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Abstract

To curb the spread of COVID-19 (coronavirus disease 2019) pandemic, the world needs diagnostic 

systems capable of rapid detection and quantification of the novel coronavirus (SARS-CoV-2). Many 

biomedical companies are rising to the challenge and developing COVID-19 diagnostics. In the last 

few months, some of these diagnostics have become commercially available for healthcare workers 

and clinical laboratories. However, the diagnostic technologies have specific limitations and reported 

several false-positive and false-negative cases, especially during the early stages of infection. 

Currently, more sophisticated and reliable molecular diagnostics are being developed to improve the 

COVID-19 diagnosis. This article presents an overview of the commercial and pre-commercial 

molecular diagnostics to address several questions and issues related to the limitations of current 

technologies and future research and development challenges to enable timely, rapid, low-cost, and 

accurate diagnosis of emerging infectious diseases.
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Glossary

ACE2: angiotensin-converting enzyme 2; CDC: Centers for Disease Control and Prevention; cDNA: 

complementary DNA; CE-IVD: conformité européenne marked in vitro diagnostic; CLIA: Clinical Laboratory 

Improvement Amendments of 1988, 42 U.S.C. §263a (USA); CI: confidence interval; CoV: coronavirus; COVID-

19: coronavirus disease 2019; CRISPR: clustered regularly interspaced short palindromic repeats; Ct: cycle 

threshold; CT: computed tomography; EUA: emergency use authorization; EUL: emergency use listing; EVD: 

Ebola virus disease; FDA: Food and Drug Authority (USA); FIND: Foundation for Innovative New Diagnostics; 

FRET: fluorescence resonance energy transfer; GISAID: global initiative on sharing all influenza data; HAS: 

Health Sciences Authority (Singapore); HKU: Hong Kong University; IC: internal control; LAMP: loop-mediated 

isothermal amplification; LoD: limit of detection; MERS: Middle-Eastern respiratory syndrome; MFDS: Ministry of 

Food and Drug Safety (Korea); NIH: National Institute of Health; NIID: National Institute of Infectious Diseases 

(Japan); NMPA: National Medical Products Administration (China); NPA: negative percent agreement; NSP: non-

structural proteins; ORF: open reading frame; PPA: positive percent agreement; RBD: receptor-binding domain; 

RdRp: RNA-dependent RNA polymerase; RT-PCR: reverse transcriptase-polymerase chain reaction; RUO: 

research use only; SARS: severe acute respiratory syndrome; SARS-CoV-2: severe acute respiratory syndrome 

coronavirus 2; UN: United Nations; WHO: World Health Organization.

Introduction

The last decade has witnessed the rise of epidemics and pandemics such as 2012’s coronavirus 

disease (MERS, middle-eastern respiratory syndrome) in the Middle East [1], 2014’s Ebola virus 

disease (EVD, formerly known as Ebola hemorrhagic fever) in West Africa [2], 2015’s zika virus 

disease in Latin America [3], and 2019’s coronavirus disease (COVID-19) in Wuhan, China [4]. These 

emerging infectious diseases pose a grave threat to human health and the global economy. Lately, 

the novel coronavirus (SARS-CoV-2, severe acute respiratory syndrome coronavirus 2) aggressively 

spread throughout the world causing the COVID-19 pandemic [5]. As of 29th July 2020, 185 of 197 

UN countries are affected by this pandemic and despite all containment efforts, the number of 

COVID-19 infected people is rising above 16.5 million with over 655 thousand deaths accounting for 

the global fatality rate of ~ 3.96% [6,7]. For COVID-19, the mean incubation period and the mean 

serial interval are 5.2 days (95% CI: 4.1–7.0 days) and 7.5 days (95% CI: 5.3–19.0 days), 
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respectively; while the basic reproduction number (R0) is reported to be 2.2 (95% CI: 1.4–3.9), i.e. a 

SARS-CoV-2 carrier can spread it to ~ 2.2 persons on average [8]. Therefore, to limit the spread of 

SARS-CoV-2 and overcome the COVID-19 crises it is important to identify the suspected individuals 

and isolate them, which requires indefatigable diagnostic testing. 

The dependable diagnostic solutions have been immediately developed and marketed to help 

early diagnosis of COVID-19 [9–11]. Thus far, two types of diagnostic tests have been 

commercialized: one, molecular diagnostics that detect part of the viral genome (i.e. RNA) in the 

respiratory tract specimens; and second, serological or antibody tests that detect SARS-CoV-2 

specific antibodies in serum specimens [10]. Molecular diagnostics are used to identify symptomatic 

or asymptomatic SARS-CoV-2 carriers, and the basic performance criterion for these tests is high 

clinical sensitivity to avoid false-negative results. On the other hand, the objective of serological tests 

is to identify individuals with an active immune response to the SARS-CoV-2 antigen, and the basic 

performance criterion for these tests is high clinical specificity to rule out false-positive results. 

Sethuraman et al. [12] published a timeline for the detection of viral RNA (molecular diagnosis) and 

immune-response antibodies (serological diagnosis), which revealed that molecular diagnostics could 

identify infected individuals a week before the onset of symptoms while antibodies could only be 

detected ≥ 8 days after the symptoms appear. Therefore, molecular diagnostics are essentially the 

only tests for early diagnosis of COVID-19 [13].

This article aims to present a critical performance analysis of commercially available molecular 

diagnostics and review major factors influencing their diagnostic performance. The criteria for the 

selection of molecular diagnostic tests is two-fold: (a) only those tests are selected that have been 

approved by major healthcare authorities around the world, and (b) most importantly, those molecular 

diagnostic kits are shortlisted that have been independently tested by WHO or relevant healthcare 

authorities for their clinical sensitivity and specificity. 

