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Abstract
The unprecedented global pandemic known as SARS-CoV-2 has exercised to its limits nearly all aspects of modern viral
diagnostics. In doing so, it has illuminated both the advantages and limitations of current technologies. Tremendous effort has
been put forth to expand our capacity to diagnose this deadly virus. In this work, we put forth key observations in the functionality
of current methods for SARS-CoV-2 diagnostic testing. These methods include nucleic acid amplification–, CRISPR-, sequenc-
ing-, antigen-, and antibody-based detection methods. Additionally, we include analysis of equally critical aspects of COVID-19
diagnostics, including sample collection and preparation, testing models, and commercial response. We emphasize the integrated
nature of assays, wherein issues in sample collection and preparation could impact the overall performance in a clinical setting.
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RADx-rad Rapid Acceleration of Diagnostics-Radical
RBD Receptor-binding domain
RT-LAMP Reverse transcription loop-mediated

isothermal amplification
RT-PCR Reverse transcription polymerase

chain reaction
SARS-CoV Severe acute respiratory syndrome

coronavirus (virus identified in 2003)
SARS-CoV-2 Severe acute respiratory syndrome

coronavirus 2
SELEX Systematic evolution of ligands by
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SHERLOCK Specific high-sensitivity enzymatic

reporter unlocking
SHINE SHERLOCK and HUDSON Integration
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Introduction

In December 2019, health officials inWuhan, PRC, reported a
disease outbreak involving a cluster of cases of “pneumonia of
unknown cause.” Since then, the 2019 coronavirus disease
(COVID-19 or SARS-CoV-2) outbreak has been character-
ized as a pandemic, spread to 188 countries worldwide, caus-
ing 9,30,000 fatalities and more than 29 million confirmed
cases (as of September 15, 2020). The pandemic has proven
to be a significant challenge to our ability to reduce the global
spread of the SARS-CoV-2. Given the global scale of infec-
tions due to the novel virus and the lack of approved thera-
peutics and vaccines, the COVID-19 pandemic has drawn
comparisons to the deadly 1918 Spanish Flu pandemic. A
key difference is current advances in molecular diagnostic
technology that has enabled us to rapidly characterize the nov-
el virus, identify infectious (including asymptomatic) patients,
and potentially isolate them to control the disease spread.
However, initial delays in assay design and supply-chain bot-
tlenecks prevented the deployment of accurate diagnostic tests
at scale globally. This was found to be a critical gap in arrest-
ing the spread of this devastating disease worldwide.
Nevertheless, recent developments have led to broader de-
ployment of diagnostic tests, albeit ones that require at least
a dedicated sample collection setup.

Nucleic acid (NA) amplification tests (e.g., polymerase
chain reaction (PCR)) and immunoassays (e.g., enzyme-
linked immunosorbent assay (ELISA)) are among the most
utilized tools in today’s COVID-19 diagnostic testing land-
scape. This review paper examines current molecular diagnos-
tic tools (Fig. 1), such as amplification-based (including
CRISPR-Cas based), antibody and antigen tests, and sequenc-
ing, utilized for the detection of SARS-CoV-2.We discuss the

capabilities offered by each of these molecular diagnostic
tools and challenges encountered in utilizing them in the cur-
rent pandemic, and provide an assessment of future directions
in research that could help remedy some of the identified
shortcomings. We also report how each of these methods
plays a complementary role suited for different stages of the
pandemic.

Several review papers in the literature describe diagnostic
approaches for COVID-19 detection. This paper underscores
the importance of the integrated nature of these diagnostic
tools, wherein improvements in sample collection and prepa-
ration are needed to complement advances towards sensitive
and accurate diagnostic methods. This knowledge is relevant
to the current scenario wherein differences in analytical sen-
sitivity and clinical sensitivity have hampered the effective-
ness of COVID-19 diagnostics. This situation reflects the
challenges faced to develop and thoroughly assess the assays,
reagents, and sample handling processes required for a reliable
test. Also, this situation generates the need to mobilize a large-
scale production pipeline to meet the enormous demand for
assays for a new, largely unknown pathogen, SARS-CoV-2.

Furthermore, this paper discusses the challenges in
ramping up testing. As an example, we discuss the problem
of false-negatives that has impacted COVID-19 testing and
how improvements in sample collection could help remedy
the situation.We underscore the lack of research into ensuring
repeatability of respiratory sample collection. We also discuss
various clinical samples that are utilized for diagnostics and
how viral loads (amount of viral proteins or viral nucleic acids
in a sample) vary with disease onset in the sample types. We
compare and contrast the utility of each sample type from the
perspective of sensitivity to utilization in self-sampling
formats.

