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Abstract
The outbreak of severe pneumonia at the end of 2019 was proved to be caused by the SARS-CoV-2 virus spreading out the 
world. And COVID-19 spread rapidly through a terrible transmission way by human-to-human, which led to many suspected 
cases waiting to be diagnosed and huge daily samples needed to be tested by an effective and rapid detection method. With 
an increasing number of COVID-19 infections, medical pressure is severe. Therefore, more efficient and accurate diagnosis 
methods were keen urgently established. In this review, we summarized several methods that can rapidly and sensitively 
identify COVID-19; some of them are widely used as the diagnostic techniques for SARS-CoV-2 in various countries, some 
diagnostic technologies refer to SARS (Severe Acute Respiratory Syndrome) or/and MERS (Middle East Respiratory Syn-
drome) detection, which may provide potential diagnosis ideas.

Keywords  COVID-19 · Severe respiratory disease · SARS-CoV-2 virus · Rapid and accurate methods · Diagnostic 
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1  Introduction

Since the end of 2019, an ongoing pandemic referred to as 
Corona Virus Disease 2019 (COVID-19) was reported via a 
human-to-human transmission manner [1, 2]. According to 
the complete genome sequences revealed by scientists of the 
National Institute of Viral Disease Control and Prevention 
(IVDC) [3], the pneumonia disease causative agent is SARS-
CoV-2, which has been identified as a novel coronavirus 
classified as a β lineage betacoronaviruses, including MERS-
CoV, SARS-CoV, SARS-related coronavirus (SARSr-CoV), 
etc. [4]. Compared with the genome of SARS-CoV-2, the 
genome of the novel virus is 79.5% identical to SARS-CoV, 
while the homology of the Bat-CoV-RaTG13 gene, from 
the bat, reaches 96%, indicating that COVID-19 may cross-
species barrier and originate in bats [5]. Considering the 

rare direct contact between bats and humans, the intermedi-
ate hosts are still unknown. Just as SARS-CoV and MERS-
CoV, this novel coronavirus can spread across species and 
between human beings, with a transmission rate (R0) of 2.2% 
[6], similar to SARS (3%) [7], indicating that just as easy 
to spread as SARS-CoV. Up to April 19, 2021, it has been 
reported that 1421 million total cases were confirmed posi-
tive to COVID-19, and 3 million people were died around 
the world, including 103,317 confirmed cases and 4856 
death tolls in China. Travel-related cases were reported 
in many countries, and the more serious of which are the 
United States, India, Brazil, and France as reported. Given 
the rapid transmission, high contagion, and high patho-
genicity of SARS-CoV-2, it is in dire need of accurate and 
rapid detection of COVID-19. Therefore, it is critical for a 
sensitive and specificity platform to detect, track, and limit 
pathogenicity and infectious novel coronavirus. Here, based 
on the biological and epidemiological characteristics as well 
as clinical data of COVID-19, we introduce several kinds 
of valuable methods for accurate and rapid identification of 
COVID-19, including next-generation sequencing (NGS), 
nucleic acid assay, serological diagnostics, capillary elec-
trophoresis (CE), biosensors for detecting SARS-CoV-2 and 
lung computed tomography scan.
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2 � Diagnostic Approaches of COVID‑19

The bronchoalveolar lavage fluid of COVID-19 infected 
patients was collected in Beijing hospitals and was cul-
tured to isolate the virus. Then, the genome sequences of 
SARS-CoV-2 were obtained via Illumina second-genera-
tion sequencing combine with nanopore third-generation 
sequencing technology [3, 4], which belong to two kinds 
of method of next-generation sequencing (NGS). The 
sequence has been submitted to GISAID (accession no. 
EPI_ISL_402124). Although NGS can identify the muta-
tion within the viral genome and has played critical roles in 
identification, typing, traceability, and diagnosing SARS-
CoV-2, it is not suitable for routine clinical detection of 
COVID-19 due to its disadvantages of long sequencing 
time and high requirements on laboratory equipment, as 
well as its substantial financial burden. After acquiring 
the genomic sequence of SARS-CoV-2, several laboratory 
diagnostic technologies were developed to characterize 

and identify COVID-19. Here, we will introduce several 
commonly used diagnostic techniques in our daily life.

Structure of SARS-CoV-2 is shown in Fig. 1 [8].

2.1 � Nucleic Acid Assay of SARS‑CoV‑2

2.1.1 � Reverse Transcription Polymerase Chain Reaction 
(RT‑PCR)

PCR was first introduced by Kary Mullis in 1985 [9]. The 
basic principle of PCR is similar to the DNA replication 
process, and its specificity depends on the oligonucleotide 
primers that complement each end of the target sequence. 
Typically, PCR includes three basic reaction steps: Denatur-
ation of template DNA; Annealing (renaturation) of template 
DNA and primer; The extension of primers, DNA template, 
according to a principle of complementary base pairing and 
half reserved copy, synthesis of a new and complementary 
to the template DNA half reserved copy chain, repeat the 
cycle of degeneration–annealing–extension can get more 
“half reserved copy chain”, and the new chain can be the 
template of next replication cycle again. After 40–50 cycles, 
the target gene can be amplified several million times.

