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Abstract

The current global fight against coronavirus disease (COVID-19) to flatten the transmission curve is put forth by the World

Health Organization (WHO) as there is no immediate diagnosis or cure for COVID-19 so far. In order to stop the spread,

researchers worldwide are working around the clock aiming to develop reliable tools for early diagnosis of severe acute

respiratory syndrome (SARS-CoV-2) understanding the infection path and mechanisms. Currently, nucleic acid-basedmolecular

diagnosis (real-time reverse transcription polymerase chain reaction (RT-PCR) test) is considered the gold standard for early

diagnosis of SARS-CoV-2. Antibody-based serology detection is ineffective for the purpose of early diagnosis, but a potential

tool for serosurveys, providing people with immune certificates for clearance from COVID-19 infection. Meanwhile, there are

various blooming methods developed these days. In this review, we summarise different types of coronavirus discovered which

can be transmitted between human beings. Methods used for diagnosis of the discovered human coronavirus (SARS, MERS,

COVID-19) including nucleic acid detection, gene sequencing, antibody detection, antigen detection, and clinical diagnosis are

presented. Their merits, demerits and prospects are discussed which can help the researchers to develop new generation of

advanced diagnostic tools for accurate and effective control of human coronavirus transmission in the communities and hospitals.

Keywords Human coronaviruses . COVID-19 . Biosensors . Serology detection .Molecular diagnostics

Introduction

Infectious biological outbreaks and human health risks began

since 1965 when the virus B814 was identified in the human

respiratory tract. Since then, the OC43 and 229E of human

strains were widely studied, when there was 229E outbreak in

children’s health [1, 2]. While around this time, many of the

other coronavirus species of animal origin, recently the exis-

tence of coronavirus in bats and birds, were growing rapidly

[3, 4]. This led to the classification of virus into three broad

groups based on their genomic sequences, namely group 1

(229E and their derivatives), group 2 (OC43), and group 3

(airborne and bronchitis viruses) [5–12]. The acute respiratory

syndrome outbreak in southern China in 2002, and wide

spreading in 29 countries, was caused by the coronavirus

and is called severe acute respiratory syndrome (SARS-

CoV-1) [13, 14]. Following this was another type of corona-

virus that caused Middle East respiratory syndrome (MERS-

CoV) in 2012 at the Middle East. All three outbreaks are due

to the coronavirus infection although the specific sequence of

coronaviruses is different. In 2019, a new coronavirus was

identified as the cause of a disease outbreak that originated

in China, which is now known to be a critical respiratory

disease caused by the SARS-CoV-2, termed as coronavirus

disease 2019 (COVID-19). In March 2020, the World Health

Organization (WHO) declared the COVID-19 outbreak as a

pandemic. Currently, the COVID-19 is identified to be caused

by the strain of SARS, with more pathogenicity leading the

human health risk and losses. This outbreak happened in late

2019 in China, and now the infections are almost widened in

most of the countries encircling the universe. As current out-

breaks of COVID-19 continue to evolve, COVID-19 has be-

come a serious global health concern because of the possible

fatal progression and rapidly growing numbers of new cases

causing massive economic loss globally.
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As COVID-19 outbreaks surge worldwide, understanding

a crucial epidemiological puzzle (such as what proportion of

infected people have mild or no symptoms and might be pass-

ing the virus on to others, and what type of people need to be

quarantined) is critical. It is an immediate need to improve the

detection assays to provide early, rapid, and reliable diagnosis

of COVID-19 to stop the spread of COVID-19. There are no

accurate diagnosis method or vaccine available for this infec-

tion so far, which raises the challenges, and also drives re-

searchers keen on developing, improving, and working on

innovative methods for the diagnosis which is expected to

help the treatment then. Recently several excellent reviews

on the specific diagnosis of COVID-19 [15–17] have been

reported. Another review has summarised recent advances in

the detection of virus infection in the respiratory tract of

humans [18], focusing on molecular diagnosis of virus.

Recently, biosensing devices that are designed primarily

through applying effective biomarkers and their impact on

the detection of respiratory tract viruses have been widely

reported, in which the scope of disposable technologies

well-suited for cheap and economically viable platforms for

creating portable devices was also highlighted [19]. However,

the issue of making these technologies practical especially for

current contagious infection caused by COVID-19 throws the

biggest challenge to the researchers worldwide.

Being different from other recent published reviews, this

review summarises different types of coronavirus discovered

so far which can be transmitted between human beings. Their

structures and effect on human health were compared.

Methods used for diagnosis of the discovered fatal human

coronaviruses (SARS-CoV-1, MERS-CoV, and SARS-CoV-

2) including nucleic acid detection, gene sequencing, antibody

detection, antigen detection, and clinical methods are present-

ed (Scheme 1). Their merits and demerits and prospects are

discussed with the perspectives that could help researchers to

develop new generation of advanced diagnostic tools for the

accurate diagnosis of COVID-19 and effective control of hu-

man coronavirus transmission in the community and

hospitals.

Human coronavirus and their structures

Coronaviruses are enveloped viruses with spikes around its

outer structure, containing a constructive single-stranded

RNA with full length approximately up to 32 kb [20] acting

as the mRNA during the replicase polyprotein translations.

They belong to the family of Nidovirales, with spherical struc-

ture ranging approximately 125 nm in diameter [21, 22].

Coronaviruses are frequently identified in respiratory tract

fluids. SARS-CoV-2 is observed to be present in human

blood, saliva, and even stool [23]. Four main groups of coro-

navirus subdivided into alpha, beta, gamma, and delta types

have been identified so far. Among them, the common human

coronaviruses are 229E, NL63, OC43, HKU1, MERS-CoV,

and SARS-CoV. 229E and NL63 genera belong to alpha co-

ronavirus genera and delta coronaviruses include MERS-

CoV, SARS-CoV, OC43, and HKU1 genera [15]. The

coronaviruses that have caused huge impact or lethal in hu-

man beings are MERS-CoV, SARS-CoV, and SARS-CoV-2

which are compared in Table 1. The coronaviral genome en-

codes four major structural proteins: the spike (S) protein,

nucleocapsid (N) protein, membrane (M) protein, and the en-

velope (E) protein, all of which are required to produce a

structurally complete viral particle [30]. Individually, each

protein primarily plays a role in the structure of the virus

particle, but they are also involved in other aspects of the

replication cycle.

The antigen commonly present in the virus is the S glyco-

protein, which is referred to the spikes of the virus with the

ability to bind with the receptor and fuse with the membranes

of the host. This viral fusion protein functions by two ways:

(1) it uses their primary subunit protein S1 that acts to bind the

receptor; (2) the subunit S2 aids in the fusion by targeting the

cell membrane of the receptor. After targeting, the virus un-

dergoes conformational changes triggered by the proteolytic

enzymes and inserts the peptide into the cell membrane.

Finally, the delivery of the viral genome in the cytoplasm

occurs supported by irreversible refolding of the fusion pro-

tein subunit S2, mediated by the angiotensin-converting en-

zyme 2 (ACE2). A recent study suggests that SARS-CoV-2

may exploit cytokine interferon-driven upregulation of ACE2,

a key tissue-protective mediator during lung injury, to en-

hance infection [31]. It is known that S protein also interacts

with specific antibodies against S protein; the reason behind is

the virus has a spectrum of evolution in antigenic variations

Scheme 1 The schematics of the content of this review
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time to time. Also, the S protein in the cell membrane ex-

presses the cell to cell fusion forming multi-nucleated cells

allowing the multiplication of the antibodies, which at the

same time easily enhances the activity of cross-neutralisation

[32–34]. The N protein is a viral structural protein functioning

as a replication unit to localise the replication and transcription

complexes. It aids to form the RNA to helical nucleocapsid

structure and helps in the viral RNA synthesis constituting

only to the nucleocapsid. The N protein composes of two

domains, namely N-terminal and C-terminal, both using two

different mechanisms to bind the RNA, but at the same time

the contribution of both is required for the optimal binding.

This results in the type I interferon suppression and potentially

degrades the double-stranded RNA during the replication of

the virus [35–40]. M protein contributes to the major density

of the viral structure that defines its shape of the viral envelop.