In addition, we also discuss sample preparation aspects that
are relevant to wider utilization and point-of-care (POC) de-
ployment of COVID-19 diagnostic tests (PCR, isothermal
amplification, and sequencing—including library prepara-
tion). Finally, we identify environmental sampling, surveil-
lance opportunities, and advanced detection technologies be-
ing developed for commercial applications.

Diagnostic methods

Nucleic acid amplification–based methods

Nucleic acid (NA) amplification and its subsequent detection
are the most widely used method for the diagnosis of viral
agents. These methods have been extensively reported for
the detection of past outbreaks caused by coronaviruses such
as MERS and SARS-CoV [1]. In particular, reverse transcrip-
tion polymerase chain reaction (RT-PCR) is the current stan-
dard for the detection of active SARS-CoV-2 infections [2].
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RT-PCR broadly involves four steps—lysis of SARS-CoV-2
in the sample, purification of the viral RNA, reverse transcrip-
tion to complementary DNA (cDNA), and amplification of
specific regions of the cDNA, and finally, optical detection
of the amplified cDNA. The development of RT-PCR assays
for a novel virus such as SARS-CoV-2 involves sequencing
the genome and design of primers and probes. A variety of
RT-PCR assays utilizing different primer/probe sets have
been developed. These assays utilize different primer/probe
sets targeting different regions of the SARS-CoV-2 genome.
The selection of the primer/probe set affects the sensitivity of
the assay [3–5]. For instance, a study from the University of
Washington reported E gene [6] and N2 gene primer/probe
sets (US Centers for Disease Control and Prevention) to have
better sensitivity for SARS-CoV-2 detection assay [7]. A re-
cent report by Anantharajah et al. evaluated RT-PCR assays
utilizing WHO-recommended primer/probe sets on clinical
samples. They found substantial differences in the assay sen-
sitivity depending on the choice of primer and probe [8]. The
difference was more pronounced for samples with low viral
load (median cycle threshold, Ct > 30). A recent study by Jung
et al. compared the performance of seven primer-probe sets
for the N gene and three primer-probe sets for the Orf1 gene
for the detection of SARS-CoV-2 RNA. The study evaluated
the specificity and sensitivity of amplification at three differ-
ent reaction temperatures (55, 58, and 60 °C). The primer-

probe sets from the Japan NIID (NIID_2019-nCOV_N) and
China CDC (ORF1ab) were reported to exhibit the best per-
formance without any non-specific amplification or cross-
reactivity for other coronaviruses (hCoV-229E, hCoV-
OC43, and MERS-CoV RNA) [9].

As an alternative to RT-PCR, other amplification-based
formats such as digital PCR (dPCR) and isothermal
amplification–based assays (RT-LAMP) are being utilized
for COVID-19 diagnostics. Digital droplet PCR involves
partitioning the sample into multiple droplets, with each drop-
let serving as a reactor for independent PCR. dPCR utilizes
endpoint amplification for direct quantification of viral load, is
less susceptible to amplification inhibitors in the sample ma-
trix, and, unlike qPCR, does not require calibration curves.
dPCR has been shown to have higher sensitivity and lower
false-negative results when compared with RT-PCR [10, 11].
Thus, dPCR could be helpful in scenarios wherein low viral
load or RNA degradation has resulted in false-negative results
using RT-PCR [12]. In addition, dPCR assays could be used
to identify insufficient samples by quantifying a reference
gene from human RNA as a control [13].

Isothermal amplification–based methods such as loop-
mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA) are well suited for rapid POC
detection. In contrast to RT-PCR, isothermal amplification is
carried out at a constant temperature, does not require thermal

Fig. 1 Overview of COVID-19 diagnostic workflow—samples are col-
lected and stored in a transport medium, lysed, RNA extracted, reverse
transcribed to complementary DNA (cDNA), and then amplified (via
PCR or isothermal amplification). The amplified viral sequence is
detected/quantified using fluorescent dyes or colorimetric readout.
CRISPR-Cas-based detection (SARS-CoV-2 DETECTR) works by the
activation of Cas12 due to the presence of a target RNA sequence. The
activated Cas12 subsequently cleaves reporter labels generating a

fluorescent signal. The sequencing workflow converts the cDNA into a
form compatible with the sequencer (library preparation) and then deter-
mines the cDNA sequence via digital images (sequencing-by-synthesis)
or using electrical signals (Nanopore sequencing). Antigen-based lateral
flow assays detect the SARS-CoV-2 antigen using an immunoassay for-
mat. Viral antigen forms a sandwich bound by capture and detection
antibodies. The presence of the labeled detection antibody indicates the
presence of antigen in the sample (image created with BioRender.com)
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cycling, and can be carried out using minimal instrumentation.
In addition, due to the higher amplification efficiency, the test
is rapid in comparison to RT-PCR. Abbott’s ID NOW POC
platform for COVID-19 is based on isothermal amplification
and has the shortest turnaround time among FDA-authorized
diagnostic products [14].