RT-PCR is a kind of basic gene detection method, which 
refers to adding fluorescent probes or fluorescent dyes to the 
conventional PCR reaction system, and tracking the product 
to achieve a quantitative analysis of the starting template 
(Fig. 2). RT-PCR with simple operation, intuitive results, 
strong specificity, high sensitivity, rapid [10–14], and quan-
titative detection with accuracy and repeatability, lower test-
ing cost and the whole detection process were closed, which 
has solved the PCR contamination problem and has been 
widely used into scientific research and clinical diagnosis 
[10, 12–16]. The high sensitivity of PCR allows it being 
applied into terrible conditions, including the test samples 
partially degraded, formalin-fixed, or paraffin embedding 
materials [17–19]. The PCR has been widely used in clini-
cal as a gold standard for disease detection, diagnosis, and 
quantification in the past decades. Recently, RT-PCR is 
widely used in detecting various respiratory virus infections: 

Fig. 1   Structure of SARS-CoV-2. Source cited with permission from 
Ref. [8]. 2020, Cell

Fig. 2   The progress of the 
nucleic acid test, RT-qPCR. 
Obtaining permission from Ref. 
[29]. 2021, Talanta
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influenza viruses A, B and C, parainfluenza viruses 1–4 
(PIV-1, -2, -3 and -4), human respiratory syncytial virus 
(hRSV), HCoV OC43 and 229E, human rhinoviruses (hRV), 
adenoviruses as well as some human enteroviruses (hEV. 
[15], SARS-CoV, MERS-CoV, H7N9, etc. In the past two 
decades, PCR methods play vital roles in virus diagnosing, 
prevention, and treatment [10, 16, 20–25].

The quantitative RT-PCR (RT-qPCR) is the primary 
diagnostic technique for COVID-19 [14]. Based on the full-
length genome sequences, the conserved regions of open 
reading frames 1ab (ORF1ab) and nucleoprotein (N) genes 
and the conserved regions of human housekeeping gene 
RNase P were selected, and the specific primers/TaqMan 
probes were designed for detecting COVID-19 by RT-PCR 
(Table 1) (http://​nmdc.​cn/#/​nCoV).

European Centre for Disease Prevention and Control 
also rapidly established a fluorescent RT-PCR system used 
for detecting COVID-19. Real-time fluorescent RT-PCR 
was included in the diagnosis and prognosis guidelines 
for SARS-CoV-2 according to the Technical Guidelines 
for COVID-19 Laboratory Testing (Fifth Edition) by the 
Chinese Center for Disease Control and Prevention. The 
National Medical Products Administration (NMPA) in China 
has approved RT-qPCR technology as detection method for 
COVID-19. ORF1ab and N genes were selected as targets 
to detect their conserved regions, and the results of the new 
coronavirus were more reliable by dual control targets. The 
selection of the conserved regions of the human housekeep-
ing gene RNase P as the internal reference gene, which can 
monitor the collection of samples and nucleic acid extrac-
tion process in the test and effectively avoid false-negative 
results caused by sample quality problems. The sensitivity of 
SARS-CoV-2 detecting reagents was up to 1000 copies/mL 
[26]. Multiple real-time fluorescent RT-PCR systems have 
significant advantage: the higher sensitivity. The higher the 
probability of correctly detecting the samples at low con-
centration, the lower false-negative rate occurred. Real-time 
fluorescent RT-PCR diagnosis of COVID-19 has made a 

foundation for the epidemiological study of the novel coro-
navirus [11, 20, 23, 25, 27, 28].

However, there are still some problems with the detec-
tion sensitivity of RT-PCR. The possible reasons leading 
to false-negative are: (1) The virus load during sampling is 
too low. The theoretical detection limit was 1copy/reaction, 
that is, 200 copies/mL. When the viral load is lower than 
this concentration, false-negative results might occur; (2) 
Poor sampling quality [11, 16, 27]. There are few specimens 
of alveolar lavage fluid and deep cough sputum, and the 
common specimen type is nasopharyngeal swab; (3) RNA 
virus nucleic acid is not stable [11, 27], vulnerable to trans-
port conditions, inactivation conditions, and experimental 
supplies; (4) The quality of detection kits is unstable. The 
quality of the vital components of the nucleic acid detection 
kit developed and produced in an emergency is fluctuate, 
such as the quality of the probe, primer, and enzyme, or the 
quality control standard is not in place during the urgent 
mass production process, which leads to the instability of the 
quality of the kit. The lower detection sensitivity may lead to 
many suspected cases not being confirmed by etiology and 
not being treated timely, and finally family cluster infection. 
The collection of samples is dangerous to the sampler, and 
the virus isolation and reverse transcription should be lim-
ited in the corresponding operating platform and operated by 
professional technicians; improper operation or insufficient 
laboratory conditions may lead to false-positive/-negative 
results. The whole process needs several hours [27].