However, it cannot function alone to lead the viral cycle but

also needs to interact with the other structural proteins of the

virus. The M protein combines initially with the N protein to

establish the viral nucleocapsid. Then, it interacts with S pro-

tein for the assembly of virions in the retention and accumu-

lation in Golgi complexes. Later, it combines with the E pro-

tein for the multiplication and releasing the virus-like particles

in the host cells [41–43]. E protein is the smallest protein

present in the membrane helping in forming the budding sites.

Secondly, it combines with the M protein engaging in the

production of virus-like particles. Following this, it partici-

pates in the viral assembly then in releasing the virus and

taking part in the mechanism of pathogenesis as well

[44–47]. However, up to date, the particular role of E protein

is not yet found. E protein helps the M protein to proceed the

membrane curvature, although it is found that the M protein

itself can do the same revealed through microscopic studies.

Themajor difference between the current COVID-19with that

of the similar SARS-CoV and MERS-CoV is that the amino

acids of COVID-19 virus are varied specifically in the

polyprotein regions and in the S glycoprotein.

Coronaviruses are contagious especially in the case of

SARS-CoV-2 causing the COVID-19 pandemic. It is estimat-

ed that around 20–80% of all COVID-19 infections are covert

cases showing limited to no symptoms, which has caused

huge risk for virus transmission [48]. The transmission and

infection of SARS-CoV-2 are through three main ways, such

as cause, routes, and target’s immune. As such, the current

studies demonstrate that the pangolins and the snakes could

be the intermediate host for this virus [49, 50]. However,

human to human path of transport is currently considered

the major sources of human mucus, saliva, faeces, or contacts.

Studies on human breast milk for the search on existence of

SARS-CoV-2 virus by Grob et al. [29] traced the presence of

viral RNA. But their studies remain unclear about if the breast

milk would be a path of viral transmission. Although the

breast milk was also examined for the SARS and the influen-

za, the test for SARS and mode of transmission still remain

unclear. This is because, even though the maternal showed

positive towards SARS-CoV, the breast feeding without any

protective measures showed negative COVID result on the

infant. The same was denoted for the influenza virus detection

but the authors ensure the distancing between the mother and

infant as the impact of viral infection is not clear through

investigation [51]. Similar to these reports, the studies by

Lackey et al. also did not trace the presence of SARS-CoV-2

in infants spread through breast milk but the vertical transmis-

sion was discussed [52]. While the constant presence of

SARS-CoV-2 is found persistent in the human saliva that

was extracted through the RT-PCR for the nucleic acid detec-

tion [53]. The symptom of SARS-CoV-2-infected patients

was not very different from the SARS-CoV-1 and MERS-

CoV but the fatal rate and frequency of infection are very high

compared to the remaining two (Table 1).

It is also shocking to notice that the renal damages in pa-

tients had happened due to the anti-viral drugs [54].

Apparently, many patients exhibited high C-reactive protein,

increased D-dimer, high inflammatory factors, creatinine

levels, and many more. The COVID-19 is also found to be

associated with and contribute to serious and critical diseases

in the kidney, liver, and lungs, totally attacking the immune

system of the patient [55]. Surprisingly, the spread of SARS-

CoV-2 was also found in the wastewater which is reported by

Ahmed et al. [56]. This could cause wide spreading to the

community as the wastewater treatment is a heavy duty and

progressive methods are needed to detect and eliminate the

coronavirus from the untreated environment. Thus, sensitive

and accurate diagnosis of coronavirus especially for the

Table 1 Comparison of three fatal human coronaviruses

Corona virus Structure Body fluids found Case fatality rate Velocity References

N protein S protein E protein M protein

SARS-CoV Yes Major Yes Yes Yes Respiratory tract fluids, blood, saliva 11% 903 days [24, 25]

MERS-CoV Yes Yes No No Respiratory tract fluids, blood, saliva 37.1% 130 days [26, 27]

SARS-CoV-2 Yes Yes Yes Yes Respiratory tract fluids, blood, saliva,

stool, breast milk etc.

4.44% estimated 48 days [28, 29]
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current COVID-19 is extremely crucial in controlling the out-

break in the community and hospitals [57].

Methods for diagnosis of human
coronaviruses

Development of the accurate and rapid diagnostic testing is

essential to control virus outbreak. These tests must be sensi-

tive, reliable, and scalable. Medical screening of coronavirus

depends on the past infections, clinical demonstration, and

nautical tests including the screening of viral nucleic acid by

a swab test, CT scan, immune identification technology (IgM/

IgG antibody tests), and blood culture [15]. Due to the com-

plexity of coronavirus, it is recommended to use the combined

technologies to make a precise diagnosis. Overall, while

nucleic acid testing is appropriate for the detection of the co-

ronavirus since, it helps in the critical episodes. To improve

the detection pathways, employing both the gene detections

and the serological methods could be a prominent strategy at

the situation to improve the accuracy of the coronavirus diag-

nosis. The following sections will discuss the current methods

for diagnosis of human coronavirus.

Nucleic acid detection-based methods

The nucleic acid detection is a genetic molecular diagnostic

technique that applies to detect the specific nuclear sequence

through which the specific species, organism, or genera can be

identified. To diagnose such organisms by targeting the

nucleic acid sequences, synthetic amplification method is re-

quired. As such, the nucleic acid detection methods are master

on amplification using the primers and probes to detect the

specific organism for specific diseases. But, this only suits for

organisms that are already known with their genetic se-

quences. Lu et al. [21] studied the genome of the current out

breaking SARS-CoV-2 collected from nine patients and found

the sequence identity between them through homology

modelling, also revealing the similarity in the receptor binding

sites. Similar kinds of studies were also carried out by

Paraskevis et al., revealing 96.3% genomic similarity with

the bat coronavirus [60]. Due to high specificity and sensitiv-

ity of molecular diagnosis, currently, the nucleic acid identifi-

cation has become a primary technique to detect the corona-

virus. The assay based on quenching the primer and the probe

developing into a RT-RPA to target the SARS-CoV-2 viral

RNA was reported by Behrmann et al. [61]. Recently, Shen

et al. [62] have published a grant review to address the advan-

tages of nucleic acid detection for coronavirus. Herein, we

have classified and compared different nucleic acid detection

approaches and highlighted the pros and cons of those

methods in virus detection.

RT-PCR

RT-PCR is considered the ‘gold standard’ method for detec-

tion of human coronaviruses due to being quantitative and

specific. A schematic illustration of RT-PCR is given in

Fig. 1 (a). Generally, PCR works on enzymatic way that rep-

licates a single gene into multiple copies by separating the two

strands of DNA where the gene segment is present. The gene

segment is located when it is marked by the primer, and the

first sequence is made by the DNA polymerase that assembles

each of the segments. Then, it is copied to form multiple

copies, which is amplified in minutes [63]. Prior to the inter-

vention of RT-PCR, the broad range PCR which can process

the amplification for the complete genera was used for the

viral detection [64]. However, it failed for detection of an

increasing number of samples due to the limitation in sequenc-

ing many numbers of colonies in a single reaction. In 1994,

Myint et al. [65] developed the PCR assay for detecting the

human OC43 and 229E coronaviruses and predicted that this

would be faster and more sensitive than the conventional cell

culture and could be used in future as an efficient detection

technology. Recently, the ORF1b and the N regions of the

viral genome were detected via with real-time RT-PCR. In

this method, the clinical samples were diagnosed finding

two positive cases proving viability of technique suitable for

samples of human origin [66].

Currently, the research in the real-time RT-PCR is dedicat-

ed for improving the sensitivity and facilitating the handling in

terms of consumption of cost and time [67]. It has also been

widely used as a tool for diagnosing the patients with respira-

tory tract infection although adverse contaminations during

the process of clinical samples are unavoidable. However,

the limitations prolonged on clinical samples due to adverse

contaminations. To overcome this issue, Elden et al. [68] have

developed the multiplex-Taqman-real-time nested PCR assay.