In comparison to SARS-CoV, the increased transmissibil-
ity of SARS-CoV-2 has been attributed to asymptomatic car-
riers and presymptomatic patients [15]. The viral load of
asymptomatic or presymptomatic cases has been found simi-
lar to that of symptomatic COVID-19 patients, suggesting
comparable transmissibility [16]. There is increasing research
suggesting the need for large-scale population-wide testing to
identify and isolate asymptomatic and presymptomatic
COVID-19 cases [17–20]. Centralized and high-throughput,
automated RT-PCR assay platforms [21] are well suited to test
a large number of samples in a cost-effective and timely man-
ner. Recently, a shortage of commercial reagents for NA ex-
traction and amplification has hindered efforts to scale up the
number of COVID-19 tests. Alternative reagents, buffers, and
protocols have been explored to remedy such shortages [22]
and will need to be utilized to support mass testing strategies.
These include open-source reagents and extraction-free RT-
PCR protocols. It is important to validate such alternative
reagents and protocols in clinical settings on automated assay
platforms before use. For instance, due to the proprietary na-
ture of reagents used in commercial RT-PCR platforms, it is
critical to evaluate the effect of alternative reagents on the
sensitivity and specificity of high-throughput, automated as-
says. The pooling of samples is an alternative method for
scaling COVID-19 tests and could be useful for population-
wide screening of COVID-19 cases. The strategy has been
recently utilized to screen millions of people for active infec-
tions in Wuhan, China. These involve the pooling of multiple
samples into a single RT-PCR. Various approaches (such as
array testing [23]) have been proposed for the pooling of sam-
ples for COVID-19 testing [23–26]. Optimum pool size and
approach depend on factors such as the prevalence of the
COVID-19 in the population, and the sensitivity of the test
utilized [23, 27]. dPCR, which has shown to have higher sen-
sitivity in comparison to RT-PCR, has been proposed as an
alternative for testing pooled samples [28].

Despite its wide use, amplification-based COVID-19 as-
says have faced numerous practical challenges [2]. These in-
clude vulnerabilities in the preanalytical and analytical aspects
of the assay [29]. Analytical issues include those attributed to
variation in viral load or timing of sample collection in relation
to disease progression [29]. A study by Kucirka et al. notes
that the probability of false-negatives using RT-PCR (from
nasopharyngeal (NPS) or oropharyngeal (OPS) swabs) de-
creases from the day of infection (100%) to symptom onset
(38%). The lowest false-negatives are observed at 3 days after
symptom onset before increasing again [30].

Preanalytical issues, such as inadequate respiratory sample
collection or improper sample handling, could result in false-
negative results [29]. In comparison to the significant ad-
vances in analytical aspects such as automated operation and
sensitivity of RT-PCR assays, respiratory sample collection
using swabs is a manual process and prone to errors (see
“SARS-CoV-2 clinical sample collection and preparation”).
Issues in the collection of respiratory samples can manifest
as an inadequate quantity of human respiratory epithelial cells
in a sample. Such issues can be avoided by including a primer/
probe set to detect the presence of the human RNase P gene in
the collected samples. However, quantification of human
RNase P in respiratory samples (rather than a qualitative pres-
ence) might be necessary to identify inadequate biological
sampling [13]. Besides, the faulty design of the primer/probe
set for the human RNase P gene in the RT-PCR assay has the
potential to cause false-negative results [31, 32].

Proper interpretation of RT-PCR assays as a proxy for in-
fectivity is another aspect that needs attention. Recently, there
have been multiple reports of recurrent positive RT-PCR re-
sults in COVID-19 patients, even after the resolution of symp-
toms [33, 34]. A positive RT-PCR test does not necessarily
indicate a patient is infectious. For instance, Wölfel and team
were unable to isolate SARS-CoV-2 in culture from respira-
tory patient samples 8 days after symptom onset, despite pos-
itive RT-PCR results [34]. Amplification-based tests detect
the viral RNA (including degraded viral RNA) and not neces-
sarily the presence of an infectious virus. More work is nec-
essary to understand the implications of positive RT-PCR re-
sults and the potential for disease transmission. This is impor-
tant from the perspective of relying on RT-PCR tests as a
criterion for determining return to work conditions for
healthcare personnel and other essential workers [35].
Assays that utilize droplet dPCR to measure SARS-CoV-2
RNA in its intact form could be valuable to detect potentially
infectious COVID-19 samples [36].

CRISPR-based diagnostics

RT-PCR is the most widely used method for the detection of
viral pathogens, including the SARS-CoV-2 virus. However,
given the current challenges with RT-PCR, alternative tech-
niques involving CRISPR-Cas and isothermal amplification
are being explored. For instance, there are severe limitations
associated with the availability, costs, and the need for trained
personnel to run RT-PCR tests. Diagnostic capabilities with
lower cost, faster turnaround times, and portability are critical,
given the global scope and magnitude of the pandemic.

