein-based ELISA (85.7%) for IgM
detection was significantly higher than that of the nucleocapsid
protein-based ELISA (57.1%) for detecting antibodies against
SARS-CoV-2. These results indicate that the spike protein may
be more suitable for early diagnosis of COVID-19 through the
detection of IgM antibody in serum samples.®

4.2 Lateral flow assay

Colloidal gold-immunochromatographic assay (GICA) is the
primary method for on-site diagnosis in primary medical
institutions and disease control centers, given its ease of use,
rapid results, and low cost. Zhang et al., prepared six recombi-
nant antigens of nucleocapsid protein and spike protein frag-
ments. The recombinant antigens (rS1 and rS-RBD-mFc) with
the highest IgM/IgG antibody titers were chosen for the GICA
development. The performance of the GICA was evaluated with
814 serum samples from SARS-CoV-2 infected patients, and
demonstrated high detection sensitivity (86.89%) and speci-
ficity (99.39%). Furthermore, 65.63% (21/32) of the clinically
confirmed, but RT-PCR negative samples, were found to be
positive when using GICA, demonstrating that it is a powerful
auxiliary tool to improve the accuracy of COVID-19 diagnosis.*®

This journal is © The Royal Society of Chemistry 2020

4.3 Chemiluminescence assay

Chemiluminescence immunoassay (CLIA) is a technological
innovation of the traditional immunoassay that combines
chemiluminescence techniques with immunochemical reac-
tions. Its working principle is similar to the other labeled
immunoassays, in that it uses chemical probes or substrate to
generate light emission through chemical or enzymatic reac-
tions to detect a target. In recent years, CLIA has been very
attractive in different fields, such as clinical diagnosis, envi-
ronmental monitoring, and food safety due to its high sensi-
tivity, automated operation, less time, and wide linear range.
Cai et al, developed a peptide-based magnetic chem-
iluminescence enzyme immunoassay for serological diagnosis
of COVID-2019. To evaluate the performance of the immuno-
assay, 276 serum samples from confirmed patients were tested
and the positive rate of IgG and IgM was 71.4% (197/276) and
57.2% (158/276), respectively. By combining with RT-PCR
detection, the immunoassay may help to improve the accuracy
of the diagnosis of COVID-19.%

5. Imaging diagnostics

A recent study investigating a large sample of SARS-CoV-2
infected patients found that approximately 57% of patients
had abnormal lung imaging.** These finding suggest that
imaging diagnostics can be another complementary tool to
support the diagnosis of COVID-19. Imaging diagnostics
primarily includes chest computed tomography (CT) and lung
ultrasound, both of which are rapid diagnostic tools.

5.1 Computed tomography

Computed tomography is a common auxiliary detection tech-
nology that is widely used in the diagnosis of different diseases.
Changes to the lungs imaging caused by SARS-CoV-2 infection
can be used as the basis for the diagnosis of COVID-19. To
evaluate the feasibility of CT in the early detection of COVID-19
pneumonia. Caruso et al, compared the diagnostic perfor-
mance of chest CT with RT-PCR. In 158 study participants, the
sensitivity, accuracy and specificity of chest CT was 97%, 72%

RSC Adv, 2020, 10, 35257-35264 | 35261
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and 56%, respectively,® which is similar to the results reported
by Ai et al.*® Although the CT scan showed higher sensitivity in
the diagnosis of COVID-19, there are some limitations. For
example, CT scans are more likely to generate false positives
and false negatives due to the difficulty of distinguishing
COVID-19 from other viral pneumonias by radiologists and the
hysteresis of abnormal CT imaging.

5.2 Lung ultrasound

Lung ultrasound is another promising auxiliary tool in the
diagnosis of COVID-19. Compared with CT, lung ultrasound can
be performed directly at bedside by a doctor in isolation ward,
reducing the risk of the spread of SARS-CoV-2in the hospital.
Importantly, lung ultrasound is a radiation-free test, making it
suitable for special populations, particularly desirable for
pregnant women.*”*® Kalafat et al., reported on a case involving
a pregnant woman who initially tested negative using RT-PCR,
but was later found to be positive through lung ultrasound.
This demonstrates the potential for lung ultrasound to play an
important role in the triage of pregnant women with suspected
COVID-19.%

6. Summary

At present, the COVID-19 epidemic is still spreading, mean-
while, the effective vaccines or drugs have been not approved
by regulatory agencies. Given this, early diagnosis and social
distancing still are the most effective ways to protect the
public. This review aimed to summarize available COVID-19
diagnostic technologies and discuss their benefits and limi-
tations. Although RT-PCR is the gold standard for the detec-
tion of SARS-CoV-2, other nucleic acid assays include digital
PCR, RT-LAMP, DETECTR, SHERLOCK, and gene sequencing
are under development or have been approved. Antibody-
based serological diagnosis is also available widely and can
be used with molecular diagnostic technology to improve the
detection accuracy. In addition, this method can collect
epidemiological information on COVID-19 and provide data to
support public health policy decisions. In short, within the
diagnostic technologies available, future research should
focus on improving the sensitivity, accuracy, and screening
throughput, as well as automatization.
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