At present, molecular techniques based on the real-time (quantitative) reverse transcriptase-

polymerase chain reaction (RT-PCR) are considered the gold standard for COVID-19 diagnosis 
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[14,15]. Real-time RT-PCR detects amplified SARS-CoV-2 genome in sputum, nasopharyngeal or 

oropharyngeal swabs, bronchoalveolar lavage fluid, nasal or nasopharyngeal aspirate, and lower 

respiratory tract aspirates. A typical RT-PCR test can take 4–6 hours from sample to result [10]. 

However, RT-PCR has proven to be extremely handy in clinical settings to consistently perform a 

large number of tests. As of 29th July 2020, more than 260 million COVID-19 tests have been 

performed in the most impacted countries worldwide [16]. Besides, other molecular diagnostic 

approaches, for instance, loop-mediated isothermal amplification (LAMP) [17], and clustered regularly 

interspaced short palindromic repeats (CRISPR) [18] are being developed for COVID-19 detection. 

Herein, a performance-based review of the commercial and pre-commercial molecular 

diagnostics is presented. The clinical performance data reported by the manufacturers of 

commercially available tests are compared with the clinical evaluations performed by independent 

research labs and healthcare organizations, and the results are reviewed to define upcoming 

research and development challenges. Since the understanding of molecular diagnostics for COVID-

19 is still evolving, their limitations in the current pandemic scenario are deliberated to ask 

forthcoming research questions that would improve the diagnostic technologies for COVID-19 and 

future emerging infectious diseases.

Molecular diagnostics

SARS-CoV-2 is a betacoronavirus (β-CoV) that is structurally similar to other coronaviruses (SARS-

CoV and MERS-CoV) from the Coronaviridae family [19]. It has a positive-sense, single-stranded 

RNA (+ssRNA) enclosed in nucleocapsid (N) protein, while envelop (E), membrane (M), and spike (S) 

proteins form its outer shell or viral envelop (Figure 1a). The trimeric spike glycoprotein is responsible 

for interaction with the host cells (Figure 1b) [20–22]. Wrapp et al. [23] determined the structure of the 

spike protein by cryoelectron microscopy. In its predominant conformation, the spike protein exhibits 

strong binding with host cell’s angiotensin-converting enzyme 2 (ACE2) receptors through one of its 

receptor-binding domains (RBD) (Figure 1b) [23,24]. The viral genome (RNA) is ~ 30,000 nucleotides 

long comprising a structural gene unit that encodes S, E, M, and N proteins and two large, open 
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reading frame genes (ORF1a and ORF1b) that encrypt sixteen non-structural proteins (NSP) 

including RNA-dependent RNA polymerase (RdRp) (Figure 1c) [25,26].

The findings of high-throughput genomic sequencing of SARS-CoV-2 are regularly deposited on 

the global initiative on sharing all influenza data (GISAID) [27]. The development of oligonucleotides 

(primers and probes) for molecular diagnosis of COVID-19 was initiated as soon as these findings 

were made public on 10th Jan 2020 [9,27]. CDC (USA), China CDC, Charité Germany, Institut 

Pasteur (France), NIID Japan, Hong Kong University, and NIH Thailand researchers developed 

forward/reverse primers and probes for real-time RT-PCR-based molecular diagnostics (Figure 1c). 

They also published comprehensive protocols for the detection of SARS-CoV-2, which can be found 

on the WHO’s website [28]. Thanks to these research and development efforts, the first test kits were 

available for clinical diagnosis of the disease by 4th Feb 2020 [29]. Since then, several molecular 

diagnostic kits have been commercialized for the detection of the SARS-CoV-2 genome. These 

diagnostics are approved for emergency use in the current pandemic situation by major healthcare 

authorities worldwide. 

Real-time RT-PCR assays

Real-time RT-PCR is the major workhorse in the field of molecular diagnostics. It has been 

extensively used for high-throughput screening and early diagnosis of COVID-19, and other infectious 

diseases in the past. RT-PCR can amplify and detect a single copy of the specific genomic sequence 

and therefore, it is extremely sensitive [30]. Furthermore, real-time RT-PCT is a quantitative 

technique as the number of copies of RNA generated in a PCR increases exponentially and is 

proportional to the amount of starting material, i.e. viral load [31]. At the moment, a vast majority of 

the commercially available technologies (tests) for early diagnosis of COVID-19 are based on real-

time RT-PCR assays [32]. Figure 2 shows the principle of a real-time RT-PCR diagnostic. In principle, 

real-time RT-PCR is used to transcribe and amplify the specific SARS-CoV-2 genomic sequence(s). 

For this purpose, viral RNA is first extracted from the biological specimen collected from the nasal or 

nasopharyngeal swabs and is purified. Purified RNA template is converted into a cDNA 
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(complementary DNA) by reverse transcriptase (an RNA-dependent DNA polymerase enzyme). The 

cDNA is subsequently amplified by the PCR (Figure 2). 

Depending upon the gene target, sequence-specific forward and reverse primers and a dual-

labeled fluorogenic probe are designed and utilized in real-time RT-PCR diagnostics, as shown in 

Figure 1c. The oligonucleotide probes used in RT-PCR assays are dual-labeled with a fluorophore 

(fluorescent reporter) and a quencher covalently attached to the 5Ꞌ and 3Ꞌ ends, respectively; and 

are often called TaqMan probes. Holland et al. [33] first demonstrated the application of thermostable 

Thermus aquaticus (Taq DNA polymerase) enzyme’s 5Ꞌ–3Ꞌ exonuclease activity to cleave the 

fluorogenic probe during PCR and detect the amplified target-specific products. While the TaqMan 

probe is hybridized to the target sequence, the fluorescence emissions are quenched. However, 

when the probe is degraded by the DNA polymerase during the PCR, the release of fluorophore 

results in a fluorescence signal based on the fluorescence resonance energy transfer (FRET) 

principle [34,35]. 

