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A B S T R A C T   

Corona Virus Disease 2019 (COVID-19) is a highly infectious respiratory illness that was caused by the SARS- 
CoV-2. It spread around the world in just a few months and became a worldwide pandemic. Quick and accu-
rate diagnosis of infected patients is very important for controlling transmission. In addition to the commonly 
used Real-time reverse-transcription polymerase chain reaction (RT-PCR) detection techniques, other diagnostic 
techniques are also emerging endlessly. This article reviews the current diagnostic methods for COVID-19 and 
discusses their advantages and disadvantages. It provides an important reference for the diagnosis of COVID-19.   

1. Introduction 

As of Feb 12, 2021, the cumulative quantity of confirmed cases of 
COVID-19 which is given rise to by the SARS-CoV-2 infection has 
reached 108.2 million worldwide, and the number of deaths from 
infection has increased to 2.4 million， which has become a global one. 
On January 31, 2020, WHO proclaimed that COVID-19 was regarded as 
a Public Health Emergency of International Concern, which means that 
it might produce a risk to a mass of countries and needs a synergetic 
response by the international community [1]. 

WHO has announced that the mortality rate of Severe Acute Respi-
ratory Syndrome (SARS) is 9.6%, and the current mortality rate of 
Middle East Respiratory Syndrome (MERS) is 34.4%. So far, the mor-
tality rate of COVID-19 is estimated to be between 3% and 5%, which is 
lower than the previous two [2,3]. However, the number of infections 
and deaths is much higher, and they are on a growing trend [4,5]. 
COVID-19 is no longer a regional disease, but a pandemic that has 
spread globally, which has greatly hindered global development [6,7]. 
In comparison with SARS and MERS, COVID-19 patients also have 
clinical manifestations such as fever and cough [8,9]. And it is often 
accompanied by lower respiratory tract diseases, especially those who 
are elderly and those with poor health are most vulnerable to infection 
[10]. Also, sectional patients experience gastrointestinal symptoms as 
well, such as diarrhea, vomiting, and abdominal pain [11], and even 
mild to moderate taste and smell disturbances [12]. Thrombosis is also 
considered a possible complication [13], and even the nervous system 
will have related signs of abnormality [14]. 

SARS-CoV-2 is a positive-stranded RNA virus [15], is also the seventh 
known coronavirus that can infect humans [16]. SARS-CoV-2 pertains to 
the identical type of coronavirus as the coronavirus which caused SARS 
in 2003 (SARS-CoV) and the coronavirus that caused MERS in 2012 
(MERS-CoV) and is closely related [17]. But it is more transmissible 
[18], and there are asymptomatic infections [19,20]. The genomic in-
formation of SARS-CoV-2 has approximately 80% autoploidy with 
SARS-CoV. The virus belongs to the Sarbecovirus subgenus of the β 
coronavirus (β-CoV) genus [21,22]. Before that, β-CoV has infected 
humans and animals many times [23–26]. Sequencing the viral genome 
of patients with pneumonia revealed that an anteriorly undiscovered 
β-CoV strain was present in the whole patients tested [27]. This 
new-found β-CoV has 88% sequence homology with two bat-derived 
coronaviruses [28]. 

Given the contagious nature of SARS-CoV-2 and the wide scope of its 
impact, seeking valid treatments is the world’s top priority [29]. 
Although some vaccines have been put into use, the uncertainty is still 
unpredictable [30–34]. Given this, the early diagnosis of SARS-CoV-2 is 
an effective precondition for curbing the spread and timely treatment, 
which allows doctors to intervene in time to hold back further spread 
and deterioration of the disease. This article summarizes the detection 
methods of SARS-CoV-2 based on nucleic acid, serology, and 
imaging-assisted diagnosis, which provides a valuable reference for its 
effective diagnosis. 
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2. Nucleic acid-based detection methods 

The nucleic acid detection process includes multiple steps such as 
specimen processing, nucleic acid extraction, and PCR detection. The 
average detection time takes 2–3 h [35,36]. Because it directly detects 
the viral nucleic acid in the specimens we collect, it has strong specificity 
and relatively high sensitivity, and it is currently the main detection 
method [37,38]. Detection of SARS-CoV-2 RNA can identify infected 
persons in the acute phase of infection [39]. The characteristics of 
several common nucleic acid-based detection technologies are shown in 
Table 1. 

2.1. Real-time reverse-transcription polymerase chain reaction（RT- 
PCR） 

According to the requirements of the WHO, the golden standard for 
detection of COVID-19 is the RT-PCR. The PCR means has high sensi-
tivity, specificity, and has always been a routine method for detecting 
coronavirus [40–42]. Generally irritating upper respiratory tract sam-
ples as test substances [43]. Related research pointed out that sputum is 
the best test substance, followed by nasal test [44]. The detection 
method uses specific primers and probes for SARS-CoV-2 RdRp, enve-
lope, and nucleocapsid genes, and RdRp analysis has the highest 
analytical sensitivity [45,46]. For patients diagnosed with COVID-19, 
RT-PCR test results can be used as the standard for isolation and 
discharge [37,47,48]. 

The principle of detection is: RNA in the SARS-CoV-2 genome is 
transformed into complementary DNA (cDNA). DNA was modified by 
DNA polymerase through a cDNA template [49] (Fig. 1). The RT-PCR 
reaction was monitored by using the fluorescent dye or TaqMan DNA 
probe [50]. The detection steps of RT-PCR include sample collection, 
RNA extraction, polymerase chain reaction, and real-time analysis [49]. 

Cao et al. [51] released the clinical data of the first batch of 41 pa-
tients with SARS-CoV infection. Using next-generation sequencing or 
RT-PCR methods, the respiratory tract, blood, and stool samples of the 
infected were detected. The results of the detection showed that patients 
aged 25–49 accounted for the highest proportion of 49%, and they were 
mainly male. 

However, the RT-PCR test results cannot completely exclude false 
negatives. Mismatches between primers and probes and the target 

sequence, as well as sampling procedures, will give rise to decreased 
detection performance and false-negative results [37,52,53]. 
Arevalo-Rodriguez et al. [54]summarized the proportion of false nega-
tives in RT-PCR testing and found that up to 54% of patients may have 
false negatives from the initial RT-PCR test. Therefore, when necessary, 
it is necessary to carry out repeated detection and combine it with other 
detection technologies to comprehensively view. 

2.2. Digital polymerase chain reaction (dPCR) 

dPCR can directly measure the number of nucleic acid molecules in 
the initial sample, quantify the absolute value of nucleic acid concen-
tration, and is an epoch-making nucleic acid detection technology [55]. 
Compared with traditional RT-PCR, the core advantages of dPCR are 
reflected in high detection accuracy, high sensitivity, stable system, and 
excellent repeatability [56,57]. dPCR divides nucleic acid molecules 
into several reaction units, and each unit performs independent PCR 
amplification (The reaction principle is shown in Fig. 2). 

Jiang et al. [59] made a contrast of the detection performance of 
digital PCR and traditional RT-PCR technology and found that digital 
polymerase chain reaction showed higher sensitivity than traditional 
reverse transcription-polymerase chain reaction. This indicates that it 
may be a useful clinical SARS-CoV-2 detection method. Lu et al. [60] 
also did research in this area and found that compared with traditional 
RT-PCR testing, the false-negative and false-positive results of dPCR test 
results are less, especially for the detection of trace samples. 

Alter et al. [55] evaluated the performance of a droplet digital 
PCR-based (ddPCR) detection method. This method uses internal ddPCR 
testing to quantify the SARS-CoV-2 titer in suspected cases of new cor-
onary pneumonia with negative RT-PCR results. This technology enables 
timely and precise diagnosis of SARS-CoV-2 with negative respiratory 
tract RT-PCR. 

However, the shortcomings of digital PCR are also obvious, such as 
high technical cost, complicated operation, limited detection 
throughput, and difficulty in popularizing and applying in epidemic 
areas and primary medical units [61]. 

2.3. Metagenomics next-generation sequencing (mNGS) 

For an emerging infectious disease, genetic sequencing of the path-
ogen is the most accurate identification method [62–64]. In the study of 
the COVID-19 genome, scientists have used a high-throughput detection Table 1 

Summary of the characteristics of common nucleic acid detection-based 
technologies.   

Detection 
time 

Advantages Disadvantages 

RT-PCR 2–3 h Wide application range; 
high sensitivity; strong 
specificity 

False-negative 

Digital- 
PCR 

3–4 h High accuracy, high 
sensitivity; stable 
system; excellent 
repeatability 

High cost; complicated 
operation; limited 
detection throughput; 
susceptible to false 
positives due to external 
contamination 

mNGS 0.5–3 date It is of great significance 
for the sequencing and 
genetic analysis of new 
pathogens in the 
respiratory tract 

Short read length; uneven 
genome coverage; 
vulnerable to host genome 
contamination; higher cost 

RT-LAMP 0.5–1 h Easy to operate; simple 
and fast to operate; high 
sensitivity and 
specificity; 

Vulnerable to 
contamination to produce 
false positives; low viral 
load to produce false 
negatives 

CRISPR- 
based 
assays 

30–40min High specificity, high 
precision, high 
efficiency, simple and 
quick operation 

The supporting closed 
detection system has not 
been established, which 
limits its wide application  Fig. 1. Schematic diagram of RT-PCR detection of COVID-19 [49].  
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platform to obtain first-hand information on the viral genome in a very 
short time [65,66]. The basic process is to extract viral RNA from the 
lower respiratory tract secretions of the patient, construct a genetic in-
formation database of the virus, then perform high-throughput 
sequencing, and identify whether the genome sequence is homologous 
to SARS-CoV-2 through database comparison analysis [67]. 