Group testing provides a rapid pathway in increasing 
high-throughput screening by combining the test pool sam-
ples (illustrated in Fig. 3). Brian Cleary et al. confirmed that 
their theoretical results of group testing providing that the 
combined nasopharyngeal specimens from the number of 
samples could accurately acquire the test results and solve 
the critical concerns about the loss of sensitivity and the 
feasibility of implementation by system illustration [30]. 
Increasing the detection efficiency within the shortage of 
the supplement of diagnosing reagents and consumables and 
the limitations of financial support in the short term can help 
limit the transmission of COVID-19.

2.1.2 � CRISPR‑Based Fluorescent Diagnosis System 
for COVID‑19 (COVID‑19 CRISPR‑FDS)

CRISPR-Cas/gRNA is a widespread technique in molecu-
lar biology, and is applied into sensitively detecting nucleic 
acids and human pathogens [31–36]. CRISPR-FDS method 
contains three related procedures: (1) RNA isolation from 
samples; (2) Amplification of sample DNA; (3) Detecting 
the fluorescent signal by microplate reader [31]. The target 
regions of coronavirus RNA isolated from nasopharyngeal 
specimens were amplified by one-step RT-PCR/RT-RPA, 
and the amplicons samples were transferred into the gRNA/

Table 1   The primers and Taqman probes for the detection of COVID-
19

Gene Sequence (5´–3´)

ORF1ab
 Forward primer CCC​TGT​GGG​TTT​TAC​ACT​TAA​
 Reverse primer ACG​ATT​GTG​CAT​CAG​CTG​A
 TaqMan probe 5'-FAM-CCG​TCT​GCG​GTA​TGT​

GGA​AAG​GTT​ATGG-BHQ1-3'
N gene
 Forward primer GGG​GAA​CTT​CTC​CTG​CTA​GAAT​
 Reverse primer CAG​ACA​TTT​TGC​TCT​CAA​GCTG​
 TaqMan probe 5'-FAM-TTG​CTG​CTG​CTT​GAC​

AGA​TT-TAMRA-3'

http://nmdc.cn/#/nCoV
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Cas12a-based CRISPR system, and then the fluorescence 
signal was detected by microplate reader; the target ampli-
con was recognized by the gRNA/Cas12a complex and 
regulated by a target-specific synthetic gRNA, inducing 
the target amplicon was explicitly cleaved by the gRNA/
Cas12a complex, and the reporter oligo non-specifically 
cleaved, fluorescein and a quencher molecule were modi-
fied at each terminus and presented with a fluorescent signal. 
CRISPR-FDS technique provides a relatively short period to 
acquire the testing reports: about 50 min from the RNA was 
extracted from virus samples to the testing reports, which 
saving a lot of detection time. The reagents and equipment of 
the CRISPR-FDS method are available in most clinical labo-
ratories, especially the entire automatic operation of sample 
viral RNA extracted to test report can satisfy the needs of 
high-throughput testing. Many studies recently reported that 
RNA-targeting CRISPR-associated enzyme Cas13 in detect-
ing nucleic acids presents rapid and convenient advantages 
[36–38] and can be applied for the diagnosis of SRAS-
CoV-2. However, these novel methods also face the viral 
RNA needed to be extracted, the quality of the sample, and 
the requirement of professional technical expertise, proper 
operation, and sufficient laboratory conditions, which limit 
their use in professional places.

2.1.3 � Digital PCR

Digital PCR (dPCR) is first introduced in the 1990s [39] 
and as a robust PCR technique, provide precise and accu-
rate absolute quantitation of target samples by diluting 
and partitioning the samples into numerous compartments 
[40]. dPCR is increasingly adapted for the quantitation of 
nucleic acid and is particularly suitable for low-level detec-
tion [41–43]. Various dPCR platforms used for commer-
cialization with different technical characteristics have been 

developed, such as microfluidic chamber-based, droplet-
based, micro-well chip-based, microchannels, and droplet-
based crystal dPCR [43, 44]. The principle of dPCR is to 
partition the traditional PCR reaction mixture to the level 
of single compartments, and then a single DNA template, 
which was maximally diluted, was amplified, then the frac-
tion of the fluorescing droplets signal was generated, which 
is precisely derived from a single template and calculated 
using the Poisson distribution [29, 45]. Since the outbreak 
of COVID-19, dPCR was used for diagnosing SARS-CoV-2, 
and many reports have proved that dPCR has a lower limit 
of detection (LOD) for ORF1ab and N genes of COVID-19, 
even more than 500 times lower than the traditional quantita-
tive real-time PCR assay reports [46, 47]. Micro-wells-based 
dPCR assay of COVID-19 has acquired EUA from the US 
FDA [29]. However, there are still some limitations of dPCR 
applied into diagnosing SARS-CoV-2, such as requiring spe-
cialized micro-wells and cyclic heating with professional 
instruments, which proved that dPCR is not applicable for 
high-throughput screening in the diagnose of SARS-CoV-2 
[29, 48].