During amplification, the fluorescence signals are detected in real-time and the fluorescence 

emission data is plotted against the replication cycles (Figure 2). A fluorescent signal threshold is 

decided by the standard deviation of the average baseline fluorescence of cycles 3–15 [31], whereas 

the cycle threshold (Ct) is determined by the number of PCR cycles needed to report a detectable 

fluorescence, i.e. greater than the fluorescent signal threshold. Therefore, a lower Ct value implies 

the presence of a greater viral RNA load [12]. In general, for diagnosis of COVID-19 infection, Ct < 40 

is considered clinically positive. China CDC recommends a Ct value of 37, i.e. a suspect is judged 

clinically positive if Ct is <37 [36]. A Ct value of >40 is considered clinically negative, while it is 

recommended to repeat the test if Ct is 37–40 [36].

Commercially available real-time RT-PCR diagnostics for COVID-19 are either one-step or two-

step assays. One-step RT-PCR kit utilizes a single tube and buffer for RT and PCR steps, while in a 

two-step RT-PCR assay RT and PCR are performed separately in different tubes with independently 

optimized buffers. One-step RT-PCR assays are high-speed, reproducible, and suitable for high-
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throughput diagnosis of COVID-19 because they require limited sample management and reduce the 

risk of cross-contamination and human errors [37]. Two-step RT-PCR assays, on the other hand, are 

generally more flexible and tunable and offer superior sensitivity and low detection limit [38].

To improve the diagnostic efficiency, duplex or multiplex real-time RT-PCR test kits are 

developed, which enable the simultaneous detection of two or more specific sequences, thereby 

improving the diagnostic sensitivity and reliability. For instance, FDA-approved Abbott’s RealTime 

SARS-CoV-2 assay is a dual target RT-PCR assay for the quantitative recognition of RdRp and N 

genes. It uses an unrelated RNA sequence as an internal control (IC) to validate the PCR, and 

detects the RdRp, N, and IC target sequences via specific fluorescent-labeled probes. Different 

fluorophores are used for SARS-CoV-2-specific and IC-specific probes to allow simultaneous 

detection of these targets. Abbott’s RealTime SARS-CoV-2 assay uses the viral RNA extracted from 

the nasal or nasopharyngeal swab samples. Rutgers Clinical Genomics Laboratory developed an RT-

PCR assay that utilizes self-collected saliva samples for COVID-19 diagnosis. The assay is 

commercialized as TaqPath™ COVID-19 Combo Kit by Life Technologies (a part of Thermo Fisher 

Scientific, Inc.), and simultaneously detects ORF1ab, N, and S genes. The test not only offers 

painless and quick sample collection, high volume testing, and lower exposure risk to healthcare 

personnel, but higher clinical sensitivity and clinical specificity [39].

Performance of commercial and pre-commercial molecular diagnostics

An overview of the clinical performance in terms of time-to-result, clinical sensitivity (PPA), clinical 

specificity (NPA), and limit of detection (LoD) of various commercial and pre-commercial molecular 

diagnostics is presented in Table 1. Thus far, 336 commercially available or pre-commercial (under 

development) molecular assays for COVID-19 diagnosis are submitted to the Foundation for 

Innovative New Diagnostics (FIND), which is WHO’s collaborating center for laboratory strengthening 

and diagnostic technology evaluation [40]. However, a majority of these tests are not evaluated yet 

and/or are not approved by the WHO for emergency use. This review presents only selected 
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commercial or pre-commercial diagnostics (Table 1), which are already approved by major healthcare 

authorities around the world and have been independently evaluated [41–48].

The most important criterion for a commercial molecular diagnostic is its clinical sensitivity (PPA) 

and LoD to accurately diagnose COVID-19 at an early stage of infection and to avoid false-negative 

results. Understandably, during a pandemic of this scale, the standards for authorization of these 

diagnostics are relaxed to afford the availability of test kits and large-scale screening of the samples. 

Also, due to the lack of time to pre-screen and test a significant number of samples, it is difficult to 

accumulate reliable performance data. Thus, 100% clinical sensitivity was reported by several 

manufacturers, while others directly submitted kits for evaluation without an appropriate number of 

clinical tests. The tested PPA values for these diagnostics are satisfactory in most cases due to the 

inherent sensitivity of the real-time RT-PCR method. However, PPA values drop well below 95% in 

some cases, which may be attributed to the deficiencies in the test kits or sampling and handling 

errors [49,50].

Lieberman et al. [41] compared four commercial COVID-19 test kits: Cepheid’s Xpert® Xpress 

SARS-CoV-2, Hologic’s Panther Fusion® SARS-CoV-2 Assay, DiaSorin’s Simplexa™ COVID-19 

Direct RT-PCR Kit, and Roche’s cobas® SARS-CoV-2 Test. They demonstrated that all tests were 

equally specific, but Cepheid’s Xpert Xpress had higher sensitivity and lower LoD. However, the 

outcomes were limited by the small sample size (20–26 specimens), they concluded that due to low 

Ct ranges, the minor sensitivity differences might not have a significant impact on the diagnostic 

performance during clinical practice [41]. The clinical specificity of these RT-PCR tests was 100%, 

which meant the design of primers was specific to the genomic sequences of SARS-CoV-2. Moore et 

al. [51] compared the diagnostic performance of Abbott’s RealTime SARS-CoV-2 and ID NOW™ 

COVID-19 diagnostics. The later utilizes isothermal amplification and has a fast turnaround time of 

<13 min [11]. RealTime SARS-CoV-2 assay takes a longer time, but it is more sensitive and reliable 

compared to ID NowTM COVID-19 [51].
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A comparison of seven commercially available RT-PCR diagnostic kits from different 

manufacturers revealed ≥96% efficiency for the detection of low concentrations of SARS-CoV-2 RNA 

in clinical samples [52]. Compared to the in-house E gene PCR test (Ct ≤ 34.5), the positive samples 

were successfully identified by these kits with slight variations in Ct values and overall performance 

(Figure 3). No crossreactivity to other CoVs was observed and all kits demonstrated 100% specificity 

[52]. Wang et al. [53] determined the LoD of six RT-PCR kits approved by China NMPA for COVID-19 

diagnosis. They observed 100% sensitivity at LoD: 484 copies/mL for BGI Genomics (ORF1ab), 

Liferiver Biotech (ORF1ab, N & E), DAAN (ORF1ab & N), SanSure (ORF1ab & N), and 968 

copies/mL for BioGerm (ORF1ab & N). GeneoDx (ORF1ab & N) demonstrated poor sensitivity and 

high LoD value (7744 copies/mL), which was attributed to the technical deficiencies in the product’s 

design that might include reagent instability and inappropriate ratios, irrational oligonucleotide design 

for primer or probe, and impurities [53].