Sauter et al. [68] extracted SARS-CoV-2 viral RNA from autopsy 
sections, performed NGS to detect the virus, and combined immuno-
histochemistry to explore the pathogenic mechanism. Through mNGS 
technology, Antonin et al. [69] found that COVID-19 patients in many 
European countries have deletions in nsp2 amino acids (Asp268Del). 

Moore et al. [70]used amplicon and mNGS-based MinION sequencing to 
quickly determine the genome of SARA-CoV-2, and experiments proved 
the feasibility of amplicon-based sequencing. 

However, mNGS detection technology also has its limitations: such 
as short read length, uneven genome coverage, susceptibility to host 
genome contamination, and high cost [71]. Therefore, it is too early to 
use high-throughput sequencing as a census tool at this stage, but it is of 
great significance for sequencing and genetic analysis of new respiratory 
pathogens. 

2.4. Reverse-transcription loop-mediated isothermal amplification (RT- 
LAMP) 

RT-LAMP is a one-step nucleic acid amplification method that 
combines loop-mediated isothermal amplification (LAMP) and reverses 
transcription [72]. The detection principle of RT-LAMP is shown in 
Fig. 3. This new method is similar to traditional polymerase chain re-
action detection, except that nucleic acid amplification is performed at 
the same temperature [73]. 

Compared with qRT-PCR, RT-LAMP has obvious advantages. For 
example, certain mandatory equipment for polymerase chain reaction is 
no longer needed, and it has the advantages of easy operation, simple 
use, rapidness, high sensitivity, and specificity [75]. It enables rapid 
screening, greatly shortening the detection time. However, due to the 
high sensitivity of RT-LAMP, it is highly susceptible to contamination 
and produces false-positive results [76], so operation contamination 
must be strictly prevented. Also, when the viral load is lower than the 
RT-LAMP test offline, it may cause false-negative results. 

Jiang et al. [77] developed a precise RT-LAMP technology that can 
process samples twice as fast as RT-PCR and can achieve 
high-throughput screening in critical situations (Fig. 4). Moreover, this 
detection does not require a cold chain and can be transported at room 
temperature, but it has the disadvantage of low sensitivity. 

Yu et al. [78] optimized the RT-LAMP method and developed a 
detection method called iLACO (isothermal LAMP-based method for 
COVID-19). The researchers selected ORF1ab fragments as the target 
region and compared the target sequence with other viral genomes to 
ensure primer specificity. Verification of RNA samples extracted from 

Fig. 3. Schematic diagram of RT-LAMP detection principle [74].  

Fig. 2. Schematic diagram of dPCR detection principle [58].  
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SARS-CoV-2 (verified by RT-qPCR) positive patients proved the effec-
tiveness of the method (Fig. 5). 

2.5. CRISPR-based assays 

Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) and CRISPR-associated proteins (CRISPR/Cas) constitute an 
acquired immune system. The CRISPR/Cas system first produces an RNA 
sequence that is complementary to the target sequence and can be tar-
geted to bind to the DNA of the virus or plasmid. Cas ribonucleic acid is 
used for double-strand cleavage targeting complementary sequences 
[79]. Studies in recent years have shown that it can be used for the 
detection of viral nucleic acids with high sensitivity, simplicity, and 
reliability of results [80]. 

Ding et al. [81] proposed a multifunctional, dual-CRISPR-Cas12a 
(AIOD-CRISPR) detection method with high sensitivity. By targeting 
SARS-COV-2 nuclear protein genes, two CRISPR RNAs without the re-
striction of the protospacer adjacent motif (PAM) sites were introduced, 
thus establishing an AIOD-CRISPR detection method. This analysis was 

validated using COVID-19 clinical swab samples and results were in 
accord with reverse transcription-polymerase chain reaction analysis. 
Broughton et al. [82] reported a method based on CRISPR-Cas12This 
study provides an intuitive, rapid alternative with 95% positive pre-
dictive accuracy and 100% negative predictive accuracy (Fig. 6). 

Based on the CRISPR method, Zhang et al. developed a technology 
called SHERLOCK (Specific High Sensitivity Enzymatic Reporter 
UnLOCKing). The method can continuously detect the target sequence 
within 20–200 aM, and mainly includes three steps of constant tem-
perature amplification, detection of pre-amplified sequence, and result 
detection. The detection time is within 1 h. To enable SHERLOCK to be 
used in a POC environment, the research team has developed a reagent 
called STOP (SHERLOCK test in a pot). This chemical reagent can be 
processed by a fluid at a temperature Steps and simple visual readings 
for operation [83] (Fig. 7). 

3. Serology-based detection methods 

The detection of specific antibodies in the serum is also a feasible 
option to confirm SARS-CoV-2 infection [84–87]. In the acute stage of 
infection, regardless of whether the infected person has clinical symp-
toms, the level of IgM in the blood will increase [88–90]. Therefore, the 
development of an anti-SARS-CoV-2 IgM detection method will provide 
a valuable reference. 

In the early stage of infection of the disease, antibodies may not be 
produced in the human body, so there is a window for detection [91,92]. 
Therefore, antibody detection can be used to assist in the diagnosis of 
cases with negative nucleic acid tests, and can also be used to screen and 
screen cases, but it cannot replace nucleic acid detection methods. 

The rapid diagnostic test strip has many advantages, such as simple 
operation, low cost, and fast detection speed [93]. This detection 
method has been widely used in many point-of-care testings (POCT) 
applications [94,95]. There are various signal reporters used, including 
colloidal gold nanoparticles [96], magnetic nanoparticles [97], quan-
tum dots [98], and so on. The characteristics of several common 
serology-based detection technologies are shown in Table 2. 

3.1. Colloidal gold immunochromatographic assay (GICA) 

The colloidal gold method is to coat the SARS-CoV-2 antigen on a 
nitrocellulose membrane and capture the IgM/IgG antibody of SARS 
CoV-2 in human serum based on the principle of lateral immunochro-
matography [99]. The mouse anti-human IgM/IgG antibody labeled 
with colloidal gold is used. The IgG antibody forms an antigen-antibody 
complex, causing the mobile phase to gather at the detection line as a red 
reaction line [100]. The samples detected by the colloidal gold method 
are derived from the patient’s fingertip blood or venous blood, and the 
results can be visually observed after only 10–15 min of an immune 
response. The detection principle of GICA is shown in Fig. 8. 

Colloidal gold nanoparticles have the advantages of strong stability, 
easy to read detection results, and simple operation compared with 
other reporter markers. Also, colloidal gold nanoparticles have 
extremely low biological toxicity and good biocompatibility [102]. 
Therefore, the serological immunochromatography technology based on 
colloidal gold nanoparticles is very effective for rapid on-site detection. 

Liu et al. [101] reported a test kit based on GICA technology, which 
only takes 10–15 min to get the test results. The kit has no special re-
quirements for equipment and personnel and shows great potential for 
rapid and large-scale screening. Although it cannot completely replace 
RT-PCR technology, it can be used as an important supplementary 
technology. 

In response to the problem of false negatives in the detection of 
nucleic acids by RT-PCR, Pan et al. [99] proposed a gold-based immu-
nochromatographic (ICG) band targeting viral IgM or IgG antibodies 
(Fig. 9), which is in comparison with RT-PCR. The combined detection 
method of IgM and IgG has excellent sensitivity for the detection of 

Fig. 4. Comparison of the detection time of RT-PCR and RT-LAMP between 
emergency patients and inpatients [77]. 

Fig. 5. Schematic diagram of the fluorescence results detected by iLACO. NC 
refers to the negative control, and the obvious fluorescent signal appears in the 
SARS-CoV-2 positive control [78]. 
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intermediate and advanced patients. The results of the study show that 
the serum ICG band means is eligible in diagnosing SARS-CoV-2 infec-
tion and is a good auxiliary method for clinical application. 

Huang et al. [103] established a colloidal gold nanoparticle-based 
lateral-flow (AuNP-LF) assay and realized timely diagnosis and on-site 
detection of IgM antibody to SARS-CoV-2. SARS-CoV-2 nucleoprotein 
was coated on the analytical membrane for sample acquisition, and the 

anti-human IgM antibody was integrated to produce a detection result. 
By changing the pH of the solution and the amount of human immu-
noglobulin, the immunofluorescence assay was optimized. The sensi-
tivity and specificity were 100% and 93.3% respectively. The results of 
the AuNP-LF test can be obtained within 15 min, and only 10–20 μL 
serum is needed for each detection, which has good detection specificity 
and operational stability. 