2.1.4 � Nucleic Acid Mass Spectrometry (NC‑MS) Assay

Matrix-assisted laser desorption/ionization-time of flight 
mass spectrometry (MALDI-TOF) technology is the basis 
of NC-MS, which as a new technology platform, can quickly 
and accurately determine molecular weight and structure. 
It is used to determine the molecular mass and purity of 
biological macromolecules such as polypeptide proteins, 
nucleic acids, and polysaccharides. In 2005, Alicij et al. 
used MALDI-TOF mass spectrometry to obtain the M095L 
and M151R proteins in Myxoma virus particles [49]. And 
Youn et al. quantitatively detected single-base mutations by 
hybridizing PNA probes with MALDI-TOF [50]. Four years 

Fig. 3   Group testing designs. a, 
b The test results used to iden-
tify positive samples; c estimate 
the prevalence in the com-
munity. The figure reproduced 
with permission from Ref. [30]. 
2021, Sci Transl Med
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later, Xiu et al. used mCoV-MS (based on MALDI-TOF 
MS system) to detect potential pathogen CoV in coronavi-
ruses and beta coronaviruses, providing a basis for detect-
ing unknown coronaviruses [51]. Recently, Liu et al. used 
MALDI-TOF MS for simultaneous detecting and genotyping 
of ten viruses in ducks with detection limits ranging from 
1.3 to 7.8 copies/μL [52]. MALDI-TOF MS has a significant 
increase in virus detection due to its fast speed and simple 
analysis. And it is an effective tool for diagnosing respira-
tory infections.

2.1.5 � Isothermal Amplification (IA) Technology

Unlike the conventional PCR amplification technology, IA 
technology does not need precise temperature control instru-
ments, and can achieve amplification reactions at room tem-
perature [53]. IA technology mainly includes seven detec-
tion technologies: Loop-Mediated Isothermal Amplification 
(LAMP), Helicase-Dependent Amplification (HDA), Roll-
ing Circle Amplification (RCA), Nuclear Acid Sequence-
Based Amplification (NASBA), Recombinase Polymerase 
Amplification (RPA), Strand Displacement Amplification 
(SDA), and Crossing Priming Amplification (CPA). LAPM 
technology is widely applied into clinical molecular diag-
nosis as well as other fields due to the advantages of short 
analysis time (it does not require thermal denaturation of 
DNA double strands in advance) and high amplification 
rate (it is amplifying the specific sequences of nucleic acid 
templates with a series of 4/6 unique primers, which can be 
amplified 1 × 109–1 × 1010 times in 1 h) [54, 55]. Pyrolysate 
precipitation detection, fluorescence detection, and gel elec-
trophoresis detection are often used to detect LAMP ampli-
fication products [56]. There are many examples of LAMP 
applications. By combining LAMP with reverse transcrip-
tion (RT-LAMP) methods for detecting RNA viruses, such 
as SARS [57], respiratory syncytial virus [58, 59], influenza 
virus [60, 61], Ebola virus [62], West Nile virus [63] and 
yellow fever virus [64], have been established. It is worth 
mentioning that the nucleic acid visualization technology 
recently established by Pei et al., combining reverse tran-
scription LAMP technology with vertical flow visualization 
bar, can be successfully applied into detecting the N gene of 
MERS-CoV. Compared with the previous RT-PCR method, 
it has more accessible detection technology and lower detec-
tion afford. This method required for 6 designed primers and 
labeled them with biotin to visualize the detection results. 
It only takes 35 min from the beginning to the test reports, 
faster than the RT-PCR analysis. While this method has cer-
tain disadvantages: the detection sensitivity is lower com-
pared with RT-PCR [65]. There is a challenge and a new 
direction for us. The Chinese Center for Disease Control 
and Prevention of Viral Diseases has successfully developed 
novel COVID-19 nucleic acid IA detection kits, producing 

results in 8–15 min. Chengdu Boao Jingxin Biotechnology 
Co., Ltd., West China Hospital of Sichuan University and 
Tsinghua University, have jointly designed and developed 
a nucleic acid detection kit (constant temperature ampli-
fication chip method) that can be used to detect the new 
coronavirus (COVID-19), which has been approved by the 
State Drug Administration. Attention needs to be paid to 
the contamination of nucleic acid amplified fragments when 
researching detection methods of COVID-19.