In this assay, they first isolated the viral RNA; then, the nested

PCR was carried out by deriving the primers and modifying

them by removing the T of the antisense primer, to target the

nucleocapsid (N) genome of the virus. Although it was a bit

more sensitive assay, the major drawback was still the con-

tamination specially in testing the clinical samples and it was

identified that the method is lacking a stable positive control

(EPC) causing the problem. After 2 years, the problem was

taken into serious importance and engineered to generate a

non-infectious RNA from the phage which was applied as

an EPC for SARS-CoV [69]. However, the detection limita-

tion per reaction in terms of the number of copies was not met

because working around reducing the contamination affected

the rapid reductions in the number of copies used in a single

reaction. At this moment, scientists have investigated on

choosing the appropriate specimen because selecting right

source can improve the diagnostic efficiency or in other

words, the interruptions from the sample can be minimised
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by the wise specimen collection. For example, researchers

collected swabs from both the throat and sputum separately

and then carried out the RT-PCR for the detection of the virus

in 52 COVID-19 patients. As a result, the successive rate of

detection was higher for the sample collected from the throat

swabs revealing 76.9% efficiency. But, taking the viscosity of

the samples into consideration, the sputum is higher in viscos-

ity than the throat swab; thus, in order to achieve easy RNA

extraction, pre-treatment of the specimen is inevitable [70].

Nowadays researchers are investigating the line between

the type I virus (SARS-CoV-1) and type II virus (SARS-

CoV-2) using RT-PCR because the type II is more virulent

in mutating their genomic sequences compared to the type I

[71]. But the current SARS-CoV-2 uses the ACE2 receptor to

invade the cell membrane similar to that of the SARS-CoV-1

which Zhou et al. found that the full-length genome of affect-

ed patients had approximately 80% shared viral genome [72].

In their study, the evaluation on the receptor used for the cell

invasion was determined through microscopic studies, where

the analysis of the infectivity in HeLa cells was carried out,

based on the ACE2 expression, and the determination was

visualised. In that study, SARS-COV-2 used the ACE2 pro-

teins as an entry site while it did not do the same on mouse

ACE2. While for the SARS-Cov-1, the diagnosis was done

within 5 days of infection using RT-PCR. This method is

found to be prominent for both SARS-CoV-1 and the

MERS virus. Within 2 years of outbreak in the Middle East

in 2012, Lu et al. [73] developed the RT-PCR assays to target

the N gene of theMERS-CoV virus. Prior to this, the detection

of the E gene was studied for the detection of the same virus

Fig. 1 Schematic representation for the promising techniques generally

used to detect SARS-CoV-2: (a) RT-PCR method is carried out from the

reverse transcription of viral RNA into cDNA which is then amplified

using specific primers. The amplification process is confirmed from the

fluorescent signal indicating the total number of copies in target sequence.

(b) Whole genomic sequencing is a complete gene sequencing method

which is complicated and not helpful for urgent and large-scale detection.

Generally, the viral RNA is extracted from the specimen going through

multiplex amplicon sequencing to identify the nucleic acid [58]. Redrawn

with permission. (c) Combined method of LAMP and COVID-19 Penn-

RAMP: The Penn-RAMP contains two processes of isothermal

amplification, first the RPA was carried out at 37 °C at the cap of the

tube and then the LAMP at 63 °C within the tube. The LAMP reaction

mixture was added with the LCV dye and the ratio between RPA and

LAMP was 1:9. This was incubated at 38 °C for 15–20 min followed by

flipping for through mixing moving towards second time incubation in a

thermal cycler for 40 min at 63 °C. LCV dye helped by producing dark

violet signal in the presence of dsDNA and colourless in the absence of

dsDNA. This method was found to have high potential as it reduced false

negatives [59]. Re-produced, permission has taken under the CC-BY-

NC-ND 4.0 International license)
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but targeting the N gene which was found to be ahead com-

paratively [74]. However, all the assays detected 10 copies per

reaction and these assays were conducted in serum, stool spec-

imens, and respiratory fluids.

The evaluation in the receptor helped the researchers to

study the specific immune reactions and classify the similarity

and differences of both species in human and animal. Coming

to the impact of the recent RT-PCR, new positive and negative

external controls, namely nCoVPC and No Template Control

(NTC), have been developed. The nCoVPC is a positive-type

external control, and NTC is a negative-type control. The

positive-type control has a transcribed RNA so with the N1

and N2 primers and human RNase P gene, it can exhibit a

positive result. The negative type uses the nuclease-free water

in place of RNA. Both the controls in assays should exhibit

the threshold line within 40 cycles. However, this information

is advised for emergency use only [75]. The Chinese National

Institute for Viral Disease Control and Prevention has demon-

strated a nucleic acid assay [76]. In this assay, they have used

open reading frame 1ab (region, ORF) as target 1 and the

nucleoprotein for the target 2 and this assay is widely distrib-

uted in China. Later, the same method with two single steps

assay for N gene and ORF1b was distributed to 30 labs glob-

ally by the University of Hong Kong. Likewise, Altona diag-

nostics in Germany, BGI in Beijing, Novacyt Primer design,

and many others have developed the real-time PCR assays

worldwide [77].

Even though the RT-PCR allows analysis of the pathogen-

esis, it has not been proved for its effectiveness in determina-

tion and cease of viral invasion in a crowd of patients.

Additionally, due to the biological variability that is the levels

of mRNA expressed fluctuates in different tissues and incon-

sistent at different times may cause negative results in clinical

diagnosis [78]. The technical variability which is causing the

poor data analysis is also one of the major drawbacks of the

RT-PCR [79, 80]. Very recently, a study was carried out by

Liu et al. [81], who compared the nucleic acid detection meth-

od and the serological method parallelly on 52 severe

COVID-19 cases. This was simply done to explore more re-

liable diagnostic method among the two well-known tech-

niques. Firstly, in the nucleic acid detection method, the RT-

PCR was applied to quantitatively find the ORF1ab and N

genes and the interpretation was done based on obtaining both

parallel positive and serially positive ORF1ab/N gene. This

RT-PCR test working on the principle of fluorescence indicat-

ed 71.2% positive cases. On the other hand, the serology test

based on IgM and IgG antibodies working on the principle of

chemiluminescence indicated 93.2% positive cases among the

serious patients. In this study, the authors suggest that the

serological test may be an applicable supplement like RT-

PCR method.

To overcome the disadvantages of the RT-PCR, Shiyin

et al., in their recent review, suggested that the digital PCR

has been demonstrated to increase the sensitivity of detection

and suitable for presence of virus at low concentration in sam-

ples [82]. Suo et al. [83] have proved that this method provides

advantage towards the clinical diagnosis because 33 COVID-

19 negative patients tested through RT-PCR were found pos-

itive when tested at digital PCR method. But this method

endures limitation as it is not scalable and lacks practical

reliability.

High-throughput gene sequencing

High-throughput gene sequencing (HTGS) is a high-end se-

quencing technology that supplies the vital elements on path-

ogenic complete sequences. HTGS has been applied to facil-

itate rapid large-scale virus discovery, as well as the detection

of unusual or novel viral agents associated with inheritable

diseases, cancer, and infectious human diseases. Recently,

gene sequencing has helped to identify coronaviruses isolated

from patients with COVID-19 in different countries [84–86].

Additionally, by combining diagnostics with sequence analy-

ses, HTGS offers opportunities to enhance public health dis-

ease interventions and disease surveillance. A schematic

working procedure of genomic sequencing is shown in Fig.

1(b) [58]. Challenges facing current sequencing platforms and

their clinical applications are discussed in an excellent review

[87]. Although HTGS has demonstrated its significant contri-

bution to disease discovery and interventions, the accurate

genome sequencing will still rely on a combination of tech-

nologies. In order to increase the coverage across the genome,

the multiplex methods of PCR assigned to introduce possibil-

ities to obtain consensus genome sequences directly from

samples [88]. Although the approach was potent and conve-

nient for the routine laboratory detections, it has the drawback

of possibly providing biased results due to the alignment of

reads against a reference sequence. To solve this problem,

recently sequencing was done to encompass the genomics of

the virus. Since deriving the complete sequence is challeng-

ing, the authors concentrated on the dominant genetic part

from the clinical samples to trace the function of vulnerability

[89]. This robust method was able to carry out sequencing

with the relative high size of the genome sequence (30 kb).