Shun et al. [104] made a clinical evaluation on the detection of 
IgM/IgG antibodies of SARS-CoV-2 in the Japanese population by 
colloidal gold immunochromatography. The results revealed that the 
sensitivity and specificity of the method were 79.7%/86.1% and 100% 
respectively. Also, the report points out that IgM/IgG antibody detection 
method is still effective in the middle and late stages of the disease, 
which indicates that it can be used as a supplementary diagnostic 

Fig. 6. Schematic of SARS-CoV-2 detection workflow of CRISPR-based assays [82].  

Fig. 7. Schematic of the one-step STOPCovid test [83].  

Table 2 
Summary of the characteristics of common serology detection-based 
technologies.   

Detection 
time 

Advantage Disadvantage 

ICG 10–15 min Strong stability; easy to read test 
results; simple operation; 
extremely low biotoxicity and 
good biocompatibility 

High false-positive rate 

CLIA 30–60 min Good accuracy; high sensitivity 
and specificity 

High false-positive 
rate; difficult reagent 
transportation 

ELISA 1–5 h High sensitivity and specificity, 
simple operation method, low 
instrument configuration 
requirements 

Prone to cross- 
contamination 

LFIA 10–30 min Low cost, simple operation, no 
need for matching instruments 

Low detection 
sensitivity  

Fig. 8. Schematic diagram of GICA detection principle [101].  
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method for nucleic acid detection of COVID-19. 
However, the IgM/IgG antibody colloidal gold method as serological 

evidence cannot replace the status of RT-PCR as pathogenic evidence. 
The test results may be influenced by factors such as sample hemolysis, 
fibrin, or the patient’s autoantibodies, contributing to a high false- 
positive rate [105]. Also, the detection window of IgM/IgG antibodies 
is longer than RT-PCR [106]. Therefore, in the future, the combination 
of RT-PCR and IgM/IgG antibody detection can further increase the 
positive rate of detection and effectively eliminate false-negative or 
false-positive test results. 

3.2. Chemiluminescence enzyme immunoassay (CLIA) 

CLIA is a highly sensitive immunoassay, which combines highly 
sensitive chemiluminescence assay technology with a highly specific 
immune response [107]. Infantino et al. [108] used the CLIA analyzer to 
detect SARA-CoV-2 antibodies in COVID-19 patients and normal con-
trols. The results confirmed that high-precision results can be achieved 
when the antibody concentration reaches a critical value. Soleimani 
et al. [109] evaluated the performance of fully automated CLIA, and the 
results showed that its specificity and sensitivity reached a high level. 
The combination of CLIA technology and nucleic acid detection can 
greatly improve the accuracy of detection. Padona et al. [110] studied 
the analytical performance and antibody kinetics of the CLIA technology 
to detect SARS-CoV-2, and the results revealed that the inaccuracy and 
repeatability were within a reasonable range. 

Magnetic chemiluminescence enzyme antibody immunoassay is 
based on chemiluminescence detection, adding magnetic nanoparticles, 
so that the detection has higher sensitivity and faster detection speed. 
Gong et al. [111] combined flow cytometry and magnetic chem-
iluminescence enzyme antibody immunoassay to comprehensively 
analyze the peripheral CD4+ cells of COVID-19 patients and verified the 
close connection between them and the patient’s antibodies. 

However, the magnetic particle chemiluminescence method has poor 
selectivity and will respond to a series of compounds instead of a specific 
compound. Therefore, the accuracy is relatively insufficient. Moreover, 
the environment has a relatively large influence on the detection, which 
is easy to cause errors. 

3.3. Enzyme-linked immunosorbent assay (ELISA) 

The ELISA method is to fix the SARS-CoV-2 antigen to the carrier, 
which is used to capture the SARS-CoV-2 IgM/IgG antibody [112]. 
Enzyme-labeled anti-IgM/IgG antibody is used as the secondary diag-
nostic antibody to construct an indirect detection system for IgM/IgG 
antibody, and finally, quantitatively detect the IgM/IgG antibody in the 
sample through enzymatic color reaction [113]. 

The detection sensitivity and specificity of the ELISA method are 
high, the operation method is simple, and the equipment configuration 
requirements are low [114]. However, the manual operation of the 
ELISA method may bring unnecessary operational errors and 
cross-contamination, and there is a window period for IgM/IgG antibody 
detection, which makes it difficult to obtain a positive test result at the 
initial stage of infection [115]. 

Compared with the colloidal gold method, its advantage is that it can 
quantitatively detect IgM/IgG antibodies, can judge the dynamic pro-
cess of IgM antibody turning negative, IgG antibody rising, and assist in 
monitoring the patient’s condition changes. Vermeersch et al. [116] 
tested the sensitivity of ELISA to diagnose SARS-CoV-2, and the result 
was 89.2%. Kovac et al. [117] have also done a similar study, and the 
results confirmed that ELISA as a diagnostic technique for COVID-19 is 
accurate and feasible. 

3.4. Lateral flow immunochromatographic assay (LFIA) 

The detection principle of LFIA is: antigen is fixed on the detection 
strip. The test sample and the labeled antibody move along the strip. If 
the SARA-CoV-2 antibody is present in the sample, it will combine with 
the labeled antibody and antigen to form a complex, and then a band 
will appear [58,118] (Fig. 10). This detection technology has a low cost, 

Fig. 9. Typical performance of anti-SARS-CoV-2 IgG (A) and IgM (B) antibody 
ICG test paper [99]. 

Fig. 10. Schematic diagram of LFIA detection principle [118].  

T. Han et al.                                                                                                                                                                                                                                     
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simple operation, and does not require matching instruments. However, 
the detection sensitivity cannot reach the level of CLIA and ELISA, and 
the detection results need to be carefully considered [119]. 

4. CT imaging assisted diagnosis 

Many characteristics of viral pathogens can be identified based on 
imaging patterns. These characteristics correspond to specific patho-
genic mechanisms. The main characteristics of COVID-19 are early 
shadows and frosted glass-like shadow distribution [120]. Nucleic acid 
detection is currently the main detection method, but it is 
time-consuming and has false-positive interference. CT imaging is a 
good auxiliary diagnosis method [121,122]. 

Based on the above considerations, Xu et al. [123] developed an 
artificial intelligence model that uses CT images to assist in the analysis 
of COVID-19. The researchers collected CT images of pathologically 
confirmed and previously diagnosed cases of representative viral 
pneumonia. Modify the initial transfer model to an algorithm, and then 
conduct internal and external verification. Finally, the overall accuracy 
rate of the internal verification is 89.5%, and the external is 79.3%. It 
also has high specificity and sensitivity. The algorithm framework is 
shown in Fig. 11. The system includes 3 main processes: 1) Image pre-
processing. 2) Feature extraction and training of ROI images. 3) Clas-
sification and prediction. 

Yang et al. [124] also researched in this area. Because the chest CT 
appearance of the early infected person is normal, the researchers 
combined artificial intelligence algorithms with CT appearance, clinical 
symptoms，and laboratory tests to quickly diagnose COVID-19 patients. 
The ACU of the system is 0.92, and its sensitivity is no less than that of a 
senior radiologist. The framework of this method is shown in Fig. 12. 
The first part is a chest CT scan. The next part is to classify with clinical 
information. The last part is to generate classification results. 

Although the results of chest CT may not be as precise as nucleic acid 
detection, it can be used as a valuable tool and reference. Given the 
current lack of nucleic acid detection kits and the long detection time, 
the advantages of the intelligent detection system are obvious. 

5. Summary and outlook 

Since the outbreak of COVID-19, various testing kits have emerged 
one after another. Although RT-PCR has always been the gold standard 

for detection, other diagnostic techniques are also meaningful. Their 
combined results can exclude false negative and false positive results as 
much as possible. Here, we discussed a variety of COVID-19 detection 
technologies and discussed their advantages and disadvantages in depth. 
Various detection technologies are in rapid development, and the main 
goals of development are mainly rapid diagnosis and on-site diagnosis. 
Diagnosis kits should be developed in the direction of being separated 
from the equipment and shortening the waiting time. 

To prevent the large-scale spread of the virus, extensive population 
screening is very necessary. The rapid diagnosis and isolation of 
asymptomatic infections are essential. In the general direction of nucleic 

acid detection as the mainstay and serum detection as the supplement, 
the sensitivity and accuracy of detection should be improved as much as 
possible. With the development of global cooperation, there will be 
greater and faster breakthroughs in the diagnosis of COVID-19. 
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N. Williamson, R. Rosenke, D. Long, A. Ishwarbhai, R. Kailath, L. Rose, S. Morris, 
C. Powers, J. Lovaglio, P.W. Hanley, D. Scott, G. Saturday, E. de Wit, S.C. Gilbert, 
V.J. Munster, ChAdOx1 nCoV-19 Vaccination Prevents SARS-CoV-2 Pneumonia 
in Rhesus Macaques, bioRxiv, 2020, https://doi.org/10.1101/ 
2020.05.13.093195. 

[35] M. Ciotti, M. Ciccozzi, A. Terrinoni, W.-C. Jiang, C.-B. Wang, S. Bernardini, The 
COVID-19 pandemic, Crit. Rev. Clin. Lab Sci. 57 (6) (2020) 365–388, https://doi. 
org/10.1080/10408363.2020.1783198. 