Other molecular diagnostic technologies based on LAMP and CRISPR mechanisms are evolving 

at a rapid pace [54–57]. However, many of these diagnostics have not been approved by the 

healthcare authorities worldwide or have not been independently assessed yet. Atila BioSystems’ 

iAMP COVID-19 Detection Kit uses isothermal amplification (LAMP) is approved for emergency use 

by FDA and reports 100% sensitivity, low LoD (~4 copies/µL), and 1-hour sample-to-result time [58]. 

Also, the SherlockTM CRISPR SARS-CoV-2 kit is the first and only CRISPR-based diagnostic 

approved for emergency use by the FDA. It performs quantitative SARS-CoV-2 detection within 1 

hour with 100% specificity and low LoD (6.75 copies/µL) [59]. Further development and independent 

assessment of these technologies would provide alternative molecular diagnostic solutions that are 

faster and suitable for high-throughput screening of suspected individuals.

Limitations and Challenges

Molecular diagnostics can be developed rapidly and provide extremely sensitive, specific, and often 

quantitative detection of the SARS-CoV-2 RNA. However, they are complex, expensive, and slow to 

deliver. A single RT-PCR test kit may cost over 100 USD, while setting up a diagnostic/processing lab 
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requires more than 15,000 USD, whereas the analysis time is 4–6 hours, and sample-to-result 

turnaround time is more than 24 hours [10,60]. Furthermore, the molecular diagnostics are not 

deliverable to end-users and are intended only for qualified clinical laboratory personnel and medium- 

or high-complexity laboratories. Yet, some studies suggest a high false-negative rate of RT-PCR 

diagnostics for COVID-19 [61–63]. Erroneous RT-PCR results may be caused by inappropriate 

sample collection, storage, transfer, purification, and processing. The quality of the RNA extracted 

from the swabs also affects the results. Other factors such as degradation of purified RNA, the 

presence of RT-PCR inhibitors, or genomic mutations may cause false-negative results. On the other 

hand, cross-contamination of samples during collection, pipetting, and processing or technical errors 

may cause false-positive results. Notwithstanding the probability of these untoward instances, these 

diagnostics are currently the most accurate and the most sensitive available solutions for the earliest 

and large-scale detection of SARS-CoV-2.

On the research and development front, molecular assays are still being developed to optimize 

their clinical sensitivity, LoD, and ease-of-use [64]. The molecular assays may fail to diagnose 

COVID-19 if they have low sensitivity (and high LoD), while the number of steps involved in handling 

and processing of biological samples increases the turnaround time and risk of technical errors and 

cross-contamination. The overall clinical performance of molecular diagnostics is determined by 

several factors. These factors present continuous research and development challenges for reliable 

SARS-CoV-2 detection, and are listed below:

COVID-19 viral load in different specimens

For commercial diagnostics, the samples are usually collected from upper and lower respiratory 

specimens such as nasal, nasopharyngeal, oropharyngeal swabs, sputum, lower respiratory tract 

aspirates, bronchoalveolar lavage fluid, and nasopharyngeal wash/aspirate or nasal aspirate. 

However, the biodistribution of virus particles may vary in different specimens [65]. Wang et al. [66] 

collected 1070 specimens from 205 COVID-19 patients to investigate the biodistribution of SARS-

CoV-2 and concluded that the highest positive rates of 93% (14/15) > 69% (72/104) > 62% (5/8) > 
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32% (126/398) were observed for bronchoalveolar lavage fluid, sputum, nasal swabs, and pharyngeal 

swabs, respectively. The average Ct was lowest for nasal swabs (Ct = 24.3; 1.4 × 106 copies/mL) that 

indicated the highest viral loads. In a similar study, the samples collected from 52 suspected COVID-

19 patients exhibited a higher positive rate for sputum (77%; 40/52) compared to throat swabs (44%; 

23/52) [67]. To et al. [68,69] suggest the highest positive rates of 92% (11/12) for saliva specimens 

from deep throat. It is suggested that deep throat saliva sampling may offer early detection of SARS-

CoV-2 [70]. However, these studies are not conclusive because the number of samples is not uniform 

or is very small in certain cases. Furthermore, false-negatives may occur due to inappropriate sample 

collection time reference to the onset of symptoms or technical deficiencies in sampling methods [12]. 

Therefore, an RT-PCR result must be validated by the detailed knowledge of the symptoms and 

epidemiological history, and clinical examination. Moreover, there is a need to perform systematic 

research and careful analysis with a larger and more diverse sample size to find conclusive evidence 

of the biodistribution of SARS-CoV-2 in the body.

Diagnostic timing

The knowledge of the detectable SARS-CoV-2 load in the respiratory tract during different stages 

of infection is still evolving [71]. The viral load kinetics also varies from person to person and depends 

on several factors including the patients’ epidemiological history, immune response, and treatment or 

medication effects [72]. Therefore, the timing of the diagnosis is one of the most important limiting 

factors for molecular diagnostics. Inappropriate diagnostic timing may lead to false-negative results, 

especially at an early stage of infection [73,74]. A recent study shows that the highest pharyngeal 

shedding of SARS-CoV-2 is in the first few days of symptoms and peaks on day 4 with 7.11 × 108 

gene equivalents per throat swab, while sputum viral shedding lasted till the sixth week, i.e. end of 

symptoms [75]. Sethuraman et al. [12] established the diagnostic timeline for RT-PCR tests. It is 

possible to detect SARS-CoV-2 RNA in nasopharyngeal swab specimens one week before the onset 

of symptoms as well as in the prodromal phase when the initial symptoms such as malaise, fatigue, 

fever, and dry cough appear [76,77]. Therefore, according to the suggested diagnostic timeline [12], 

nasal or nasopharyngeal swabs specimens stand for early diagnosis of oligosymptomatic or 
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presymptomatic individuals with an epidemiological history, whereas sputum samples should be 

analyzed to configure complete recovery and avoid false-negative results.