2.1.6 � Nucleic Acid Point of Care Testing (POCT) Technology

POCT is a testing system that integrates sample prepara-
tion and testing. Nucleic acid POCT technology integrates 
functional modules for nucleic acid isolation, amplification, 
detection, as well as pre-packages of each reagent required 
to react in a detection cassette. This detection method can 
decrease the risk of transmission of infectious diseases dur-
ing the detection process and avoid cross-contamination. 
Except the unprocessed reagents are added by operators, 
it can automatically perform the procedure of nucleic acid 
extraction, amplification, signal acquisition, subsequent 
result analysis quickly. The requirements for the research 
environment and testing personnel's capabilities are lower 
than the methods mentioned above, and it can realize self-
testing in a community hospital or family [66]. The detec-
tion methods of POCT can be applied to the following three 
types: rapid immunological detection reagents; nucleic acid-
based molecular diagnostic products; and miniaturized port-
able dry biochemical, immunofluorescence, dry blood gas, 
and chemiluminescence diagnostic products. The application 
of nucleic acid POCT technology is of great significance to 
alleviate the testing pressure of large medical institutions 
and improve the nucleic acid detection capability of primary 
medical institutions [67]. Many nucleic acid POCT detec-
tion instruments with the supporting detection reagents have 
been developed, such as Meikang Biological, Da'an Gene, 
Shanghai Tellgen Cooperation, Wanfu Biological, BGI, 
Xilong Science, etc. The state has accelerated the examina-
tion and approval process based on ensuring quality. Rapid, 
sensitive, and specific POCT methods are still urgently 
needed due to the timely diagnosis of infected patients and 
effective contact tracing the potential cases of COVID-19 
infection [68].

2.2 � Serological Diagnostics

Immunoassays based on serological/antibody are providing 
rapid and effective approaches for the screening of various 
pathogenic infections [24], and present with high-throughput 
capability and not too harsh requirements of samples than 
viral RNA-based assays [14].
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2.2.1 � Colloidal Gold Immunochromatographic Assay

Due to RT-qPCR's time-consuming properties, a new 
method, colloidal gold immunochromatography, was devel-
oped to address these issues. Similar to SARS-CoV, IgM 
antibodies of SARS-CoV-2 are produced rapidly in the early 
stages of infection and have a short maintenance time, which 
can be used as an early indicator of COVID-19 infection; 
whereas IgG antibodies can produce later and maintain for 
long periods, which can be used as the previous infection in 
blood tests [5, 69].

A newly developed SARS-CoV-2 IgG–IgM-coated anti-
body detection kit with significant specificity and high 
sensitivity was recently reported [70]. Three kinds of sec-
ondary antibodies, anti-human-IgM, anti-human-IgG, and 
anti-rabbit-IgG, were fixed on NC membrane as assay M, 
G and control line (C line), respectively. The recombinant 
antigen (MK201027) of SARS-CoV-2 conjugated with col-
loidal gold nanoparticles and AuNP-rabbit IgG conjugates 
were previously prepared as a conjugate pad. When IgM and 
IgG are present in test samples, red and pink lines form in 
the M and G regions due to colloidal gold, respectively. The 
C line turns red, which means a negative sample. The M or 
G line or both lines presented the existence of IgM or IgG 
of COVID-19 or both antibodies in the test samples. If the 
C line does not display in red, it means the test failed and 
needs to be assayed again.

Those kits tested blood samples from a total of 525 
patients, of which 352 were positive (397 clinically con-
firmed positive), and 116 were negative (128 clinically con-
firmed negative), revealing with a sensitivity is 88.66% and 
the specificity is 90.63% [71]. The IgM and IgG antibodies 
against the SARS-CoV-2 in patients’ blood can be detected 
simultaneously so that patients at different stages of infec-
tion can be diagnosed. More importantly, the results can be 
obtained within 15 min, which obviously shortens the time 
and significantly facilitates case diagnosis. Meanwhile, this 
antibody detection kit detects antibodies in the blood more 
accurately than RT-qPCR for detecting the upper respiratory 
tract because the lesion area locats in the lungs [72]. And, 
no particular instrument and environmental requirements are 
another significant advantages of this technology [70].

On March 1, 2020, the NMPA of China approved several 
detection kits for SARS-CoV-2 IgG–IgM, addressing the 
urgent need to test a large number of clinical samples.

However, the validity of the COVID-19 IgG–IgM-coated 
antibody detection kits still require more clinical data. 
Besides, there remains another problem that the combined 
antibody test kit cannot detect SARS-CoV-2 during the 
window period due to insufficient antibodies produced in 
the body [73]. The sensitivity of this method is inadequate. 
After adding samples, the principle relies on chromatogra-
phy, that is, dispersing outward. If the materials were not 

up to standard baseline or with other qualities, the detection 
results would be affected. False negatives can also occur if 
the patient was infected for a short time or has low virus 
levels at the sampling site. In addition, due to its dependence 
on antigens and antibodies, this method is crucial for select-
ing coated antigens/antibodies in early development, and the 
specificity and sensitivity of products developed in a short 
duration need to be confirmed. Therefore, more researches 
are still need to be done, and this assay can only provide a 
method of fast screening test combined with RT-qPCR to 
identify COVID-19.