[36] J.M. Sharfstein, S.J. Becker, M.M. Mello, Diagnostic testing for the novel 
coronavirus, J. Am. Med. Assoc. 323 (15) (2020) 1437–1438, https://doi.org/ 
10.1001/jama.2020.3864. 

[37] Y. Li, L. Yao, J. Li, L. Chen, Y. Song, Z. Cai, C. Yang, Stability issues of RT-PCR 
testing of SARS-CoV-2 for hospitalized patients clinically diagnosed with COVID- 
19, J. Med. Virol. 92 (7) (2020) 903–908, https://doi.org/10.1002/jmv.25786. 

[38] R. Liu, A. Fu, Z. Deng, Y. Li, T. Liu, Promising methods for detection of novel 
coronavirus SARS-CoV-2, View 1 (1) (2020) e4, https://doi.org/10.1002/viw2.4. 

[39] P.J. Rosenthal, The importance of diagnostic testing during a viral pandemic: 
early lessons from novel coronavirus disease (COVID-19), Am. J. Trop. Med. Hyg. 
102 (5) (2020) 915–916, https://doi.org/10.4269/ajtmh.20-0216. 

[40] A. Balboni, L. Gallina, A. Palladini, S. Prosperi, M. Battilani, A real-time PCR 
assay for bat SARS-like coronavirus detection and its application to Italian greater 
horseshoe bat faecal sample surveys, Sci. World J. 2012 (2012) 989514, https:// 
doi.org/10.1100/2012/989514. 

[41] J.Y. Noh, S.W. Yoon, D.J. Kim, M.S. Lee, J.H. Kim, W. Na, D. Song, D.G. Jeong, H. 
K. Kim, Simultaneous detection of severe acute respiratory syndrome, Middle East 
respiratory syndrome, and related bat coronaviruses by real-time reverse 
transcription PCR, Arch. Virol. 162 (6) (2017) 1617–1623, https://doi.org/ 
10.1007/s00705-017-3281-9. 

[42] M. Drame, M. Tabue Teguo, E. Proye, F. Hequet, M. Hentzien, L. Kanagaratnam, 
L. Godaert, Should RT-PCR be considered a gold standard in the diagnosis of 
COVID-19? J. Med. Virol. 92 (11) (2020) 2312–2313, https://doi.org/10.1002/ 
jmv.25996. 

[43] Y. Takeuchi, M. Furuchi, A. Kamimoto, K. Honda, H. Matsumura, R. Kobayashi, 
Saliva-based PCR tests for SARS-CoV-2 detection, J. Oral Sci. 62 (3) (2020) 
350–351, https://doi.org/10.2334/josnusd.20-0267. 

[44] Y. Yang, M. Yang, C. Shen, F. Wang, J. Yuan, J. Li, M. Zhang, Z. Wang, L. Xing, 
J. Wei, L. Peng, G. Wong, H. Zheng, W. Wu, M. Liao, K. Feng, J. Li, Q. Yang, 
J. Zhao, Z. Zhang, L. Liu, Y. Liu. https://doi.org/10.1101/2020.02.11.20021493, 
2020. 

T. Han et al.                                                                                                                                                                                                                                     

https://doi.org/10.1016/s0140-6736(20)30260-9
https://doi.org/10.1016/s0140-6736(20)30260-9
https://doi.org/10.1038/s41591-020-0771-1
https://doi.org/10.1038/s41591-020-0771-1
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1056/NEJMoa2001316
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1001/jama.2020.2648
https://doi.org/10.1111/jgh.15047
https://doi.org/10.1111/jgh.15047
https://doi.org/10.1007/s00405-020-05965-1
https://doi.org/10.1007/s00134-020-06062-x
https://doi.org/10.1111/cns.13372
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1016/j.tim.2013.05.005
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1093/jtm/taaa021
https://doi.org/10.1016/s1473-3099(20)30067-0
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/S1473-3099(20)30232-2
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1038/nrmicro.2016.81
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/j.chom.2020.02.001
https://doi.org/10.1016/s0140-6736(20)30251-8
https://doi.org/10.1016/s0140-6736(20)30251-8
https://doi.org/10.1073/pnas.2004999117
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1038/d41586-020-01221-y
https://doi.org/10.1038/d41573-020-00151-8
https://doi.org/10.1038/d41573-020-00151-8
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1016/j.cell.2020.07.024
https://doi.org/10.1016/j.cell.2020.07.024
https://doi.org/10.1101/2020.05.13.093195
https://doi.org/10.1101/2020.05.13.093195
https://doi.org/10.1080/10408363.2020.1783198
https://doi.org/10.1080/10408363.2020.1783198
https://doi.org/10.1001/jama.2020.3864
https://doi.org/10.1001/jama.2020.3864
https://doi.org/10.1002/jmv.25786
https://doi.org/10.1002/viw2.4
https://doi.org/10.4269/ajtmh.20-0216
https://doi.org/10.1100/2012/989514
https://doi.org/10.1100/2012/989514
https://doi.org/10.1007/s00705-017-3281-9
https://doi.org/10.1007/s00705-017-3281-9
https://doi.org/10.1002/jmv.25996
https://doi.org/10.1002/jmv.25996
https://doi.org/10.2334/josnusd.20-0267
https://doi.org/10.1101/2020.02.11.20021493


Talanta 233 (2021) 122609

9

[45] W. Wang, Y. Xu, R. Gao, R. Lu, K. Han, G. Wu, W. Tan, Detection of SARS-CoV-2 
in different types of clinical specimens, J. Am. Med. Assoc. 323 (18) (2020) 
1843–1844, https://doi.org/10.1001/jama.2020.3786. 

[46] L. Zou, F. Ruan, M. Huang, L. Liang, H. Huang, Z. Hong, J. Yu, M. Kang, Y. Song, 
J. Xia, Q. Guo, T. Song, J. He, H.L. Yen, M. Peiris, J. Wu, SARS-CoV-2 viral load in 
upper respiratory specimens of infected patients, N. Engl. J. Med. 382 (12) (2020) 
1177–1179, https://doi.org/10.1056/NEJMc2001737. 

[47] P. Dashraath, J.L.J. Wong, M.X.K. Lim, L.M. Lim, S. Li, A. Biswas, M. Choolani, 
C. Mattar, L.L. Su, Coronavirus disease 2019 (COVID-19) pandemic and 
pregnancy, Am. J. Obstet. Gynecol. (2020), https://doi.org/10.1016/j. 
ajog.2020.03.021. 

[48] A.T. Xiao, Y.X. Tong, S. Zhang, False negative of RT-PCR and prolonged nucleic 
acid conversion in COVID-19: rather than recurrence, J. Med. Virol. (2020), 
https://doi.org/10.1002/jmv.25855. 

[49] Q. Chen, Z. He, F. Mao, H. Pei, H. Cao, X. Liu, Diagnostic technologies for COVID- 
19: a review, RSC Adv. 10 (58) (2020) 35257–35264, https://doi.org/10.1039/ 
d0ra06445a. 

[50] P.B. van Kasteren, B. van der Veer, S. van den Brink, L. Wijsman, J. de Jonge, 
A. van den Brandt, R. Molenkamp, C. Reusken, A. Meijer, Comparison of seven 
commercial RT-PCR diagnostic kits for COVID-19, J. Clin. Virol. 128 (2020) 
104412, https://doi.org/10.1016/j.jcv.2020.104412. 

[51] C. 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, B. Cao, Clinical 
features of patients infected with 2019 novel coronavirus in Wuhan, China, 
Lancet 395 (10223) (2020) 497–506, https://doi.org/10.1016/s0140-6736(20) 
30183-5. 

[52] A. Tahamtan, A. Ardebili, Real-time RT-PCR in COVID-19 detection: issues 
affecting the results, Expert Rev. Mol. Diagn. 20 (5) (2020) 453–454, https://doi. 
org/10.1080/14737159.2020.1757437. 

[53] L. Lan, D. Xu, G. Ye, C. Xia, S. Wang, Y. Li, H. Xu, Positive RT-PCR test results in 
patients recovered from COVID-19, J. Am. Med. Assoc. 323 (15) (2020) 
1502–1503, https://doi.org/10.1001/jama.2020.2783. 

[54] I. Arevalo-Rodriguez, D. Buitrago-Garcia, D. Simancas-Racines, P. Zambrano- 
Achig, R. Del Campo, A. Ciapponi, O. Sued, L. Martinez-Garcia, A.W. Rutjes, 
N. Low, P.M. Bossuyt, J.A. Perez-Molina, J. Zamora, False-negative results of 
initial RT-PCR assays for COVID-19: a systematic review, PloS One 15 (12) 
(2020), e0242958, https://doi.org/10.1371/journal.pone.0242958. 

[55] T.D. Minogue, C. Alteri, V. Cento, M. Antonello, L. Colagrossi, M. Merli, N. Ughi, 
S. Renica, E. Matarazzo, F. Di Ruscio, L. Tartaglione, J. Colombo, C. Grimaldi, 
S. Carta, A. Nava, V. Costabile, C. Baiguera, D. Campisi, D. Fanti, C. Vismara, 
R. Fumagalli, F. Scaglione, O.M. Epis, M. Puoti, C.F. Perno, Detection and 
quantification of SARS-CoV-2 by droplet digital PCR in real-time PCR negative 
nasopharyngeal swabs from suspected COVID-19 patients, PloS One 15 (9) 
(2020), e0236311, https://doi.org/10.1371/journal.pone.0236311. 