Sensitivity of the oligonucleotide primers and probes

As discussed in the previous section, the clinical sensitivity (PPA) and LoD of an RT-PCR 

diagnostic play a major role in the early diagnosis of COVID-19. High PPA and very low LoD of the 

test are desirable to prevent false-negative results. Although multiple factors influence the outcomes 

of a test, technical deficiencies in the product’s design such as unstable reagents, inappropriate 

amounts, irrational oligonucleotide design, and impurities should be avoided [53]. Besides, certain 

primers and probe designs are inherently more sensitive compared to others [78–80]. For instance, 

the primer-probe sets for CDC’s N1 and N2 genes have different PPA and LoD with N2 variants 

showing much lower LoD (356 copies/mL) compared to N1 assay (779 copies/mL). Nalla et al. [81] 

compared the sensitivity of different RT-PCR primer-probe sets (RdRp/E genes by Charité Germany 

[82], and N1/N2 genes by CDC, as shown in Figure 1c). They discovered E-gene by Charité 

Germany and N2-gene by CDC were the most sensitive assays [81]. The comparison studies reveal 

high specificity and no cross-sensitivity for different assays as well as comparable sensitivities except 

RdRp assay by Charité Germany that was least sensitive likely because of a deficiency in the reverse 

primer [12].

Genomic diversity and mutations

Owing to its rapid pandemic-scale spread of SARS-CoV-2, it shows very high genomic diversity in 

gene position and nucleotide sequences [83,84]. The outcomes of the genomic sequencing of SARS-

CoV-2 are regularly shared on the GISAID database [27]. Pachetti et al. [85] performed an analysis of 

220 SARS-CoV-2 genomic sequences placed on GISAID and found eight novel recurrent genomic 

mutations, which suggested that SARS-CoV-2 was evolving and different strains of SARS-CoV-2 

might coexist. The evolution of SARS-CoV-2 and genetic diversity present a colossal new challenge 

to molecular diagnostic manufacturers. Osório and Correia-Neves [86] analyzed 1825 high-coverage 

genomic sequences from the GASAID database. Their analysis revealed that ~79% (26/33) primer 
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binding sequences in at least one gene used in RT-PCR were mutated compared to Wuhan-Hu-1 

(NC_045512) [86]. Therefore, they concluded that 14% of SARS-CoV-2 variants were not detectable 

with at least one of the commercialized primers. Consequently, the manufacturers need to regularly 

optimize the oligonucleotides through frequent analysis of the updated genomic sequences on 

GASAID to enhance their accuracy and reliability.

Concluding Remarks and Future Perspective

The modern molecular diagnostics are not intended for point-of-care diagnosis of COVID-19 but 

provide a core diagnostic solution to conduct large numbers of tests in a reasonable timeframe [87]. 

Li et al. [88] estimated that 80% of the COVID-19 positive cases were initially transmitted by the 

undetected infections during the early stages of this pandemic. Therefore, accurate diagnosis of the 

disease is crucial to curb its spread. In the current pandemic situation, the SARS-CoV-2 tests were 

rapidly developed and approved for emergency use. Rationally, due to the lack of research and 

development time, the commercialized diagnostics were not validated or optimized with sufficient 

numbers of clinical samples, which might have led to inaccurate results [53]. Furthermore, false-

negative results may have been caused by inadequate diagnostic timing, low sensitivity, or low viral 

load. Therefore, it is plausible that infected individuals may have been missed by the real-time RT-

PCR tests [89–91]. In a recent study, Liu et al. [92] indicated that RT‐PCR results were potentially 

erratic, and clinical diagnosis of symptomatic individuals or those with epidemiological history should 

not rely on RT-PCR only. Ideally, RT-PCR must be combined with clinical examination and computed 

tomography (CT) to medically judge the suspected individuals [93,94]. Considering these deficiencies 

and limitations, continuous optimization of RT-PCR diagnostics is critical to meet the diagnostic 

standards. In this view, digital RT-PCR technology may enhance the accuracy, sensitivity, and lower 

detection limits thereby enabling accurate and early diagnosis of COVID-19 [95].

Apart from the aforementioned research and development challenges, the diagnostic efficiency of 

modern RT-PCR tests is also influenced by the lack of organized knowledge and the novelty of the 

disease. Thus far, a majority of the research reported in recent literature is rendered with severe 
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limitations. For example, the sample size is not enough to establish convincing conclusions and 

certain patients have been treated with different medications after different intervals of the onset of 

symptoms for which the effects on SARS-CoV-2 population, replication, immunity, and efficacy are 

still unknown [41,72,75]. Therefore, on the research front, more structured and systematic pilot 

studies need to be performed to generate concrete knowledge about the perseverance of SARS-

CoV-2 in specific anatomic sites at different times before and after the onset of symptoms. 

Furthermore, there is a portentous need to monitor, analyze, and regularly update the data about 

genetic mutations and evolution of SARS-CoV-2 in different communities worldwide. The knowledge 

progress in these areas will help optimize the molecular diagnostics and relevant protocols. 