Di et al. reported a simple and accurate RNA sequencing

approach, which used bacterial transposase Tn5, to directly

fragment and prime the RNA/DNA heteroduplexes generated

by reverse transcription [90]. It offers a protocol for simple

and accurate RNA characterisation and quantification. For full

integration of large-scale genomics into the clinic, develop-

ment of easy-to-operate sequencing protocol, which is fast,

scalable, and cost-effective, will hold promise for use in

high-quality and high-throughput RNA sequencing applica-

tions. The S protein of SARS-CoV-2 is recently found to be

identical with the sequence of functional gene isolated from

the virus of pangolin [91]. This suggests an evolutionary
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change happening in virus can be monitored through the ge-

nome sequencing. Hence, a new insight on evolutionary

changes was demonstrated through genomic data analysis by

Tang et al. [92]. They came up with their examination on

S84L AA and their function in changing the ORF8 part thus

presenting the effect of mutation on the pathogenesis of

SARS-CoV-2. This kind of study can help researchers to iden-

tify and track the evolutionary changes in virus which in turn

can aid to improve the detection methods [93].

Loop-mediated isothermal amplification methods

The loop-mediated isothermal amplification (LAMP) method

works on the principle of nucleic acid amplification that uses

the Watson-Crick base pairing. The amplified DNA and the

RNA strands marked by the primers are analysed best through

the gel electrophoresis. For example, the LAMP assay was

applied for the SARS identification by first selecting the

ORF1b region of SARS-CoV. Then, the ORF1b region was

amplified to recognise them; then, it was marked by primer

before being finally identified via gel electrophoresis [95].

The SARS early-stage diagnosis using real-time LAMP was

reported by Thai et al. in 2004 [96]. Authors used the loop-

mediated amplification, where the loop F and loop B were

prepared for amplification. Both the positive and the negative

controls were applied. The result wasmonitored through Loop

amp real-time turbidimeter and the threshold value within 0.1

with the turbidity within 60 min was considered to be positive

with the sensitivity of 1 PFU detection limit. The real-time

LAMPwas also used during the MERS outbreak that detected

the RNA of MERS-CoV with the sensitivity of 0.02 to 0.2

PFU [97].

An advanced method of LAMP is the sequence-specific

criteria, which is a robust technique that can oversee the iso-

thermal amplification and the LAMP simultaneously. The

specificity is due to the fact that the technique is able to dis-

tinguish and filter the signal from noise which is the drawback

in most methods. In this technique, most of the reports use a

dye for fluorescent quenching to realise easy readout. But

some of the research brilliantly used a one-step strand dis-

placement in place of the standard dye and studied the

sequence-specific amplification. Surprisingly, the cross-

reactive disturbance was sorted and at the same time it took

only maximum 50 min [98, 99]. The real-time LAMP assay is

considered to be advantageous since it does not require expert

operation as well as it is simple and rapid in terms of reaction

and also aids in easy detection for example in identification

agarose gel electrophoresis. Compared to the real-time PCR,

the real-time LAMP amplification takes only less than an

hour; audit is also performed by simply mixing the compo-

nents such as the primer, reverse transcriptase, DNA polymer-

ase, and a supporting buffer in a tube and incubation followed

by amplification. In terms of specificity, the real-time LAMP

is dominant over the RT-PCR because the former uses six

primers to detect eight DNA regions.

Now for the COVID-19, isothermal LAMP assay devel-

oped for calorimetric observation is being studied because of

two reasons. First, the isothermal LAMP does simultaneous

reverse transcription and amplification when the pH of reac-

tion changes to detect the RNA directly. Second, during this

change, using a pH indicator, the visual readout can be possi-

ble [90]. The detection limit was also comparable with the

real-time PCR for the clinical sample and it was found that

the reaction time was almost the same in both methods.

However, the known reaction time for the real-time RT-PCR

is 2 h while the LAMP-based emerging assays can be accom-

plished only within 20 to 30 min. Very similar to this report,

Mohammed et al. used the leucocrystal violet dye for the

detection of Claustral X amplified with LAMP primers, the

sequence of COVID-19 virus (Fig. 1(c)) [59, 71]. Previously,

the flow visualisation strip was designed in capturing nucleic

acids of the MERS-CoV through the LAMP assays [100], in

which researchers created the cross primers to target the N

gene. The two loops contained the biotin and the fluorescein

isothiocyanate as a marker, and after binding with the

streptavidin through the gold nanoparticle to form the com-

plex, two loops captured the antibodies. ORF 1a, ORF1b, and

the E gene of theMERS-CoVwere firstly amplified using RT-

LAMP by Shirato et al. in 2014, which had a significant in-

volvement of side reactions [101]. In converse, another re-

search team developed a primer-based LAMP assay combined

with the real-time proliferation that amplified the open reading

frameworks of genes belonging to the MERS-CoV which

successfully overcame the cross-reactivity while detecting

the plaque-forming units up to 0.2 units [97]. Recently,

Shirato et al. developed a specific fluorescent RT-LAMP

using quenching probes for the detection of MERS-CoV,

avoiding the influence of cross-reactions [102]. Now for the

SARS-CoV-2, the RT-LAMP is performed in a single step

within 40 min to target the S, E and N gene at isothermal

conditions processed at 63 °C [103]. Moreover, the evaluation

of the result is mademore comprehensive using different tech-

nical asserts such as electrophoresis and real-time turbidimeter

instead of relying only on fluorescence methods. As the fruit

of current advancements in research, two-step amplification

called the Penn-RAMP that combines the advantage from

both amplification and LAMP is identified as an improved

sensitive POC molecular-based method for detection [59,

104]. Therefore, LAMP can be a potential tool to be used as

the POCmethod for diagnosis of human coronaviruses during

the outbreaks.

CRISPR/cas-based methods

Beyond its remarkable genome editing ability [105], CRISPR/

Cas systems have demonstrated huge success in molecular
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diagnosis [106, 107]. In addition to the capability to detect

nucleic acids, CRISPR/Cas systems can be used for detection

of non-nucleic acids. Recently Broughton et al. developed the

lateral flow assay employing the Cas 12 as a reporting trans-

molecule to target the endonuclease [108]. The total process

involves the combined effect of the amplification and the re-

verse transcription working together taking only 30 min to get

the final visual signal. The predefined coronavirus sequences

targeting the E protein and N protein coding genes of the

virus, could trigger the Cas12 followed by cleavage of a re-

porter molecule confirming detection of the virus. This

CRISPR-based DETECTR assay also remained free of

cross-reaction and provides a visual and faster alternative to

the RT-PCR with completely assured negative results during

the diagnosis.

Activated CRISPR-C2c2 that targets the RNA is referred to

as Cas13a. This is engaged these days for the collateral cleav-

age and thereby recognising the target RNA which detects the

SARS and MERS and was sensitive to mRNA knockdown

[109]. After this, the Cas9 engineered in the eukaryotic cells

were studied in detail for gene expressions to understand the

infection pathway [110]. Then the recombinase polymerase

(RPA) is applied for the amplification of the single molecule

to the level of 1012, thereby eliminating the need to cleave the

double stranded DNA. This technology was combined with

the T7 RNA polymerase to detect the viral RNA at the level of

10−18. It is anticipated that this could be one of the real-time

detectionmethods for the viral RNA assisted with the reported

RNA [111]. Recently, an All-In-One Dual CRISPR-Cas12a

(termed ‘AIOD-CRISPR’) assay was developed for simple,

rapid, ultrasensitive, one-pot, and visual detection of corona-

virus SARS-CoV-2 and HIV virus with a sensitivity of a few

copies [94]. In this AIOD-CRISPR assay, a pair of crRNAs

was introduced to initiate dual CRISPR-Cas12a detection and

improve detection sensitivity. CRISPR/Cas systems have

demonstrated great success in nucleic acid detection. The

AIOD-CRISPR assay proposed by Ding et al. [94] targeted

both the SARS-CoV-2 and the HIV-1 by involving pair of

crDNA to the CRISPR system. This assay was efficient by

replacing the common pre-amplification methods and post

transferring steps. Typically, in this assay, the authors used

the ssDNA with fluorescent FQ reporter and quencher to pro-

duce the visual colour change when the nucleic acid was de-

tected (Fig. 2). Lucia et al. [112] provided a proof of concept

on fast, sensitive, and handy POC testing based on principle of

CRISPR-Cas12 for the detection of the RNA of SARS-CoV-

Fig. 2 (a) Schematic illustration for the working principle of All-In-One

Dual CRISPR-Cas12a (AIOD-CRISPR) assay: demonstrating the

stimulation of RPA amplification to reveal the binding sites of Cas 12a-

crRNAwhich turns on the fluorescence on activation of the endonuclease

enzyme. (b) Designing and analysing of AIOD-CRISPR assay: The

ssDNA-FQ reporter molecule was first marked with the fluorophore-5′

6-FAM and a quencher, which was subsequently put through RPA

reactive treatments: (i) the reaction system showing direct visualisation

of bright fluorescence under LED, blue light, and UV light; (ii) the

reactive system number 5 produces highest bright signal due to the

presence of smaller DNA sizes cleaved from the reporter molecule; (iii)