[56] L. Falzone, N. Musso, G. Gattuso, D. Bongiorno, C.I. Palermo, G. Scalia, M. Libra, 
S. Stefani, Sensitivity assessment of droplet digital PCR for SARS-CoV-2 detection, 
Int. J. Mol. Med. 46 (3) (2020) 957–964, https://doi.org/10.3892/ 
ijmm.2020.4673. 

[57] G.S. Brunetto, R. Massoud, E.C. Leibovitch, B. Caruso, K. Johnson, J. Ohayon, 
K. Fenton, I. Cortese, S. Jacobson, Digital droplet PCR (ddPCR) for the precise 
quantification of human T-lymphotropic virus 1 proviral loads in peripheral 
blood and cerebrospinal fluid of HAM/TSP patients and identification of viral 
mutations, J. Neurovirol. 20 (4) (2014) 341–351, https://doi.org/10.1007/ 
s13365-014-0249-3. 

[58] M. Xu, D. Wang, H. Wang, X. Zhang, T. Liang, J. Dai, M. Li, J. Zhang, K. Zhang, 
D. Xu, X. Yu, COVID-19 diagnostic testing: technology perspective, Clin. Transl. 
Med. 10 (4) (2020) e158, https://doi.org/10.1002/ctm2.158. 

[59] Y. Jiang, H. Wang, S. Hao, Y. Chen, J. He, Y. Liu, L. Chen, Y. Yu, S. Hua, Digital 
PCR is a sensitive new technique for SARS-CoV-2 detection in clinical 
applications, Clin. Chim. Acta 511 (2020) 346–351, https://doi.org/10.1016/j. 
cca.2020.10.032. 

[60] R. Lu, J. Wang, M. Li, Y. Wang, J. Dong, W. Cai, SARS-CoV-2 Detection Using 
Digital PCR for COVID-19 Diagnosis, Treatment Monitoring and Criteria for 
Discharge, medRxiv, 2020, https://doi.org/10.1101/2020.03.24.20042689. 

[61] T. Suo, X. Liu, J. Feng, M. Guo, W. Hu, D. Guo, H. Ullah, Y. Yang, Q. Zhang, 
X. Wang, M. Sajid, Z. Huang, L. Deng, T. Chen, F. Liu, K. Xu, Y. Liu, Q. Zhang, 
Y. Liu, Y. Xiong, G. Chen, K. Lan, Y. Chen, ddPCR: a more accurate tool for SARS- 
CoV-2 detection in low viral load specimens, Emerg. Microb. Infect. 9 (1) (2020) 
1259–1268, https://doi.org/10.1080/22221751.2020.1772678. 

[62] S.E. Levy, R.M. Myers, Advancements in next-generation sequencing, Annu. Rev. 
Genom. Hum. Genet. 17 (2016) 95–115, https://doi.org/10.1146/annurev- 
genom-083115-022413. 

[63] I. Maljkovic Berry, M.C. Melendrez, K.A. Bishop-Lilly, W. Rutvisuttinunt, 
S. Pollett, E. Talundzic, L. Morton, R.G. Jarman, Next generation sequencing and 
bioinformatics methodologies for infectious disease research and public health: 
approaches, applications, and considerations for development of laboratory 
capacity, J. Infect. Dis. 221 (Suppl 3) (2020) S292–S307, https://doi.org/ 
10.1093/infdis/jiz286. 

[64] J.T. Burger, H.J. Maree, Metagenomic Next-Generation Sequencing of Viruses 
Infecting Grapevines, Plant Pathol., Springer2015, pp. 315-330. 

[65] J. LeMieux, Moving beyond PCR: next-generation sequencing enters the COVID- 
19 testing arena, Clinical OMICs 7 (4) (2020) 12–15, https://doi.org/10.1089/ 
clinomi.07.04.18. 

[66] W. Gu, X. Deng, M. Lee, Y.D. Sucu, S. Arevalo, D. Stryke, S. Federman, A. Gopez, 
K. Reyes, K. Zorn, H. Sample, G. Yu, G. Ishpuniani, B. Briggs, E.D. Chow, 

A. Berger, M.R. Wilson, C. Wang, E. Hsu, S. Miller, J.L. DeRisi, C.Y. Chiu, Rapid 
pathogen detection by metagenomic next-generation sequencing of infected body 
fluids, Nat. Med. 27 (1) (2020) 115–124, https://doi.org/10.1038/s41591-020- 
1105-z. 

[67] A. Minucci, G. Scambia, C. Santonocito, P. Concolino, A. Urbani, BRCA testing in 
a genomic diagnostics referral center during the COVID-19 pandemic, Mol. Biol. 
Rep. 47 (6) (2020) 4857–4860, https://doi.org/10.1007/s11033-020-05479-3. 

[68] J.L. Sauter, M.K. Baine, K.J. Butnor, D.J. Buonocore, J.C. Chang, A.A. Jungbluth, 
M.J. Szabolcs, S. Morjaria, S.L. Mount, N. Rekhtman, E. Selbs, Z.M. Sheng, 
Y. Xiao, D.E. Kleiner, S. Pittaluga, J.K. Taubenberger, A.V. Rapkiewicz, W. 
D. Travis, Insights into pathogenesis of fatal COVID-19 pneumonia from 
histopathology with immunohistochemical and viral RNA studies, Histopathology 
77 (6) (2020) 915–925, https://doi.org/10.1111/his.14201. 

[69] A. Bal, G. Destras, A. Gaymard, M. Bouscambert-Duchamp, M. Valette, V. Escuret, 
E. Frobert, G. Billaud, S. Trouillet-Assant, V. Cheynet, K. Brengel-Pesce, F. Morfin, 
B. Lina, L. Josset, Molecular characterization of SARS-CoV-2 in the first COVID-19 
cluster in France reveals an amino acid deletion in nsp2 (Asp268del), Clin. 
Microbiol. Infect. 26 (7) (2020) 960–962, https://doi.org/10.1016/j. 
cmi.2020.03.020. 

[70] S.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, J.A. Hiscox, 
Amplicon Based MinION Sequencing of SARS-CoV-2 and Metagenomic 
Characterisation of Nasopharyngeal Swabs from Patients with COVID-19, 
medRxiv, 2020, https://doi.org/10.1101/2020.03.05.20032011. 

[71] N. Li, Q. Cai, Q. Miao, Z. Song, Y. Fang, B. Hu, High-throughput metagenomics for 
identification of pathogens in the clinical settings, Small Method. 5 (1) (2020), 
https://doi.org/10.1002/smtd.202000792. 

[72] T. Ji, Z. Liu, G. Wang, X. Guo, S. Akbar Khan, C. Lai, H. Chen, S. Huang, S. Xia, 
B. Chen, H. Jia, Y. Chen, Q. Zhou, Detection of COVID-19: a review of the current 
literature and future perspectives, Biosens. Bioelectron. 166 (2020) 112455, 
https://doi.org/10.1016/j.bios.2020.112455. 

[73] H.E. Munoz, C.T. Riche, J.E. Kong, M. van Zee, O.B. Garner, A. Ozcan, D. Di Carlo, 
L.A.M.P. Fractal, Label-free analysis of fractal precipitate for digital loop- 
mediated isothermal nucleic acid amplification, ACS Sens. 5 (2) (2020) 385–394, 
https://doi.org/10.1021/acssensors.9b01974. 

[74] L.J. Carter, L.V. Garner, J.W. Smoot, Y. Li, Q. Zhou, C.J. Saveson, J.M. Sasso, A. 
C. Gregg, D.J. Soares, T.R. Beskid, S.R. Jervey, C. Liu, Assay techniques and test 
development for COVID-19 diagnosis, ACS Cent. Sci. 6 (5) (2020) 591–605, 
https://doi.org/10.1021/acscentsci.0c00501. 

[75] G. Verma, B. Raigond, S. Pathania, T. Kochhar, K. Naga, Development and 
comparison of reverse transcription-loop-mediated isothermal amplification 
assay (RT-LAMP), RT-PCR and real time PCR for detection of Potato spindle tuber 
viroid in potato, Eur. J. Plant Pathol. 158 (4) (2020) 951–964, https://doi.org/ 
10.1007/s10658-020-02129-z. 

[76] V.L. Dao Thi, K. Herbst, K. Boerner, M. Meurer, L.P. Kremer, D. Kirrmaier, 
A. Freistaedter, D. Papagiannidis, C. Galmozzi, M.L. Stanifer, S. Boulant, S. Klein, 
P. Chlanda, D. Khalid, I. Barreto Miranda, P. Schnitzler, H.G. Krausslich, M. Knop, 
S. Anders, A colorimetric RT-LAMP assay and LAMP-sequencing for detecting 
SARS-CoV-2 RNA in clinical samples, Sci. Transl. Med. 12 (556) (2020), https:// 
doi.org/10.1126/scitranslmed.abc7075. 