Also, It is important to keenly follow the emerging knowledge and tangible pieces of evidence in 

the field to improve current diagnostics as well as to develop more sophisticated tools for rapid and 

point-of-care detection of SARS-CoV-2. For instance, small-footprint rapid test equipment for cost-

effective point-of-care diagnosis of COVID-19 are being developed such as Abbott’s famous ID 

NOWTM Instrument and ID NOWTM COVID-19 Test Kit and Lumex Instruments’ Microchip RT-PCR 

COVID-19 Detection System. ID NowTM utilizes isothermal amplification technology and performs 

rapid tests with 5 min turnaround time for positive and 13 min for negative results. Lumex Microchip 

utilizes RT-PCR with minimal reagent consumption and diminishes contamination risk and occasional 

human errors. However, these systems have low sensitivity compared to conventional real-time RT-

PCR and exhibit high LoD, i.e. 2 × 104 copies/mL for ID NOWTM test [45] and 9 × 103 copies/mL for 

Lumex Microchip [96]. Nonetheless, these innovations may help point-of-care diagnosis in remote 

locations, especially in third-world countries where setting up numerous medium or high-complexity 

laboratories is not possible. Soon, the development of new techniques may improve the quality of 

compact and deliverable diagnostic solutions. 

Presently, molecular diagnostics combined with a comprehensive clinical examination of 

suspected asymptomatic or oligosymptomatic individuals may reduce the number of false-negative 

results. However, an independent and careful assessment of the commercial diagnostic tests should 

be conducted to identify diagnostic errors and determine the efficiency of approved tests [97]. These 
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approaches would lead to better understand and diagnose COVID-19 and improve the future 

epidemic readiness for emerging infectious diseases.
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Figure Captions

Figure 1. (a) The structure of SARS-CoV-2. (b) A schematic showing the interaction of SARS-CoV-2 

with host cells and cellular entry mechanism. The virus first binds to angiotensin-converting enzyme 2 

(ACE2) receptors on the host cell membrane through a receptor-binding domain (RBD) on the spike 

protein. Subsequently, it is endocytosed into the host cell. (c) The genomic constitution of SARS-

CoV-2 RNA. The viral genome consists of two large genes: ORF1a, and ORF1b, which encode non-

structural proteins (NSP) including RdRp, whereas the smaller structural genomic region hosts S, E, 

M, and N genes, which encode the structural proteins. CDC: Centers for Disease Control and 

Prevention; E gene: gene encoding envelop protein of SARS-CoV-2; HKU: Hong Kong University; M 

gene: gene encoding membrane protein of SARS-CoV-2; N gene: gene encoding nucleocapsid 

protein of SARS-CoV-2; NIH: National Institute of Health (Thailand); NIID: National Institute of 

Infectious Diseases (Japan); ORF1a/b: open reading frame 1a and b of SARS-CoV-2; RdRp: RNA-

dependent RNA polymerase of SARS-CoV-2; SARS-CoV-2: severe acute respiratory syndrome 

coronavirus 2; S gene: gene encoding spike protein of SARS-CoV-2.

Figure 2. A molecular representation of the real-time RT-PCR principle. The template (viral RNA) is 

converted to cDNA (complementary DNA) by reverse transcriptase (RNA dependent DNA 

polymerase enzyme). Subsequently, cDNA is amplified in a polymerase chain reaction (PCR) in three 

steps: (1) denaturation of cDNA at 95°C, (2) annealing of the primers and probe to the respective 

denatured cDNA strands at 60°C, and (3) extension or synthesis of RNA copies by DNA polymerase 

at 72°C. The amplified products follow the same cycle to generate a large number of RNA copies. 

TaqMan probe is used to quantify RNA copies by producing fluorescence signal during amplification 

cycles.

Figure 3. The evaluation of commercially available RT-PCR kits shows variations in the rate of 

detection and Ct values. (a) Experimental Ct values obtained for commercial RT-PCR assays (n = 

13). The data points on top of the horizontal line (red, dotted) are negative, indicated with Ct = 42.5 

for plotting purposes. The rate of detection of the RT-PCR kit is mentioned below the data points. (b) 
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The data points for the clinical samples (n = 10) with the highest viral load that were positively 

identified by all RT-PCR assays. The horizontal lines (blue) indicate the mean Ct value, triangles 

show the Ct values of the samples with the highest (sample 1) and lowest (sample 10) viral load 

according to the in-house E gene PCR. E: envelop protein of SARS-CoV-2; RdRp: RNA-dependent 

RNA polymerase of SARS-CoV-2; N: nucleocapsid protein of SARS-CoV-2; ORF1ab: open reading 

frame 1a and b of SARS-CoV-2; RT-PCR: reverse transcriptase-polymerase chain reaction; S: spike 

protein of SARS-CoV-2; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 (reprinted 

with permission from [52]; copyright Elsevier, 2020).
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Table 1. Figures of merit of the modern commercially available (approved) and pre-commercial (research use only) molecular diagnostics for SARS-CoV-2 detection.

Reported by manufacturers Tested independentlyManufacturer Test Target 
gene

Time 
to 
result 
(hours)

Clinical 
sensitivity
(PPA)

Clinical 
specificity
(NPA)

Clinical 
sensitivity
(PPA)

Clinical 
specificity
(NPA)

Sample 
size

LoD CLIA 
Complexity

Regulatory 
status

Website

Abbott 
Diagnostics, 
Inc.