graph indicating the saturation of highest produced fluorescent signal in

13 min [94]. Reproduced with permission
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2. In this method, the RdRp, ORF1b, and ORF1 ab were used

as reference genes and the amplification of the target was

carried out by typically using the RPA. Finally, the

CRISPR-complex was prepared by adding sgRNA and

LbCas 12a endonuclease which was made for the plate reader.

For the assay based on the plate reader, the ssDNA labelled

with FAM was used and for the portable configuration, the

biotin labelled ssDNA was used on the paper strips. Here, the

fluorescent measurements were applied to study the plate

reading assay and lateral flow system was applied for paper

strips. Although the developed CRISPR-Cas12 presents lower

detection limit, its application in clinic will be discouraged

due to tedious sample preparation steps. So far, to the best of

our knowledge, the CRISPRmethods are only associated with

lab procedures yet not demonstrated in practical applications,

which might be due to the high cost, and the complicated

operational process [105, 111, 113].

Antibody-based serology detection

Antibodies can be described as the body’s specific proteins that

are produced by the white blood cells to line against the foreign

particles or infections. Antibodies are the protuberant for the

immunotherapy and it differs from PCR methods by prevailing

the immunity or they remain in the blood even after the infec-

tious are removed. Thus, antibodies leave the trace of its mech-

anism in the body after its action and make it possible to identify

those become immune after COVID-19 infection. Therefore,

being specific to COVID-19, a very precious activity of these

antibodies is that they protect the COVID recovered patient from

re-infection, while the PCR methods are not able to do this.

Additionally, antibody-based detections are more beneficial in

terms of finding the number of infected and recovered patients

especially for a large number of samples. Currently, two

strategies are used for detection of antibodies for diagnosis of

COVID-19 infection. One is to design the antigen that mimic the

antigen of virus to detect the human antibody and the second is

to design the test antibody that trap the viral antigen.

Based on the recent studies, an overall timeframe for the

generation of antibodies (IgM, IgG) and antigen were shown

in the Fig. 3 for SARS-CoV-2 infected patients. The IgM

antibodies are expressed only after 3 to 7 days of infection

and robust responses can be obtained in second week of in-

fection, while the IgG antibodies take 8 days to reach the

detectable level. The antibodies are present in the blood and

only detectable from the blood samples, while the RT-PCR

requires only the respiratory tract fluids as samples for the

diagnosis. The antibody-based methods are not useful in the

early diagnosis as it can be adopted only after infection and

makes the situation difficult by not being able to find if the

patient is already recovered or newly infected. This in turn

makes it difficult for the experts and the government to find

the accurate number of prevailing infections. Based on guid-

ance from the World Health Organization and other related

agencies, antibody-based serological testing is not well-suited

for diagnosis of acute SARS-CoV-2 infections and should be

restricted to epidemiological studies.

During the SARS-CoV-1 and the MERS-CoV’s period,

several immunoassays were developed for detection of anti-

bodies but all of those are reported to have the cross-reactivity

[115–117]. It was found that the non-structural proteins called

as NSP were present in different species of the coronaviruses

and based on this the serological detections in patients were

conducted during 2004 [118]. But the biggest drawback is that

the antibodies developed against the virus reacted with the

cross-reactive antibodies of the immunogenic leading towards

false-positive results in those without COVID-19. Particularly,

in the case of MERS-CoV detection, the common target of the

Fig. 3 Comparative relation

theoretically between different

levels of SARS-CoV-2 RNA and

antigen, IgM and IgG during the

different infection days showing

three main phases such as

window period, decline phase,

and convalescence phase. In the

window period, the onset of

symptoms takes place within a

week of contact with viral source.

Secondly, the IgM shows up and

the production of IgG takes place

until it disappears in 21 days of

infection. Thirdly, in the

recovery, the IgG remains in the

blood. This suggests that the

serological examination could be

done 3 days after the symptoms or

a week after the infection [114].

Reproduced with permission
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viral part was the N and S proteins which are considered to be

immunogenic and these are currently used to produce the re-

combinant antigens [119]. And, laboratories applied several

neutralisation assays such as microneutralisation and pseudo

particle neutralisation while handling the live MERS-CoV

[120–122]. Even though the immunosensors for the determina-

tion of SARS-CoV-2 were still not developed, some

immunosensors working on the principle of photoluminescence,

immobilisation, capacitive resonators, and electrochemical

methods were studied. For example, the gp51 proteins of bovine

leukaemia virus and their antibody-antigen detection were in-

vestigated through surface plasmon resonance. But the detection

limit was 0.0028 mg/mL [123]. Following this, few fragments

of the antibodies in response to this viral antigen gp51 were

applied as the recognition sites and analysed using quartz crystal

microbalance after being immobilised with gold nanoparticles.

As a function of varying mass densities on the surfaces, this

system helped in displaying the ratio of responses [124].

Likewise, the gp1 protein was also functionalised on coated

gold surface and silicon nitride surface to study their interactions

based on the change in frequencies [125]. Apparently, the elec-

trochemical method developed by conjugating the polymer with

this viral protein resulted in potential changes where at 950 mV

the conjugation was detected [126]. Then recently in 2019, the

same viral protein was immobilised on the ZnO nanorods and

the nanorods were examined for the reactive antibodies on the

nano surfaces under photoluminescence [127]. The

photoluminescence shift from 499 to 516 nm confirmed the

electrostatic interaction, between the nanorod and the viral pro-

tein that produced a variation in the electric field that worked

through the biosensor performance [128].

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) cannot be

used in a practical way like the RT-PCR since they are bound

to work well only in the lab environment. For the COVID-19,

the IgM and the IgG of the patients are mainly tested because

IgG is the immunoglobulin that is highest produced when the

viral antigen is exposed and the IgM gives the first response

which can be used for the detection at the early stage of infec-

tion. The detection of IgA antibodies in animal mucosal sur-

face (pig) is prevalent while it is not the same in human [129,

130]. Trivedi et al. [131], in 2019, developed the immunoas-

say to detect the human IgG antibodies against the six types of

coronaviruses. The typical assay comprised the multiplexed

magnetic microsphere immunoassay in serum sample by

which the authors detected the IgG responses against the nu-

cleocapsid protein of the viruses such as human coronaviruses

229E, NL63, OC43, HKU1, SARS-CoV, andMERS-CoV. In

this study, paired human sera were used for IgG screening

against six human coronaviruses. Based on their results, no

interference between monoplex and multiplex modes was

observed and 86% sensitivity as well as 84% specificity was

obtained.

The diagnostic amount of IgG was also examined by Guo

et al. [54], along with other immunoglobulins IgA and IgM by

coupling the ELISA with the PCR. To this end, the nucleo-

capsid genome of SARS-CoV-2 collected from the infected

patient was expressed by amplificationmethods in the positive

strain of pET30a, followed by plasmid expressed in E. coli.