2.2.2 � Enzyme‑Linked Immunosorbent Assay (ELISA)

Unique binding to the antibody of antigen is the basis of 
ELISA, a simple, sensitive, and rapid technique for detect-
ing the antigen or antibody of interest samples attached to 
a solid surface [74] (illustrated in Fig. 4). ELISA reveals 
tremendous commercial value in many aspects, such as labo-
ratory research, the biomarkers diagnostic of the disease, and 
quality control in industries [75]. ELISA can detect biomark-
ers in two different ways: the direct way, an enzyme-linked 
antibody can recognize the antigen in the test samples; the 
indirect way, the antigen is combined on specific micro-
plates and then bound by a primary antibody, subsequently 
the primary antibody is detected by a secondary enzyme-
labeled antibody [76]. To date, several commercial ELISA 
detection kits have been developed and applied to diagnos-
ing SARS-CoV-2. Jie Xiang et al. reported an ELISA kit 
that can direct measure IgM. The mouse anti-human IgM 
monoclonal antibody was coated in the test microplate, and 
IgM in serum samples was detected by an enzyme-labeled 
antibody; IgG was caught by the indirect method, the recom-
binant antigen of SARS-CoV-2 was coated on the surface 
of a microplate, and then the HRP-conjugated monoclonal 
mouse antibody for SARS-CoV-2 competitively was bound 
to IgG in serum samples [77]. Sheikhzadeh et al. reported 
that N protein-based ELISA assayed 208 cases of plasma 
samples, including confirmed cases (n = 82) and suspected 
cases (n = 58). ELISA detecting results indicated that the 

Fig. 4   Conventional antibody tests of COVID-19 by ELISA. Obtain-
ing permission from Ref. [29]. 2021, Talanta
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median time for detecting IgM and IgA is 5 days, IgG is 
14 days after symptom onset [78]. And many reports proved 
that the specificity and sensitivity of ELISA are 100% and 
87.3%, respectively, with a LOD of 100 ng/mL [70, 79]. 
Mohammad M. Sajadi group reported 3 ELISA methods: 
nucleocapsid IgG, trimer spike IgA and IgG, which were 
applied into detecting anti-SARS-CoV-2 antibodies, evaluat-
ing the potency with 4 kinds of commercial ELISA kits, and 
the sensitivity and specificity. They found that in-house tests 
exhibited the highest combined sensitivity and specificity 
[80]. Unite RT-qPCR with ELISA can increase the precision 
of COVID-19 cases, and effectively inhibit the dissemination 
and spread of COVID-19 [78].

While the guidelines of FDA, other international pro-
fessional groups and many reports illustrated that serology 
tests might not be suitable as a diagnosis method for SRAS-
CoV-2, due to the positive serology assay results indicate, 
to some extent, that individuals have been infected with 
COVID-19 [73, 81–83]. The immunoassays for detecting 
IgM and IgG were proved to be a faster and more economi-
cal way than the nucleic acid assay like RT-PCR; however, 
there are also limitation such as cross-reactivity leading 
to false positivity [73]. In fact, in the clinical diagnosis of 
SRAS-CoV-2, serologic testing may as a complement of 
PCR-based diagnostic testing and used for confirming the 
diagnosis combined with the clinical characterizations or/
and nucleic acid test results. On the other hand, in epide-
miologic studies, serology tests of SRAS-CoV-2 may serve 
as a monitor in detecting the immune response to COVID-
19 when injected with the vaccine, diagnosing convalescent 
plasma donors, or learning the prevalence of COVID-19 in 
public [73, 84, 85]

2.3 � Biosensors for Detecting COVID‑19

Sensors include chemical/biological receptors and trans-
ducers. Biosensors are based on bioanalytical devices 
which convert the selectivity features of biological reac-
tions into identify signal results [86]. The devices of bio-
sensors include a bio-reactor (such as enzyme, antibod-
ies, microorganisms, cell receptors, nucleic acids, etc. 
[86]), transducer (like nanomaterials), and a computer 
display system [87]. The biosensors have been adapted 
for many parts, such as viruses, bacteria, proteins, etc., 
and proved to be with high sensitivity, high throughput 
abilities, and portability, which attracting highly attention 
[88]. In the past few decades, there are several types of 
based biosensors: Optical based, Electrochemical based, 
Piezoelectric based, and Thermal based biosensors [89], 
which are applied to detecting respiratory viral infections, 
such as Influenza A virus, SARS-CoV, MERS [90]. Novel 
biosensors adapted for detecting RNA viruses include 
CRISPR–Cas9-based paper strip, nucleic acid-based 

biosensor, optical biosensor, aptamer-based biosensor, 
surface plasmon resonance (SPR), etc. [90], performing 
practical, sensitive, authentic, portable, and specific in the 
diagnosis of COVID-19.