Abbott RealTime 
SARS-CoV-2

RdRp, 
N

~ 4 100% (95% CI: 
94.0%–100%)

100% (95% CI: 
88.8%–100%)

100% (95% CI: 
94.0%–100%)

100% (95% CI: 
88.8%–100%)

– 100 
copies/ 
mL

H WHO EUL; 
US FDA 
EUA; CE-
IVD

https://www.mole
cular.abbott/

Advanced 
Biological 
Laboratories 
SA

UltraGene 
Combo2Screen 
SARS-CoV-2 
Assay

E, N ≤ 2 100% (95% CI: 
84.6%–100%)

100% (95% CI: 
84.6%–100%)

80% (95% CI: 
49.0%–94.3%)

100% (95% CI: 
34.2%–100%)

12 1×10–6 
TCID50/ 
mL

H, M CE-IVD https://www.abls
a.com/

Altona 
Diagnostics 
GmbH

RealStar® 
SARS-CoV-2 
RT-PCR Kits

E, S ~ 1 – – 92% (95% CI: 
81.0%–97.0%)

100% (95% CI: 
96.0%–100%)

– 10 
copies/ 
PCR

H US FDA 
EUA; CE-
IVD

https://altona-
diagnostics.com/

Anatolia 
Geneworks

Bosphore Novel 
Coronavirus 
(2019-nCoV) 
Detection Kit

ORF1
ab, E

~ 1.5 – 100% 80% (95% CI: 
49.0%–94.3%)

100% (95% CI: 
43.8%–100%)

13 < 13 
copies/ 
µL

H CE-IVD http://www.anato
liageneworks.co
m/

Atila 
BioSystems, 
Inc.

iAMP COVID-19 
Detection Kit 
(isothermal 
amplification)

ORF1
ab, N

~ 1 100% 100% 100% (95% CI: 
93.0%–100%)

99% (95% CI: 
95.0%–100%)

– 4 
copies/ 
µL

H US FDA 
EUA

https://atilabiosy
stems.com/

Becton, 
Dickinson & 
Company (BD)

BioGX SARS-
CoV-2 Reagents 
(for BD MAX™ 
System)

N1 & 
N2

~ 3 100% 100% 100% (95% CI: 
64.6%–100%)

100% (95% CI: 
43.8%–100%)

10 40 
copies/ 
mL

H, M US FDA 
EUA; 
Health 
Canada; 
Singapore 
HSA

https://www.bd.c
om/

BGI Genomics 
Co. Ltd.

Real-Time 
Fluorescent RT-
PCR Kit for 
Detecting SARS-
CoV-2

ORF1
ab

~ 4 88.1% (95% 
CI: 81.2%–
92.7%)

99.6% (95% 
CI: 97.8%–
99.9%)

100% (95% CI: 
95.0%–100%)

99% (95% CI: 
93.0%–100%)

– 150 
copies/ 
mL

H US FDA 
EUA; CE-
IVD; 
NMPA 
EUA 
(China); 
Singapore 
HSA

https://www.bgi.c
om/

99.5% (95% 
CI: 97.5%–
99.9%)

95.8% (95% 
CI: 92.6%–
97.6%)

481 0.01 
PFU/ 
mL

98.3% (95% 
CI: 90.9%–
99.7%)

100% (95% CI: 
92.9%–100%)

108 100 
copies/ 
mL

Cepheid Xpert® Xpress 
SARS-CoV-2

E, N ≤ 1 100% (95% CI: 
88.7%–100%)

100% (95% CI: 
90.1%–100%)

100% (95% CI: 
77.2%–100%)

100% (95% CI: 
77.2%–100%)

26 –

H, M US FDA 
EUA; 
Health 
Canada

https://www.ceph
eid.com/

https://www.molecular.abbott/
https://www.molecular.abbott/
https://www.ablsa.com/
https://www.ablsa.com/
https://altona-diagnostics.com/
https://altona-diagnostics.com/
http://www.anatoliageneworks.com/
http://www.anatoliageneworks.com/
http://www.anatoliageneworks.com/
https://atilabiosystems.com/
https://atilabiosystems.com/
https://www.bd.com/
https://www.bd.com/
https://www.bgi.com/
https://www.bgi.com/
https://www.cepheid.com/
https://www.cepheid.com/
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Eurobio 
Scientific

EurobioPlex 
SARS-CoV-2 
Multiplex

RdRp, 
N

2–4 – – 100% (95% CI: 
64.6%–100%)

100% (95% CI: 
20.6%–100%)

8 – H CE-IVD https://www.euro
bio-
scientific.com/

EUROIMMUN 
AG (A 
PerkinElmer 
Company)

EURORealTime 
SARS-CoV-2

ORF1
ab, N

~ 1.5 98.2% 100% 100% (95% CI: 
93.0%–100%)

98% (95% CI: 
93.0%–99.0%)

– 1 copy/ 
µL

H CE-IVD https://www.euro
immun.com/

GenMark 
Diagnostics, 
Inc.

ePlex® SARS-
CoV-2 Test

N ~ 1.5 – – 91.4% (95% 
CI: 81.4%–
96.3%)

100% (95% CI: 
92.9%–100%)

108 1000 
copies/ 
mL[45]

H, M US FDA 
EUA

https://www.gen
markdx.com/

Hologic, Inc. Panther Fusion® 
SARS-CoV-2 
Assay

ORF1
ab

2–4 100% (95% CI: 
94.7%–100%)

100% (95% CI: 
96.6%–100%)

100% (95% CI: 
72.2%–100%)

90% (95% CI: 
59.6%–98.2%)

20 1×10–2 
TCID50/ 
mL

H US FDA 
EUA

https://www.holo
gic.com/

Life 
Technologies 
(part of 
Thermo Fisher 
Scientific, Inc.)

TaqPath™ 
COVID-19 
Combo Kit

ORF1
ab, N, 
S

≤ 2 100% 100% 87.5% (95% 
CI: 52.9%–
97.8%)

100% (95% CI: 
20.6%–100%)

9 10 
copies/ 
PCR

H US FDA 
EUA; CE-
IVD

https://www.ther
mofisher.com/

OPTI Medical 
Systems, Inc.