[77] M. Jiang, W. Pan, A. Arasthfer, W. Fang, L. Ling, H. Fang, F. Daneshnia, J. Yu, 
W. Liao, H. Pei, X. Li, C. Lass-Flörl, Development and validation of a rapid, single- 
step reverse transcriptase loop-mediated isothermal amplification (RT-LAMP) 
system potentially to Be used for reliable and high-throughput screening of 
COVID-19, Front. Cell. Infect. Microbiol. 10 (2020), https://doi.org/10.3389/ 
fcimb.2020.00331. 

[78] L. Yu, S. Wu, X. Hao, X. Dong, L. Mao, V. Pelechano, W.H. Chen, X. Yin, Rapid 
detection of COVID-19 coronavirus using a reverse transcriptional loop-mediated 
isothermal amplification (RT-LAMP) diagnostic platform, Clin. Chem. 66 (7) 
(2020) 975–977, https://doi.org/10.1093/clinchem/hvaa102. 

[79] S.Y. Li, Q.X. Cheng, J.K. Liu, X.Q. Nie, G.P. Zhao, J. Wang, CRISPR-Cas12a has 
both cis- and trans-cleavage activities on single-stranded DNA, Cell Res. 28 (4) 
(2018) 491–493, https://doi.org/10.1038/s41422-018-0022-x. 

[80] J.S. Chen, E. Ma, L.B. Harrington, M. Da Costa, X. Tian, J.M. Palefsky, J. 
A. Doudna, CRISPR-Cas12a target binding unleashes indiscriminate single- 
stranded DNase activity, Science 360 (6387) (2018) 436–439, https://doi.org/ 
10.1126/science.aar6245. 

[81] X. Ding, K. Yin, Z. Li, R.V. Lalla, E. Ballesteros, M.M. Sfeir, C. Liu, Ultrasensitive 
and visual detection of SARS-CoV-2 using all-in-one dual CRISPR-Cas12a assay, 
Nat. Commun. 11 (1) (2020) 4711, https://doi.org/10.1038/s41467-020-18575- 
6. 

[82] J.P. Broughton, X. Deng, G. Yu, C.L. Fasching, V. Servellita, J. Singh, X. Miao, J. 
A. Streithorst, A. Granados, A. Sotomayor-Gonzalez, K. Zorn, A. Gopez, E. Hsu, 
W. Gu, S. Miller, C.Y. Pan, H. Guevara, D.A. Wadford, J.S. Chen, C.Y. Chiu, 
CRISPR-Cas12-based detection of SARS-CoV-2, Nat. Biotechnol. 38 (7) (2020) 
870–874, https://doi.org/10.1038/s41587-020-0513-4. 

[83] J. Joung, A. Ladha, M. Saito, M. Segel, R. Bruneau, M.W. Huang, N.G. Kim, X. Yu, 
J. Li, B.D. Walker, A.L. Greninger, K.R. Jerome, J.S. Gootenberg, O. 
O. Abudayyeh, F. Zhang, Point-of-care Testing for COVID-19 Using SHERLOCK 
Diagnostics, medRxiv, 2020, https://doi.org/10.1101/2020.05.04.20091231. 

[84] S.R. Stowell, J. Guarner, Role of serology in the coronavirus disease 2019 
pandemic, Clin. Infect. Dis. 71 (8) (2020) 1935–1936, https://doi.org/10.1093/ 
cid/ciaa510. 

T. Han et al.                                                                                                                                                                                                                                     

https://doi.org/10.1001/jama.2020.3786
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1016/j.ajog.2020.03.021
https://doi.org/10.1016/j.ajog.2020.03.021
https://doi.org/10.1002/jmv.25855
https://doi.org/10.1039/d0ra06445a
https://doi.org/10.1039/d0ra06445a
https://doi.org/10.1016/j.jcv.2020.104412
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1080/14737159.2020.1757437
https://doi.org/10.1080/14737159.2020.1757437
https://doi.org/10.1001/jama.2020.2783
https://doi.org/10.1371/journal.pone.0242958
https://doi.org/10.1371/journal.pone.0236311
https://doi.org/10.3892/ijmm.2020.4673
https://doi.org/10.3892/ijmm.2020.4673
https://doi.org/10.1007/s13365-014-0249-3
https://doi.org/10.1007/s13365-014-0249-3
https://doi.org/10.1002/ctm2.158
https://doi.org/10.1016/j.cca.2020.10.032
https://doi.org/10.1016/j.cca.2020.10.032
https://doi.org/10.1101/2020.03.24.20042689
https://doi.org/10.1080/22221751.2020.1772678
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1146/annurev-genom-083115-022413
https://doi.org/10.1093/infdis/jiz286
https://doi.org/10.1093/infdis/jiz286
https://doi.org/10.1089/clinomi.07.04.18
https://doi.org/10.1089/clinomi.07.04.18
https://doi.org/10.1038/s41591-020-1105-z
https://doi.org/10.1038/s41591-020-1105-z
https://doi.org/10.1007/s11033-020-05479-3
https://doi.org/10.1111/his.14201
https://doi.org/10.1016/j.cmi.2020.03.020
https://doi.org/10.1016/j.cmi.2020.03.020
https://doi.org/10.1101/2020.03.05.20032011
https://doi.org/10.1002/smtd.202000792
https://doi.org/10.1016/j.bios.2020.112455
https://doi.org/10.1021/acssensors.9b01974
https://doi.org/10.1021/acscentsci.0c00501
https://doi.org/10.1007/s10658-020-02129-z
https://doi.org/10.1007/s10658-020-02129-z
https://doi.org/10.1126/scitranslmed.abc7075
https://doi.org/10.1126/scitranslmed.abc7075
https://doi.org/10.3389/fcimb.2020.00331
https://doi.org/10.3389/fcimb.2020.00331
https://doi.org/10.1093/clinchem/hvaa102
https://doi.org/10.1038/s41422-018-0022-x
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1038/s41467-020-18575-6
https://doi.org/10.1038/s41587-020-0513-4
https://doi.org/10.1101/2020.05.04.20091231
https://doi.org/10.1093/cid/ciaa510
https://doi.org/10.1093/cid/ciaa510


Talanta 233 (2021) 122609

10

[85] E.S. Theel, P. Slev, S. Wheeler, M.R. Couturier, S.J. Wong, K. Kadkhoda, The role 
of antibody testing for SARS-CoV-2: is there one? J. Clin. Microbiol. 58 (8) (2020) 
https://doi.org/10.1128/JCM.00797-20. 

[86] M. Yuan, H. Liu, N.C. Wu, C.D. Lee, X. Zhu, F. Zhao, D. Huang, W. Yu, Y. Hua, 
H. Tien, T.F. Rogers, E. Landais, D. Sok, J.G. Jardine, D.R. Burton, I.A. Wilson, 
Structural basis of a shared antibody response to SARS-CoV-2, Science (2020), 
https://doi.org/10.1126/science.abd2321. 

[87] Q.-x. Long, H.-j. Deng, J. Chen, J.-l. Hu, B.-z. Liu, P. Liao, Y. Lin, L.-h. Yu, Z. Mo, 
Y.-y. Xu, F. Gong, G.-c. Wu, X.-x. Zhang, Y.-k. Chen, Z.-j. Li, K. Wang, X.-l. Zhang, 
W.-g. Tian, C.-c. Niu, Q.-j. Yang, J.-l. Xiang, H.-x. Du, H.-w. Liu, C.-h. Lang, X.- 
H. Luo, S.-b. Wu, X.-p. Cui, Z. Zhou, J. Wang, C.-j. Xue, X.-f. Li, L. Wang, X.- 
j. Tang, Y. Zhang, J.-f. Qiu, X.-m. Liu, J.-j. Li, D.-c. Zhang, F. Zhang, X.-f. Cai, D.- 
q. Wang, Y. Hu, J.-h. Ren, N. Tang, P. Liu, Q. Li, A.-l. Huang, Antibody Responses 
to SARS-CoV-2 in COVID-19 Patients: the Perspective Application of Serological 
Tests in Clinical Practice, MedRxiv, 2020, https://doi.org/10.1101/ 
2020.03.18.20038018. 

[88] M.J. Boyle, J.A. Chan, I. Handayuni, L. Reiling, G. Feng, A. Hilton, L. Kurtovic, 
D. Oyong, K.A. Piera, B.E. Barber, T. William, D.P. Eisen, G. Minigo, C. Langer, D. 
R. Drew, F. de Labastida Rivera, F.H. Amante, T.N. Williams, S. Kinyanjui, 
K. Marsh, D.L. Doolan, C. Engwerda, F.J.I. Fowkes, M.J. Grigg, I. Mueller, J. 
S. McCarthy, N.M. Anstey, J.G. Beeson, IgM in human immunity to Plasmodium 
falciparum malaria, Sci Adv 5 (9) (2019), eaax4489, https://doi.org/10.1126/ 
sciadv.aax4489. 