2.3.1 � Surface Plasmon Resonance(SPR) Sensor

Collective oscillation of electrons on a metal surface is 
the basis of SPR sensors. It is widely adapted for moni-
toring the molecular interactions, such as protein–pro-
tein, protein–RNA, protein–DNA, etc., rapidly and more 
sensitively [91, 92]. Conventional SPR-based biosensor 
detecting platforms present with many advantages in 
diagnosing the interactions between two molecules [92]. 
Many studies have reported that SPR sensors have been 
applied into the detection of Dengue, Ebola, and Zika 
viruses. It is reported that the LOD of Dengue protein is 
0.08 pmol/L [92, 93]. Abdelhadi Djaileb and coworkers 
[94] reported an SPR sensor successfully applied to the 
detection of nucleocapsid antibodies in undiluted patients 
serum, which is specific against the COVID-19. The SPR 
sensor conjugated with a peptide monolayer and func-
tionalized with SARS-CoV-2 nucleocapsid recombinant 
protein presents against anti-SARS-CoV-2 antibodies in 
nanomolar level, and the real progress from the undiluted 
human serum samples to analysis results by this portable 
SPR instrument is within 15 min. Qiu and coworkers [95] 
reported a SARS-CoV-2 biosensor, based on the princi-
ple of RT-PCR, in diagnoses of SARS-CoV and SARS-
CoV-2, and the specific sequences oligonucleotides were 
selected as the thiol-complementary DNA receptor. A 
dual-functional plasmonic biosensor combining the plas-
monic photothermal (PPT) effect and localized surface 
plasmon resonance (LSPR) sensing transduction was 
reported, providing an alternative and promising manner 
in the diagnosis of COVID-19 by nucleic acid hybridiza-
tion. The dual-functional LSPR biosensor was proved to 
be of high sensitivity in viral sequences, including RdRp, 
ORF1ab, and E genes toward the selected SARS-CoV-2 
sequences, with the LOD of 0.22 pmol/L. Especially, this 
LSPR biosensor can precisely detect the specific target 
in a multigene mixture. Later, a label-free field-effect 
transistor-based genosensor via a specific spike antibody 
to detect SARS-CoV-2 antigen protein was reported and 
evaluated in different samples, such as the universal trans-
port medium, nasopharyngeal swabs, and clinical samples, 
with satisfactory results [86]. Therefore, under certain 
circumstances, SPR is an alternative detecting platform 
for rapidly diagnosing clinical samples, and releasing the 
RT-PCR-based test burdens. However, both the SPR and 
LSPR systems have some drawbacks, such as complexity 
or noise signals, which should be noticed.
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2.3.2 � Field‑Effect Transistor (FET)‑Based Biosensor

FET-based biosensors as a kind of electric biosensors have 
been applied to monitoring the surface potential changes 
before/after the target molecule binding to the biorecog-
nition element coated on the highly conductive chip sur-
face [96]. It is reported that the first FET-based biosensor 
device includes a three-electrode structure containing the 
drain, source, and gate [96, 97] (illustrated in Fig. 5). The 
devices of FET-based biosensor need a spot of analytes and 
are proved to be with highly sensitive and instantaneous 
measurements advantages [98–100]. With the development 
of FET-based biosensors, they have been applied to diagnos-
ing the viral disease, point-of-care testing, on-site detection, 
and detecting small molecules [98]. FET-based biosensors 
are based on semiconductor materials such as graphene, tita-
nium oxide, etc., which can increase the efficacy and sensi-
tivity in different device [101]. Recently, Changkyun Park 
and Seung Il Kim groups reported a FET-based biosensor 
device applied to detecting clinical samples infected with 
SARS-CoV-2. Their sensor immobilized graphene sheets of 
the FET with a specific antibody against S protein of SARS-
CoV-2, which successfully performed into detecting antigen 
protein, cultured virus, and nasopharyngeal swab samples 
from clinical cases. The graphene-based FET device was 

proved to be sensitive in detecting the S protein of SARS-
CoV-2 at concentration of 1 fg/mL in phosphate buffer solu-
tion and in clinical transport medium of 100 fg/mL. And 
the device was successfully applied to detecting COVID-
19 in clinical samples (including 19 cases of patients and 
other healthy population), with the LODs of 16 pfu/mL and 
242 copies/mL, respectively. Zhang et al. report a graphene 
FET (Gr-FET) immunosensor proved to be with high selec-
tive [102]; the immunosensor can rapidly identify the spike 
protein S1 of COVID-19 (about 2 min) and accurately cap-
ture the virus in a real-time manner with the LOD lower to 
0.2 pmol/L.