The final recombinant N protein (rNP) was purified and con-

firmed via western blot assay using the human monoclonal

antibodies. This rNP was employed as coating antigens in

ELISA plates and demonstrated the antibody-based sub clin-

ical analysis indicating that it is useful when the qPCR test

falls negative. The kinetics on time and potential of different

antibodies against the SARS-CoV-2 tested by them paves a

newway to understand the diagnostic value of antibodies. The

median duration of 5 days (for IgM and IgA) and 14 days (for

IgG) after symptoms onset was observed for antibodies detec-

tion. More importantly, it was shown that the detection effi-

ciency by IgMELISA is higher than RT-PCR after 5.5 days of

symptoms. Moreover, combination of ELISA with RT-PCR

gave a significant raise to positive detection rate (98.6%)

while the results are compared with single qPCR (51.9%).

The antibody tests combined with PCR are said to be an

efficient method of choice, yet not proved as an efficient prac-

tical tool at the same time. Likewise, the virus counteracting

antibodies, and the antibodies against the nucleocapsid protein

as well as the receptor binding domain was described through

ELISA. For this, the sera from the COVID-19 patients were

used as samples and the coated 96-plate ELISA with the

spiked antigens of SARS-CoV-2 was exploited and found

through PRNT assay the sera neutralised the virus.

However, in this test, the IgA-based ELISA showed higher

sensitivity compared to the IgG ELISA. But the low specific-

ity and cross-reactivity were still a problem indicating that the

assay has response towards some other protein apart from the

coated specific antigen [132]. Apart from this, Khan et al.

[133] developed the lyophilised viral antigen microarray

probed with the human serum that was labelled with the sec-

ondary antibodies. Under the saline control, the unbound an-

tibodies were eliminated, and statistical analysis was per-

formed. This methodology was used to study IgG reactivity

against antigens associated with epidemic and common hu-

man coronaviruses. It was shown that antibodies to S1 domain

and receptor-binding domain (RBD) of spike protein are high-

ly sub-type specific, while S2 domain of spike protein and

nucleocapsid protein is more cross-reactive.

Currently, Berlin-based Pharmact developed the 12-min

immunoassay which contains N, S1 and S2 glycoprotein of

the virus and can recognise the antibody of a patient that

responds for these proteins. It is also said to detect both the

early and later stages of infection by the IgM and IgG antibody

responses. Very recently, assay based on ELISA was
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performed where the S1 protein of the corona virus was ap-

plied as an antigen in the kit [134]. This is said to be useful for

the medical practitioners and staffs as it could detect the in-

fection early when working in a COVID environment in hos-

pitals and laboratories. Such a technique was also examined

against 412 samples of human origin and was found to pro-

vide 97.5% accuracy. It is worth to note that, even though the

neutralisation method is quite acceptable in research sectors,

the main difficulty associated with this is, it requires the viral

culturing which requires a high level of safety standard, very

qualified operators and high-quality biosafety facilities to run

this. On the other hand, the ELISA is only based on the prin-

ciple of binding, which means it is a form of readily available,

designable and ease of handling which is more suitable for

POC types. The diagnostic value was also found from devel-

oping a new ELISA assay proposed by Liu et al. [135], who

demonstrated the assay against the viral N protein. The mouse

anti-human monoclonal antibody IgM-coated ELISA plate

was prepared, where the specimen typically the serum was

added. Following subsequent incubation, the viral recombi-

nant protein was added to the wells. Likewise, for the detec-

tion of IgG, the plates were coated with viral recombinant

protein where the sample was loaded passing through incuba-

tion. This was then added with the conjugated mouse anti-

human IgG antibody. This resulted in 50% of positive cases

through IgM/IgG ELISA-based detection method. A very re-

cent study based on both serological and nucleic acid tech-

nique on the serum and sputum samples by He et al. [136]

conveys that the serological techniques can be used as a com-

plementary method for the detection of COVID-19 infection

after being confirmed with the nucleic acid-based test.

Lateral flow immunochromatographic assays

The lateral flow immunochromatographic assays are predom-

inant in the point of care (POC) devices as cost-effective,

rapid, and easy-to-handle test strips inside labs or in situ per-

sonal healthcare monitoring. These devices are also well-

suited for commercialisation and mass production. In general,

the lateral flow assays express red or pink line on strip only if

the human antibody, the viral antigen, and the gold nanopar-

ticles complexes get together at M or G line. While the pres-

ence of other antibodies produces no visual colours. Li et al.

[137] developed a lateral flow assay test strip for specific

detection of COVID-19. They used the anti-human antibodies

of IgG and IgM and utilised the recombinant antigen

(MK201027 from the spike protein). This recombinant anti-

gen was the receptor of SARS-CoV-2. They mixed the gold

nanoparticles with the recombinant antigen followed by incu-

bation, centrifugation, and re-suspensions to form the AuNP-

COVID-19 antigen conjugates. The anti-rabbit IgG antibody

was set as the control line and the conjugate pad was sprayed

with AuNP-COVID-19 antigen conjugate and AuNP-rabbit

IgG conjugate. The anti-human IgG and IgM were

immobilised in G and M test lines, respectively. Finally, the

assay was performed by using the 1 to 2 drops of blood sample

on the pads (Fig. 4(c)) [114]. This lateral flow assay test strip

could simultaneously detect IgM and IgG within 15 min.

Clinical studies were carried out by blood sample analysis of

PCR-confirmed infected cases and negative patients.

According to the obtained results, 88.66% testing sensitivity

and 90.63% testing specificity was achieved. Another lateral

flow assay capable of providing antibody signals in just

10 min with 95% accuracy was introduced for SARS-CoV-2

using the kit currently named ERA-BIO [139].

Antigen detection-based methods

RT-PCR is used to detect the viral genetic material, and anti-

body testing detects human antibodies against the virus. As

discussed in the above section, four popular proteins are asso-

ciated with the surface spikes of coronaviruses. Antigen tests

is to identify fragments of viral surface proteins as a marker

providing a direct and rapid mean for early diagnosis of infec-

tion, without the requirement to use expensive equipment like

PCR for signal amplification. In theory, a reliable antigen test

is easy to be developed as soon as the antibodies are available.

The recombinant antigens are now available in formulations

such as recombinant nucleocapsid (N protein), spike protein

(S protein, S1+S2 ECD), spike protein (S1 protein), spike

RBD protein, envelope (E protein), 3C-like proteinase.

These information and specific antigen suitable for the specif-

ic antibodies are provided in the source link [145].

Recently, Diao et al. have successfully developed a fluo-

rescence immunochromatographic to detect the N protein of

SARS-CoV-2 in urine and nasopharyngeal swab samples

(Fig. 4 (d)) [146]. The goat anti-rabbit IgG antibodies and

the monoclonal mouse anti-nucleocapsid protein of SARS-

Cov-2 were dotted on nitrocellulose membranes as control

lines and test lines, respectively. While the conjugate pad

was spotted with carboxylated polystyrene Europium (ΙΙΙ)

chelate microparticles conjugated with NP protein of SARS-

Cov-2 monoclonal antibody or rabbit IgG. Using their meth-

od, the whole assay could be carried out in 10 min and NP

protein could successfully be detected in urine samples of

73.6% of confirmed cases. It shows 100% of nucleocapsid

protein positive and negative participants accord with nucleic

acid test for same samples. A similar method called rapid

antigen detection test (RDT) was also reported by Lorena

et al. [147]. This new fluorescence immunochromatographic

SARS-CoV-2 antigen detection test (Bioeasy Biotechnology

Co., Shenzhen, China) was evaluated in nasophayngeal (NP)

and oropharyngeal (OP) swabs from patients with suspected

COVID-19 in Santiago, Chile. Diagnostic accuracy was de-

termined in comparison to SARS-CoV-2 RT-PCR, using the

same material (universal transport medium with NP and OP
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swab). The assay was easy to use and provided results in a

timely manner. However, the sensitivity and specificity of

RDT depends on time of infection, concentration of infected

samples and specimen quality. This is similar to previous ob-

servation on the antigen test for respiratory viruses, such as

influenza, which has a decent sensitivity of about 70 to 80%

when run properly on a good nasal swab—but only for chil-

dren (the quantity of the virus in children is typically much

higher than in adults) [148, 149]. Although antigen tests are

simple and direct, the specificity and sensitivity are limited by

several factors including the quality of antibodies and the pa-

tients. Thus, combination of antigen tests with nucleic acid

Fig. 4 Demonstration of lateral flow immunochromatographic assays for

the diagnosis of COVID-19: (a) A CRISPR-CAS12-based assay for

detection of viral nucelic acid where the viral RNA was extracted from

the swab sample and amplified. Then, as a control, the DETECTR assay

was carried out on E, N, and human RNase P gene for 30 min. This was

applied for RT-LAMP and Cas12 detection at 62 °C and 37 °C [138] (re-

produced, permission has taken under the CC-BY-NC-ND 4.0

International license). (B) RT-LAMP-NBS assay for COVID-19

detection: (i) The amplification mixtures were prepared as LAMP

reagents shown in legends, (ii) The RT-Lamp reaction was conducted at

63 °C for 40 min, (iii) The products FIT/biotin-labelled F1ab-LAMP

amplicons and np-LAMP amplicons formed [71]. Re-produced,

permission has taken under the CC-BY-NC-ND 4.0 International

license. (c) Diagrammatic representation of IgM-IgG antibody test strip:

The mouse anti-human monoclonal antibodies IgM and IgG were set as

the test lines ‘G and M’ on the strip, and the anti-rabbit IgG antibody was

used as the control. Then the SARS-CoV-2 antigen was added to the gold

colloid to form a conjugate nanoparticle. This was introduced on the pad

through spraying on the surface that contains the specific SARS-CoV-2

antibody test lines. Likewise, the gold nanoparticle conjugate of rabbit IgG

was also sprayed along to fix with the control line ‘c’ constructing a lateral

flow device. The test was performed by running up to 15 μL of specimen

and the analysis were determined from the ‘c’ zone by visualisation of red-

purple line for the SARS-CoV infection [137]. Re-produced, permission

has taken under the CC-BY-NC-ND 4.0 International license. (d) Graphic

representation of immunochromatographic strips working under

fluroscence: (i) The control line was coated with goat anti-rabbit IgG

antibody, the test line was coated with the mouse anti-2019-nCoV NP

M1 antibody as shown in the legends. Here the conjugae was the

Euphorbium (III) treated with carboxylate that was conjugated to the

antibody. (ii) The assembled strip within the plastic cassette containing a

well for the sample loading and a testing window. The results through this

immunochromatographic technique can be determined when the

fluorecent signals are captured through immunofluorecence analyser [4].

Re-produced, permission has taken under the CC-BY-NC-ND 4.0

International license
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and antibody detection is to maximise its ability for accurate

human coronavirus diagnosis. Recently, the lateral flow as-

says and isothermal amplification method is identified as the

emerging diagnostic methods for SARS-CoV-2 [150, 151].

The lateral flow assay is discussed in the ‘Lateral flow

immunochromatographic assays’ section, while the isother-

mal amplification is a simplified version for RT-PCR which

comprises the RT-LAMP method described in ‘Loop-mediat-

ed isothermal amplification methods’ section.

Currently emerging clinical diagnosis

In addition to the above chemical diagnosis methods, CT is

considered first-line imaging in suspected cases to screen the

respiratory pneumonia caused by coronavirus. CT is also used

as clinical characteristics of the recovered COVID-19 patients

with re-detectable positive RNA test [153]. There are four

different scanners in CT Anatom 16 HD, 64-MDCT

lightspeed, Hispeed duel, and Somatom emotion. The obtain-

ed radiological images of pneumonia caused by COVID-19

showed a clear destruction of the pulmonary parenchyma such

as interstitial inflammation and extensive consolidation [154].

Exploring the CT and understanding of interpretation can be

found from the report of Pan et al. [154]. In this study, they

investigated pulmonary CT evaluations for infected cases in a

timeframe of 0–26 days. Based on their investigation, the most

frequent CT observations inmild COVID-19 pneumonia were

ground glass opacities, crazy-paving pattern, and consolida-

tion. More interestingly, they identified four stages from the

onset of symptoms. These stages include stage 1 (0–4 days),

stage 2 (5–8 days), stage 3 (9–13 days), and stage 4 (14 days

and more). In each stage, the lower lobes were more inclined

giving raise to CT scores and the highest CT score was ob-

tained in 10 days after the onset of initial symptoms [155].

Song et al. [156] developed an automatic differentiation meth-

od for the real-time identification of COVIDS-19 infection

based on the CT scan. The sensitivity and specificity obtained

through this analysis from CT image were 92% and 91%,

respectively. Clinical diagnosis is facing far big challenges

and difficulties because it is not developed as much as labo-

ratory detection methods such as the serological and molecu-

lar diagnosis methods. Currently, the RT reverse transcription

method of PCR is identified for clinical detection called as the

swab test. Wang et al. [157] got the ethical permissions for the

clinical detection trials and the suspected were let for the di-

agnosis. In their trials the blood, sputum, human wastes, and

samples from the respiratory tracts were analysed from RNA

derived through RT-reverse transcription PCR method. As a

supporting investigation the authors also studied the live cells

cultured visualised via electron microscopy. In the end, they

found nearly 40 positive cases from the clinical samples

analysed. The swab test and reliability through transistor bio-

sensors are very recently investigated. As such the FET devise

for sensing was proposed by Seo et al., who detected the S

protein of SARS-CoV-2 in 1 fg/mL concentration (Fig. 5)

[152]. Likewise the photothermal sensingmethods are becom-

ing competent to the PCR methods to minimise the false-

negative and false-positive results [158]. While the impact of

thermal activation has been analysed in nucleic acid test to

reduce the false-negative results [159]. Although PCR is iden-

tified to be beneficial in swab test yet, the only recognised and

reliable clinical diagnostic method is the radiology and the

CT. But the radiology results do not show specific patterns

Fig. 5 Graphically representation of FET sensor for COVID-19: Firstly, a

carbon-based biosensing platform was constructed by functionalising the

graphene with viral spike antibody. The functionalisation was done via

immobilisation technique, where a coupling agent 1-pyrenebutyric acid

N-hydroxysuccinimide ester (PBASE) taking the role of a probe linker.

This forms the conjugated graphene sheet capable of detecting 1 fg/mL of

viral antigen [152]. Reproduced with permission
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for COVID-19 and the obtained radiological images provide

similar information for all coronavirus infections

[160].Therefore, the molecular methods are now used in diag-

nosis of COVID-19 due to emergency, the lack of cost-

effective clinical diagnosis methods, and dire necessity to

new diagnostic tools [161]. But recently, 98% clarity via ra-

diology with 97% accuracy in ResNet50 model has been

found which is the gift of scientific development in current

days [162].

Pros and cons of differentmethods for human
coronavirus diagnosis

Diagnosing viral infections currently relies on three major

methodologies: real-time RT-PCR, immunoassays based on

antibodies to detect viral antigen so called serological method

and CT scanning. Molecular, serology and emerging methods

discussed in this review have their own advantages and inherent

disadvantages as well. Table 2 compares the advantages and

disadvantages of these methods. The genomic sequencing

method was first used to diagnose the virus causing the disease

during the early stages of the COVID-2019 outbreak.

Typically, the partial or the complete genome of the SARS-

CoV-2 genome from the patients were collected. These were

sequenced at the terminal regions and the cDNA were ampli-

fied using Sanger sequencing. The phylogenetic analysis of

genomes was used to differentiate the SARS-CoV-2 from other

viruses [21]. But the method was too expensive and complicat-

ed at the same time, and specially, it was not helpful for large

number of samples. Then, the RT-PCR methods working

fundamentally on the viral proteins were widely used to detect

the viral RNA. Although RT-PCR is the gold standard for the

nucleic acid detection, their operation needs enough concentra-

tion of viral RNA in patient sample for specimen analysis. This

can be a major drawback since the consistency in concentration

of the viral RNA is not constant and their amount cannot be

controlled to satisfy the specimen analysis. This method is so

sensitive that sometimes it can result in false-positive results. In

addition, the same patients can exhibit varied concentrations of

viral RNA from time to time and also the concentration is not

similar among different group of patients. Thus, this immediate

need cannot be compromised for the reliable diagnostic meth-

od. Coming to their technical issue, there is no constant sam-

pling method, and the level of efficiency depends on the profi-

ciency of the individual operator added on with the difficulties

in swab collections. The inaccurate sampling in turn leads to-

wards false-positive and false-negative results [148]. After sam-

pling, another main problem associated with RT-PCR is the

complexity in operations since these detections require highly

qualified technicians to perform complex RNA extraction steps

and PCR. Moreover, the specimen collection and processing

are found to infect the technicians and the doctors widely

spreading the disease and creating a contaminated environment

to the community. The cross-contamination or the cross-

reaction was another major drawback associated with RT-

PCR, which can result in a number of false-negative and

false-positive test results [163].