[89] ≤cid%2Fciaa523.pdf>. https://doi.org/10.1093/cid/ciaa523/5827750. 
[90] Z.L. Zhang, Y.L. Hou, D.T. Li, F.Z. Li, Diagnostic efficacy of anti-SARS-CoV-2 IgG/ 

IgM test for COVID-19: a meta-analysis, J. Med. Virol. 93 (1) (2021) 366–374, 
https://doi.org/10.1002/jmv.26211. 

[91] D. Jacofsky, E.M. Jacofsky, M. Jacofsky, Understanding antibody testing for 
COVID-19, J. Arthroplasty 35 (7S) (2020) S74–S81, https://doi.org/10.1016/j. 
arth.2020.04.055. 

[92] K.K.-W. To, O.T.-Y. Tsang, W.-S. Leung, A.R. Tam, T.-C. Wu, D.C. Lung, C.C.- 
Y. Yip, J.-P. Cai, J.M.-C. Chan, T.S.-H. Chik, D.P.-L. Lau, C.Y.-C. Choi, L.-L. Chen, 
W.-M. Chan, K.-H. Chan, J.D. Ip, A.C.-K. Ng, R.W.-S. Poon, C.-T. Luo, V.C.- 
C. Cheng, J.F.-W. Chan, I.F.-N. Hung, Z. Chen, H. Chen, K.-Y. Yuen, Temporal 
profiles of viral load in posterior oropharyngeal saliva samples and serum 
antibody responses during infection by SARS-CoV-2: an observational cohort 
study, Lancet Infect. Dis. 20 (5) (2020) 565–574, https://doi.org/10.1016/s1473- 
3099(20)30196-1. 

[93] O. Berthoud, G. Coiffier, J.D. Albert, A. Gougeon-Jolivet, C. Goussault, 
C. Bendavid, P. Guggenbuhl, Performance of a new rapid diagnostic test the 
lactate/glucose ratio of synovial fluid for the diagnosis of septic arthritis, Joint 
Bone Spine 87 (4) (2020) 343–350, https://doi.org/10.1016/j. 
jbspin.2020.03.009. 

[94] G.A. Posthuma-Trumpie, J. Korf, A. van Amerongen, Lateral flow (immuno)assay: 
its strengths, weaknesses, opportunities and threats. A literature survey, Anal. 
Bioanal. Chem. 393 (2) (2009) 569–582, https://doi.org/10.1007/s00216-008- 
2287-2. 

[95] E.B. Bahadır, M.K. Sezgintürk, Lateral flow assays: principles, designs and labels, 
TrAC Trends Anal. Chem. (Reference Ed.) 82 (2016) 286–306, https://doi.org/ 
10.1016/j.trac.2016.06.006. 

[96] J.Y. Zuo, Y.J. Jiao, J. Zhu, S.N. Ding, Rapid detection of severe fever with 
thrombocytopenia syndrome virus via colloidal gold immunochromatography 
assay, ACS Omega 3 (11) (2018) 15399–15406, https://doi.org/10.1021/ 
acsomega.8b02366. 

[97] X. Ge, W. Zhang, Y. Lin, D. Du, Magnetic Fe3O4@TiO2 nanoparticles-based test 
strip immunosensing device for rapid detection of phosphorylated 
butyrylcholinesterase, Biosens. Bioelectron. 50 (2013) 486–491, https://doi.org/ 
10.1016/j.bios.2013.07.017. 

[98] T. Lu, K.D. Zhu, C. Huang, T. Wen, Y.J. Jiao, J. Zhu, Q. Zhang, S.N. Ding, Rapid 
detection of Shiga toxin type II using lateral flow immunochromatography test 
strips of colorimetry and fluorimetry, Analyst 145 (1) (2019) 76–82, https://doi. 
org/10.1039/c9an01996k. 

[99] Y. Pan, X. Li, G. Yang, J. Fan, Y. Tang, J. Zhao, X. Long, S. Guo, Z. Zhao, Y. Liu, 
H. Hu, H. Xue, Y. Li, Serological immunochromatographic approach in diagnosis 
with SARS-CoV-2 infected COVID-19 patients, J. Infect. 81 (1) (2020) e28–e32, 
https://doi.org/10.1016/j.jinf.2020.03.051. 

[100] X. Hu, C. Wu, B. Situ, P. Tian, T. An, Q. Li, W. Pan, R. Zhang, B. Yang, D. Sun, 
Y. Hu, Q. Wang, L. Zheng, EDTA-K2 improves the detection sensitivity of SARS- 
CoV-2 IgM and IgG antibodies by chelating colloidal gold in the 
immunochromatographic assay, Int. J. Nanomed. 16 (2021) 715–724, https:// 
doi.org/10.2147/ijn.S281594. 

[101] C. Liu, B. Mao, V. Martinez, X. Chen, Y. Li, L. He, S. Chen, X. Guo, X. Shen, X. Bao, 
H. Shen, S. Lenna, P. Qian, L. Wu, C. Li, A facile assay for rapid detection of 
COVID-19 antibodies, RSC Adv. 10 (47) (2020) 28041–28048, https://doi.org/ 
10.1039/d0ra04107f. 

[102] D. Vilela, M.C. Gonzalez, A. Escarpa, Sensing colorimetric approaches based on 
gold and silver nanoparticles aggregation: chemical creativity behind the assay. A 
review, Anal. Chim. Acta 751 (2012) 24–43, https://doi.org/10.1016/j. 
aca.2012.08.043. 

[103] C. Huang, T. Wen, F.J. Shi, X.Y. Zeng, Y.J. Jiao, Rapid detection of IgM antibodies 
against the SARS-CoV-2 virus via colloidal gold nanoparticle-based lateral-flow 
assay, ACS Omega 5 (21) (2020) 12550–12556, https://doi.org/10.1021/ 
acsomega.0c01554. 

[104] S. Kaneko, Y. Nukui, T. Arashiro, Y. Aiso, M. Sugii, Y. Hadano, K. Nagata, R. Taki, 
K. Ueda, S. Hanada, S. Suzaki, N. Harada, Y. Yamaguchi, H. Nakanishi, 
M. Kurosaki, M. Nagasawa, N. Izumi, Clinical validation of an 

immunochromatographic SARS-Cov-2 IgM/IgG antibody assay with Japanese 
cohort, J. Med. Virol. (2020), https://doi.org/10.1002/jmv.26363. 

[105] J. Xiang, M. Yan, H. Li, T. Liu, C. Lin, S. Huang, C. Shen, Evaluation of Enzyme- 
Linked Immunoassay and Colloidal Gold-Immunochromatographic Assay Kit for 
Detection of Novel Coronavirus (SARS-Cov-2) Causing an Outbreak of Pneumonia 
(COVID-19), MedRxiv, 2020, https://doi.org/10.1101/2020.02.27.20028787. 

[106] A. Dorschug, J. Schwanbeck, A. Hahn, A. Hillebrecht, S. Blaschke, U. Gross, M. 
M. Heimesaat, H. Frickmann, A.E. Zautner, Evaluation of the Xiamen Amon Med 
Biotechnology rapid diagnostic test COVID-19 IgM/IgG test kit (Colloidal gold), 
Eur. J. Microbiol. Immunol. (Bp) 10 (3) (2020) 178–185, https://doi.org/ 
10.1556/1886.2020.00029. 

[107] P. Rai, B.K. Kumar, V.K. Deekshit, I. Karunasagar, I. Karunasagar, Detection 
technologies and recent developments in the diagnosis of COVID-19 infection, 
Appl. Microbiol. Biotechnol. 105 (2) (2021) 441–455, https://doi.org/10.1007/ 
s00253-020-11061-5. 

[108] M. Infantino, V. Grossi, B. Lari, R. Bambi, A. Perri, M. Manneschi, G. Terenzi, 
I. Liotti, G. Ciotta, C. Taddei, M. Benucci, P. Casprini, F. Veneziani, S. Fabbri, 
A. Pompetti, M. Manfredi, Diagnostic accuracy of an automated 
chemiluminescent immunoassay for anti-SARS-CoV-2 IgM and IgG antibodies: an 
Italian experience, J. Med. Virol. 92 (9) (2020) 1671–1675, https://doi.org/ 
10.1002/jmv.25932. 

[109] R. Soleimani, M. Khourssaji, D. Gruson, H. Rodriguez-Villalobos, M. Berghmans, 
L. Belkhir, J.C. Yombi, B. Kabamba-Mukadi, Clinical usefulness of fully automated 
chemiluminescent immunoassay for quantitative antibody measurements in 
COVID-19 patients, J. Med. Virol. 93 (3) (2020) 1465–1477, https://doi.org/ 
10.1002/jmv.26430. 

[110] A. Padoan, C. Cosma, L. Sciacovelli, D. Faggian, M. Plebani, Analytical 
performances of a chemiluminescence immunoassay for SARS-CoV-2 IgM/IgG 
and antibody kinetics, Clin. Chem. Lab. Med. 58 (7) (2020) 1081–1088, https:// 
doi.org/10.1515/cclm-2020-0443. 

[111] F. Gong, Y. Dai, T. Zheng, L. Cheng, D. Zhao, H. Wang, M. Liu, H. Pei, T. Jin, 
D. Yu, P. Zhou, Peripheral CD4+ T cell subsets and antibody response in COVID- 
19 convalescent individuals, J. Clin. Invest. 130 (12) (2020) 6588–6599, https:// 
doi.org/10.1172/JCI141054. 