2.3.3 � Grating‑Coupled Fluorescent Plasmonics (GC‑FP) 
Biosensor

There are also many other biosensors applied to the diagno-
sis of COVID-19. Nathaniel C. Cady and coworkers devel-
oped a multiplexed GC-FP biosensor [103] (illustrated in 
Fig. 6). They reported that their GC-FP biosensor platform 
can detect the specific antibody–antigen interactions for mul-
tiple targets in a single specimen, with 100% selectivity and 
sensitivity (n = 23) for the serum IgG against the COVID-19 
antigens. The GC-FP biosensor proved to be with a linear 
response for serum specimens with a lower dilution ratio of 

Fig. 5   The schematic diagram 
of FET based biosensor. Repro-
duced with permission from 
Ref. [98]. 2020, ACS Nano

Fig. 6   The schematic diagram 
of GC-FP biosensor chips, and 
the principle of assessing the 
blood samples with the antibody 
of COVID-19. Reproduced with 
permission from Ref. [103]. 
2021, Biosens Bioelectron
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1:1600, and performed better than ELISA. The efficacy of 
the GC-FP platform with other specimen matrices, such as 
63 cases of dried blood spot specimens was evaluated. The 
results were proved to be with high sensitivity (86.7%) and 
selectivity (100%) for the diagnostic of COVID-19 infection.

2.4 � Capillary Electrophoresis(CE)

CE is a type of liquid-phase separation technology that 
uses a high-voltage electric field as a driving force, and a 
capillary as a separate channel to achieve separation based 
on differences in the mobility and distribution behavior of 
each component of a sample [104]. Under the action of a 
high-voltage electric field, the positive and negative ions 
in the solution move at different rates so that the outflow 
rates are different. Then the separation effects are achieved. 
CE requires only a small amount of specimens to achieve 
efficient and rapid analysis, and it is easy to implement auto-
mation. And with its colloidal nature, considerable molecu-
lar weight, and amphoteric dissociation characteristics, the 
virus is very suitable for CE detection [105]. In 2004, Zhou 
et al. designed a microfluidic chip system, which combined 
with CE technology and successfully improved the posi-
tive accuracy rate of SARS-CoV detection (94.44%). It is 
worth noting that the detection time is only 50–60 min [106]. 
CE technology can detect multiple viruses simultaneously, 
which will play an essential role in achieving rapid patient 
shunting, optimizing resource allocation, and shortening the 
diagnosis time before the diagnosis of COVID-19.

2.5 � Computed Tomography (CT) Scan

CT scan is a medical platform that captures cross-sectional 
images via combined multiple X-ray measurements in differ-
ent angles. CT, especially the high-resolution CT, has been 
performed with protocols of 1–5 mm slice thickness, pre-
sents the symptoms correlates with lung lesions, at the same 
time reveals the radiological changes in the lungs [107]. It 
is reported that 76.4% of COVID-19 cases were diagnosed 
with pneumonia upon admission [108]. The typical clinical 
symptoms of lungs include patchy bilateral shadows or/and 
ground-glass opacity in COVID-19 patients by CT scan. Ai 
et al. [109] reported that the diagnostic value and consist-
ency of CT scans in compared with RT-PCR in the diagnos-
tic of COVID-19: from 1014 cases of patients test by CT 
scan and RT-PCR assay, the positive results of RT-PCR and 
chest CT scans are 59% and 88%, respectively, proving lung 
CT with high sensitivity for the diagnostic of COVID-19. 
Recently, a 3D deep scan framework applied to diagnos-
ing the pathological change of the diagnosed SARS-CoV-2 
patients was reported, with 96% specificity and 90% sen-
sitivity when evaluation of SARS-CoV-2 infected samples 
[110, 111]. However, a CT scan cannot diagnose the causes 

of viral pneumonia, only reveal the radiological change of 
lungs, and shows lower sensitivity than RT-PCR [112]. 
Therefore, RT-PCR-based techniques are remaining as the 
recommended techniques in the diagnostic of COVID-19, 
while the combination of RT-PCR and CT scan or other 
techniques are proved to be more effective tools in enhancing 
the sensitivity of COVID-19 diagnosis [113].

3 � Summary and Outlook

Accurate and rapid identification of COVID-19 is criti-
cally important for timely treating patients and preventing 
COVID-19 spread-out. These laboratory diagnostic tech-
nologies should meet clinical testing requirements: strongly 
specific, highly sensitive, incredibly convenient, rapid, and 
economical. In addition to the above methods described, 
there are still needs for other ways to diagnose COVID-
19. Some conventional techniques like CT and diagnosis 
of clinical symptoms are usually not accurate to identify 
SARS-CoV-2, due to there can be various causative antigens 
that result in respiratory tract viral infection like the influ-
enza virus, RSV, coronavirus, human adenovirus (hAdV), 
and hRV [14]. So far, RT-qPCR is the most widely used 
diagnostic technique in various countries. Other diagnos-
tic techniques are still urgently needed for the diagnosis of 
COVID-19, including immunofluorescence assay (IFA), and 
ELISA-based immunoassay, which is still not available alone 
for the diagnosis of SRAS-CoV-2, and as the complementary 
methods to PCR-based diagnostic testing. Other faster and 
more accurate clinical diagnostic tests are highly expected. 
Hopefully, the pandemics will be overcome as soon as pos-
sible with the advent of vaccines of SARS-CoV-2.
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