OPTI® SARS-
CoV-2 RT PCR 
Test

N1, N2 2–3.5 – – 100% (95% CI: 
67.6%–100%)

100% (95% CI: 
20.6%–100%)

9 – H US FDA 
EUA

https://www.opti
medical.com/

Primerdesign 
Ltd. (part of 
Novacyt 
Group)

COVID-19 
genesig® Real-
Time PCR assay

RdRp 2–4 – 98.2% 100% (95% CI: 
51.0%–100%)

100% (95% CI: 
93.2%–100%)

57 0.33 
copies/ 
µL

H WHO EUL; 
US FDA 
EUA; CE-
IVD

https://www.gen
esig.com/

Quidel 
Corporation

Lyra® SARS-
CoV-2 Assay

Pp1ab < 2 97% (95% CI: 
83.3%–99.4%)

100% (95% CI: 
88.6%–100%)

75% (95% CI: 
40.9%–92.8%)

0% (95% CI: 
0%–79.4%)

9 800 
copies/ 
mL

H US FDA 
EUA

https://www.quid
el.com/

100% (95% CI: 
83.9%–100%)

95% (95% CI: 
76.4%–99.1%)

26Roche 
Molecular 
Systems, Inc.

cobas® SARS-
CoV-2 Test (for 
cobas® 
6800/8800 
system

ORF1
ab, E

~ 4 – –

100% (95% CI: 
79.6%–100%)

100% (95% CI: 
56.6%–100%)

20

– H, M WHO EUL; 
US FDA 
EUA

https://diagnostic
s.roche.com/

Sansure 
Biotech, Inc.

Novel 
Coronavirus 
(2019-nCoV) 
Nucleic Acid 
Diagnostic Kit 
(PCR-
Fluorescence 
Probing)

ORF1
ab, N

~ 1.5 94.3% (95% 
CI: 84.3%–
98.8%)

99 % (95% CI: 
96.3%–99.9 
%)

93.8% (95% 
CI: 71.7%–
98.9%)

80% (95% CI: 
37.6%–96.4%)

21 200 
copies/ 
mL

H US FDA 
EUA; CE-
IVD; 
NMPA 
(China)

http://www.sansu
re.com.cn/

SD Biosensor 
Inc.

STANDARD M 
nCoV Real-Time 
Detection kit

ORF1
ab, E

1.5 100% (95% CI: 
88.6%–100%)

100% (95% CI: 
88.6%–100%)

100% (95% CI: 
93.0%–100%)

99% (95% CI: 
95.0%–100%)

– 0.5 
copies/ 
µL

H US FDA 
EUA; CE-
IVD; 
MFDS 
EUA 
(Korea)

http://sdbiosenso
r.com/

https://www.eurobio-scientific.com/
https://www.eurobio-scientific.com/
https://www.eurobio-scientific.com/
https://www.euroimmun.com/
https://www.euroimmun.com/
https://www.genmarkdx.com/
https://www.genmarkdx.com/
https://www.hologic.com/
https://www.hologic.com/
https://www.thermofisher.com/
https://www.thermofisher.com/
https://www.optimedical.com/
https://www.optimedical.com/
https://www.genesig.com/
https://www.genesig.com/
https://www.quidel.com/
https://www.quidel.com/
https://diagnostics.roche.com/
https://diagnostics.roche.com/
http://www.sansure.com.cn/
http://www.sansure.com.cn/
http://sdbiosensor.com/
http://sdbiosensor.com/
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Seegene, Inc. AllplexTM 2019-
nCoV Assay

RdRp, 
N

< 2 – – 100% (95% CI: 
93%–100%)

100% (95% CI: 
96%–100%)

– – H US FDA 
EUA; CE-
IVD; 
Health 
Canada; 
MFDS 
EUA 
(Korea); 
Singapore 
HSA

http://www.seeg
ene.com/

Shanghai 
Fosun Long 
March Medical 
Science Co., 
Ltd.

2019-Novel 
Coronavirus 
(2019-nCoV) 
RT-PCR 
Detection Kit

ORF1
ab, E, 
N

2–4 – – 100% (95% CI: 
67.6%–100%)

100% (95% CI: 
20.6%–100%)

9 300 
copies/ 
mL

H RUO http://www.lm-
diagnostics.com.
cn/

TIB Molbiol 
Berlin 
GmbH/Roche 
Diagnostics

LightMix® 
Modular SARS-
CoV (COVID19)

E ~ 1.5 – – 95.2% (95% 
CI: 85.8–
98.8%)

99.3% (95% 
CI: 95.8–
100%)

215 – H, M RUO https://www.tib-
molbiol.de/

YouSeq Ltd. YouSeq 
Multiplex 
Covid19 qPCR 
Kit

RdRp, 
E, N

2–4 100% (44/44) 100% (44/44) 81.2% (95% 
CI: 57.0%–
93.4%)

100% (95% CI: 
56.6%–100%)

21 0.7 
copies/ 
µL

H RUO https://youseq.co
m/

Table note: CE-IVD: conformité européenne marked in vitro diagnostic; CLIA: Clinical Laboratory Improvement Amendments of 1988, 42 U.S.C. §263a (USA), while H and M stand for high or medium 

complexity lab, respectively; CI: confidence interval; CoV: coronavirus; COVID-19: coronavirus disease 2019; E gene: gene encoding envelop protein of SARS-CoV-2; EUA: emergency use authorization; 

EUL: emergency use listing; FDA: Food and Drug Authority (USA); HSA: Health Sciences Authority (Singapore); MFDS: Ministry of Food and Drug Safety (Korea); N gene: gene encoding nucleocapsid 

protein of SARS-CoV-2; NMPA: National Medical Products Administration (China); NPA: negative percent agreement; ORF: open reading frame; ORF1ab: open reading frame 1a and b of SARS-CoV-2; 

PPA: positive percent agreement; Pp1ab: polyprotein 1a and b of SARS-CoV-2; q-PCR: quantitative polymerase chain reaction; RdRp: RNA-dependent RNA polymerase of SARS-CoV-2; RT-PCR: 

reverse transcriptase-polymerase chain reaction; RUO: research use only; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; S gene: gene encoding spike protein of SARS-CoV-2; US: 

United States; WHO: World Health Organization.

http://www.seegene.com/
http://www.seegene.com/
http://www.lm-diagnostics.com.cn/
http://www.lm-diagnostics.com.cn/
http://www.lm-diagnostics.com.cn/
https://www.tib-molbiol.de/
https://www.tib-molbiol.de/
https://youseq.com/
https://youseq.com/
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