Serological assays since 2001 are becoming a compliment

against the molecular methods mainly due to the effectivity in

finding the source of infection. The antibody-based serologi-

cal detections are less expensive with quick resulting time

Table 2 Comparison of performance of different methods for coronavirus diagnosis

Detection

methods

Assay

time

Specificity Accuracy Advantages Disadvantages References

Nucleic acid

detection

4 to 6 h 95% Poor accuracy, the exact

percentage is not

revealed

High sensitivity, possibility

of large-scale operation

Professional technicians needed,

difficult data analysis, expensive,

less accuracy, false-negative or

false-positive results

[140, 141]

Gene

sequencing

Unknown Poor sensitivity Poor accuracy Finding the evaluation of

virus, identification of

mutation,

Experts and trained personnel

needed, time consuming, costly,

and complex data analysis.

Laboratory and clinical

differences

[142]

Antibody

detection

15 min 90.63% 88.66% Easy handling, no

requirement of expert

Long window period, difficulty in

early diagnosis, detection only

after

post infection from 3 to 6 days

for IgM and 8 days for IgG

[143]

Antigen

detection

15 to

30 min

Poor sensitivity Poor accuracy Easy handling Not reliable [15]

Clinical

diagnosis

2 days Not specified Not applicable Finding the disease

through imaging

Requirement of experts and trained

personnel, difficulties in early

detection

[144]
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compared to the RT-PCR. Currently the ELISA methods are

successfully prepared to detect the major IgM and IgG anti-

bodies against the viral nucleocapsids and proteins [72]. Yet

the demerit sustains by producing false positive since the nu-

cleocapsid protein is conservative in human coronavirus ge-

nome. On the other hand, as described above in antibody-

based detections, targeting the S protein is seeing an improve-

ment currently. However, the main disadvantage prevailing is

the serology-based detections are ineffective in early diagno-

sis of coronavirus impossible. Paper lateral flow assay-based

methods have been used for detection of nucleic acids [71,

138], antibodies [137], and antigen [146] associated with

coronaviruses. Although they have demonstrated advantages

of being used in both in-lab and in-field, they are not approved

widely by regulatory administrations because currently the

reliability of such devices is poor for COVID-19. Clinical

emerging method such as chest CT, which does the early

screening of lung infections as well as finding the severity

and stage of disease, has widely been accepted as an efficient

clinical diagnostic method [164]. However, in patients at high

risk for 2019-nCoV infection, chest CT evidence of viral

pneumonia may precede positive negative RT-PCR test re-

sults [165]. Thus, combining the different strategies for testing

the infectious samples and intensive correlation with CT scan-

ning and analysis could possibly assist in the clarifications

regarding the false screening in RT-PCR-based diagnostic.

Conclusions and prospective

Three novel human coronaviruses (SARS-CoV-1, MERS-

CoV, SARS-CoV-2) are highly contagious and so it requires

a stable detection tool to screen the threat like COVID-19

pandemic for further tackling. Currently, laboratory diagnosis

of COVID-19 mainly relies on real-time RT-PCR tests to

detect viral genetic material, and serological tests to detect

IgM/IgG antibodies. Although several advanced methods

(such as LAMP, CRISPR/Cas systems) have been developed

for detection of virus nucleic acids with high sensitivity, the

virus nucleic acid RT-PCR test has become the standardmeth-

od for diagnosis of COVID-19 infection from nasopharyngeal

swabs. The power and advantages of RT-PCR have been well

described in several great reviews [67, 166]. In addition, RT-

PCR is also associated with disadvantages because the viral

RNA is contagious and an biohazard alarm to the experts

working on those detections, causing big threatens to medical

workers, such as exposure risks to healthcare workers during

the multiple steps of sample preparation and handling, and

global shortages of swabs and personal protective equipment.

RT-PCR has also been proved to have false negatives for

current SARS-CoV-2 detection [167].

Serological antibody tests are not effective in early diagno-

sis, but simultaneous detection of both IgM and IgG could

provide information on virus infection at different stages and

help government to figure out who might be immune to the

virus. Identifying people with immunity to the SARS-CoV-2

will give us the ability to know who do not need to be

quarantined, and thus help to control the outbreak in the com-

munity and in hospitals. Serological tests are mostly around

detecting the IgG and the IgM antibodies and provide few

merits over the RT-PCR such as they can detect human anti-

bodies while the molecular technique detects only the viral

RNA. This offers the advantage of stability in the serological

test since the IgM/IgG samples are stable that ease the collec-

tion of the specimen followed by transportation as well as in

storing the specimen for examinations which is not facilitated

for RT-PCR specimens. Second, the antibodies are prevalent

in the blood and distributed evenly while the molecular spec-

imens such as the RNA distributed in the respiratory tract is

not consistent. Finally, the serological tests saves the history

of infection by tracing the antibodies in the blood from several

weeks to month while it is not the case in molecular method.

At the same time, the antibodies follow sedate response sce-

nario putting the serological tests under limitations in reaction

towards the SARS-CoV-2. The current situation in sensitive

and specific serology-based detections is that the active detec-

tion time falls latest on the third day of infection or 7 to 10 days

after the infection. Although the serological tests based on the

familiar interpretations on the IgM/IgG antibodies are not spe-

cific in differentiating the resistant and active infectious indi-

viduals, they can still be an effective diagnostic when coupled

together with the RT-PCR technique. In addition, because of

their scalability and easy integration with paper lateral flow

assay, they help in aiding towards wide-scale POC diagnosis,

while they also help in generating the document on the total of

immune responses against the virus including the carriers as

well. It is frequently people testing positive for SARS-CoV-2

are asymptomatic [168]. Thus, serological assays are especial-

ly critical to manage coronavirus infection and control the

pandemic spread. As of today, researchers believe that the

combination of both RT-PCR and IgM-IgG antibody tests

can lead for accurate and more sensitive technique for the

detection of SARS-CoV-2 virus [169]. Recently, CRISPR-

Cas13a is getting more attention owing to their feasibility in

eliminating the amplification steps while at the same time they

shed lights in terms of POC diagnostics, and consequently

eliminating possible background signal from amplification

process [170]. The clinical methods like the CT and radiology

are also only 85% successful on COVID-19 [55]. In future,

developing the CT features for factors such as genome or

genetics and multi-modelling disease diagnostics, clinical in-

formation would help the society. Other than this, the current-

ly emerging laboratory techniques may be needed an intensive

work which shall look for the clinical applications. Currently,

all the methods available clinically or in lab are not accurate

and super specific to challenge against the current COVID-19.

2325Current methods for diagnosis of human coronaviruses: pros and cons



But there is a scope to attack both the N protein and S protein

in an assay, which will significantly improve the accuracy and

specificity of the current serological methods.

To date, although considerable efforts on development of

different assays are being done to detect this virus, the practi-

cal application with satisfactory results is still behind due to

the viral structural complexity. A combination of different

diagnostic methods could be a tactics. To achieve a cost-

effective and scalable POC device for fast, accurate, and

non-invasive detection of human coronavirus in saliva is

favourable to all parties [23, 39]. The molecular, serological,

and recently blooming CRISPR methods are also said to be

promising scopes for the SARS-CoV-2 detection by Liu et al.

[58]. Yet, tackling the mutating genes of virus, neutralising

and in-depth findings on viral protein mechanism could help

in designing new diagnosing methods or improve the existing

ones. We are expecting to see more advanced diagnosis

methods for human coronavirus as researchers disclose more

biological properties of these novel human coronaviruses. We

are confident that we will win the ‘global war’ against the

current COVID-19 pandemic.
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