[112] K. Boguszewska, M. Szewczuk, S. Urbaniak, B.T. Karwowski, Review: 
immunoassays in DNA damage and instability detection, Cell. Mol. Life Sci. 76 
(23) (2019) 4689–4704, https://doi.org/10.1007/s00018-019-03239-6. 

[113] W.H. Kong, Y. Li, M.W. Peng, D.G. Kong, X.B. Yang, L. Wang, M.Q. Liu, SARS- 
CoV-2 detection in patients with influenza-like illness, Nat. Microbiol. 5 (5) 
(2020) 675–678, https://doi.org/10.1038/s41564-020-0713-1. 

[114] X. Li, M. Geng, Y. Peng, L. Meng, S. Lu, Molecular immune pathogenesis and 
diagnosis of COVID-19, J Pharm Anal. 10 (2) (2020) 102–108, https://doi.org/ 
10.1016/j.jpha.2020.03.001. 

[115] Y. Wang, Y. Wang, Y. Chen, Q. Qin, Unique epidemiological and clinical features 
of the emerging 2019 novel coronavirus pneumonia (COVID-19) implicate special 
control measures, J. Med. Virol. 92 (6) (2020) 568–576, https://doi.org/ 
10.1002/jmv.25748. 

[116] J. Van Elslande, E. Houben, M. Depypere, A. Brackenier, S. Desmet, E. Andre, 
M. Van Ranst, K. Lagrou, P. Vermeersch, Diagnostic performance of seven rapid 
IgG/IgM antibody tests and the Euroimmun IgA/IgG ELISA in COVID-19 patients, 
Clin. Microbiol. Infect. 26 (8) (2020) 1082–1087, https://doi.org/10.1016/j. 
cmi.2020.05.023. 

[117] M. Kovac, L. Risch, S. Thiel, M. Weber, K. Grossmann, N. Wohlwend, T. Lung, 
D. Hillmann, M. Ritzler, S. Bigler, F. Ferrara, T. Bodmer, K. Egli, M. Imperiali, 
S. Heer, Y. Salimi, H. Renz, P. Kohler, P. Vernazza, C.R. Kahlert, M. Paprotny, 
M. Risch, EDTA-anticoagulated whole blood for SARS-CoV-2 antibody testing by 
electrochemiluminescence immunoassay (ECLIA) and enzyme-linked 
immunosorbent assay (ELISA), Diagnostics 10 (8) (2020), https://doi.org/ 
10.3390/diagnostics10080593. 

[118] M. Tayyab, M.A. Sami, H. Raji, S. Mushnoori, M. Javanmard, Potential 
microfluidic devices for COVID-19 antibody detection at point-of-care (POC): a 
review, IEEE Sensor. J. 21 (4) (2021) 4007–4017, https://doi.org/10.1109/ 
jsen.2020.3034892. 

[119] P.I. Kontou, G.G. Braliou, N.L. Dimou, G. Nikolopoulos, P.G. Bagos, Antibody tests 
in detecting SARS-CoV-2 infection: a meta-analysis, Diagnostics 10 (5) (2020), 
https://doi.org/10.3390/diagnostics10050319. 

[120] H. Shi, X. Han, N. Jiang, Y. Cao, O. Alwalid, J. Gu, Y. Fan, C. Zheng, Radiological 
findings from 81 patients with COVID-19 pneumonia in Wuhan, China: a 
descriptive study, Lancet Infect. Dis. 20 (4) (2020) 425–434, https://doi.org/ 
10.1016/s1473-3099(20)30086-4. 

[121] H.J. Koo, S. Lim, J. Choe, S.-H. Choi, H. Sung, K.-H. Do, Radiographic and CT 
features of viral pneumonia, Radiographics 38 (3) (2018) 719–739, https://doi. 
org/10.1148/rg.2018170048. 

[122] M.-Y. Ng, E.Y.P. Lee, J. Yang, F. Yang, X. Li, H. Wang, M.M.-s. Lui, C.S.-Y. Lo, 
B. Leung, P.-L. Khong, C.K.-M. Hui, K.-y. Yuen, M.D. Kuo, Imaging profile of the 
COVID-19 infection: radiologic findings and literature review, Radiology: 
Cardiothor. Imag. 2 (1) (2020), https://doi.org/10.1148/ryct.2020200034. 

[123] S. Wang, B. Kang, J. Ma, X. Zeng, M. Xiao, J. Guo, M. Cai, J. Yang, Y. Li, X.J. 
M. Meng, A Deep Learning Algorithm Using CT Images to Screen for Corona Virus 
Disease (COVID-19), medRxiv, 2020, https://doi.org/10.1101/ 
2020.02.14.20023028. 

[124] X. Mei, H.C. Lee, K.Y. Diao, M. Huang, B. Lin, C. Liu, Z. Xie, Y. Ma, P.M. Robson, 
M. Chung, A. Bernheim, V. Mani, C. Calcagno, K. Li, S. Li, H. Shan, J. Lv, T. Zhao, 
J. Xia, Q. Long, S. Steinberger, A. Jacobi, T. Deyer, M. Luksza, F. Liu, B.P. Little, Z. 
A. Fayad, Y. Yang, Artificial intelligence-enabled rapid diagnosis of patients with 
COVID-19, Nat. Med. (2020), https://doi.org/10.1038/s41591-020-0931-3. 

T. Han et al.                                                                                                                                                                                                                                     

https://doi.org/10.1128/JCM.00797-20
https://doi.org/10.1126/science.abd2321
https://doi.org/10.1101/2020.03.18.20038018
https://doi.org/10.1101/2020.03.18.20038018
https://doi.org/10.1126/sciadv.aax4489
https://doi.org/10.1126/sciadv.aax4489
https://doi.org/10.1093/cid/ciaa523/5827750
https://doi.org/10.1002/jmv.26211
https://doi.org/10.1016/j.arth.2020.04.055
https://doi.org/10.1016/j.arth.2020.04.055
https://doi.org/10.1016/s1473-3099(20)30196-1
https://doi.org/10.1016/s1473-3099(20)30196-1
https://doi.org/10.1016/j.jbspin.2020.03.009
https://doi.org/10.1016/j.jbspin.2020.03.009
https://doi.org/10.1007/s00216-008-2287-2
https://doi.org/10.1007/s00216-008-2287-2
https://doi.org/10.1016/j.trac.2016.06.006
https://doi.org/10.1016/j.trac.2016.06.006
https://doi.org/10.1021/acsomega.8b02366
https://doi.org/10.1021/acsomega.8b02366
https://doi.org/10.1016/j.bios.2013.07.017
https://doi.org/10.1016/j.bios.2013.07.017
https://doi.org/10.1039/c9an01996k
https://doi.org/10.1039/c9an01996k
https://doi.org/10.1016/j.jinf.2020.03.051
https://doi.org/10.2147/ijn.S281594
https://doi.org/10.2147/ijn.S281594
https://doi.org/10.1039/d0ra04107f
https://doi.org/10.1039/d0ra04107f
https://doi.org/10.1016/j.aca.2012.08.043
https://doi.org/10.1016/j.aca.2012.08.043
https://doi.org/10.1021/acsomega.0c01554
https://doi.org/10.1021/acsomega.0c01554
https://doi.org/10.1002/jmv.26363
https://doi.org/10.1101/2020.02.27.20028787
https://doi.org/10.1556/1886.2020.00029
https://doi.org/10.1556/1886.2020.00029
https://doi.org/10.1007/s00253-020-11061-5
https://doi.org/10.1007/s00253-020-11061-5
https://doi.org/10.1002/jmv.25932
https://doi.org/10.1002/jmv.25932
https://doi.org/10.1002/jmv.26430
https://doi.org/10.1002/jmv.26430
https://doi.org/10.1515/cclm-2020-0443
https://doi.org/10.1515/cclm-2020-0443
https://doi.org/10.1172/JCI141054
https://doi.org/10.1172/JCI141054
https://doi.org/10.1007/s00018-019-03239-6
https://doi.org/10.1038/s41564-020-0713-1
https://doi.org/10.1016/j.jpha.2020.03.001
https://doi.org/10.1016/j.jpha.2020.03.001
https://doi.org/10.1002/jmv.25748
https://doi.org/10.1002/jmv.25748
https://doi.org/10.1016/j.cmi.2020.05.023
https://doi.org/10.1016/j.cmi.2020.05.023
https://doi.org/10.3390/diagnostics10080593
https://doi.org/10.3390/diagnostics10080593
https://doi.org/10.1109/jsen.2020.3034892
https://doi.org/10.1109/jsen.2020.3034892
https://doi.org/10.3390/diagnostics10050319
https://doi.org/10.1016/s1473-3099(20)30086-4
https://doi.org/10.1016/s1473-3099(20)30086-4
https://doi.org/10.1148/rg.2018170048
https://doi.org/10.1148/rg.2018170048
https://doi.org/10.1148/ryct.2020200034
https://doi.org/10.1101/2020.02.14.20023028
https://doi.org/10.1101/2020.02.14.20023028
https://doi.org/10.1038/s41591-020-0931-3