CRISPR, well known as a gene-editing tool, has been lev-
eraged for rapid, POC detection of viral pathogens [38, 39].
Figure 2 describes the schematic for a molecular diagnostics
assay utilizing the CRISPR/Cas system. The CRISPR-Cas
adaptive immune system consists of a guide RNA (gRNA)
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and a CRISPR-associated nuclease (Cas). The gRNA consists
of a nucleotide sequence, called CRISPR RNA (crRNA),
which is complementary to the target sequence. The Cas13
(a type VI CRISPR-Cas) nuclease is activated by the presence
of an RNA sequence (target RNA) complementary to the
crRNA. The Cas13 then performs a targeted cleavage and also
triggers a non-specific RNase activity, leading to degradation
of nearby RNA (regardless of the presence of a complemen-
tary sequence). This “collateral cleavage” activity of Cas13 is
utilized to cut RNA reporter labels, which then release a fluo-
rescent signal. Other CRISPR-Cas systems such as Cas9 or
Cas12, which target DNA, have also been utilized for the
detection of viral targets [40, 41].

CRISPR-based diagnostics (CRISPR-Dx) have been uti-
lized for the detection of viral targets, including dengue virus,
Zika virus, and lentiviruses [39]. These assays enable
multiplexing and increased sensitivity in comparison to
stand-alone isothermal amplification methods. CRISP-Dx
combines conventional NA amplification with the CRISPR-
Cas13 system to achieve better sensitivity and specificity. The

specificity is achieved through the activation of Cas13 via the
binding of crRNA to target RNA. In addition, sensitivity is
achieved by signal amplification due to the “collateral cleav-
age” of reporter labels [42]. Chiu and team reported a rapid
lateral flow–based assay (SARS-CoV-2 DNA Endonuclease-
Targeted CRISPR Trans Reporter (DETECTR)) for detection
of SARS-CoV-2 [43]. The assay can detect the virus from
respiratory swab samples with sensitivity comparable to that
of the US Centers for Disease Control and Prevention (CDC)
SARS-CoV-2 real-time RT-PCR assay in 30–40 min. The
assay combines reverse transcription loop-mediated isother-
mal application (RT-LAMP), CRISPR-Cas12-based detec-
tion, and a readout on a lateral flow strip. The current protocol
can be incorporated into a POC instrument, which would in-
volve microfluidic automation to achieve accurate metering
and mixing of reagents along with an integrated isothermal
heater [44]. However, the RNA extraction from swab samples
is performed using a CDC-recommended protocol that in-
volves the use of a conventional spin column (Qiagen DSP
Viral RNA Mini Kit) and a MagNA Pure 24 instrument.

Fig. 2 Schematic of a CRISPR/
Cas-based molecular diagnostic
test. Adapted from [37] with
permission
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These steps involve bulky equipment and are not suitable for
POC use. Other recent reports have demonstrated the utility of
CRISPR-Cas for COVID-19 diagnostics in clinical samples
[45–47]. However, RNA extraction is performed manually,
proving to a critical limitation to its POC use. The automation
of this key RNA extraction step using POC sample prepara-
tion methods and integration with coupled isothermal RT-
LAMP+CRISPR–based lateral assay readouts will enable a
fast, field-deployable platform that can be used in current
and potential future pandemics. Another advantage of
CRISPR-based assays is the use of lyophilized reagents and
the capability to run assays directly on raw samples.
Gootenberg et al. developed a multiplexed CRISPR-Cas13
assay (SHERLOCKv2—specific high-sensitivity enzymatic
reporter unlocking-version 2) capable of detecting four targets
in a single reaction [41]. This multiplexing is achieved by
using distinct cleavage preferences of different Cas13 en-
zymes on homopolymer reporters. In addition, they utilized
lyophilized Cas13 reagents on a lateral flow strip format. The
cost of a single paper–based SHERLOCK test was estimated
to be as low as USD 0.61 [48]. The multiplexing capability
reported in this work is relevant to the current pandemic due to
reports of co-infection among SARS-CoV-2-infected patients
[49, 50]. Multiplexed assays could be useful to identify poten-
tial false-negative assay results. For instance, the multiplexed
assay could be used to detect infection from alternative respi-
ratory pathogens with clinical symptoms similar to COVID-
19 [51, 52].

Building on the capabilities of SHERLOCKv2,
Myhrvold et al. developed a protocol (HUDSON) that
can detect multiple viral targets directly from clinical sam-
ples, including saliva with minimal sample processing,
which is relevant to the current pandemic since saliva is
being explored as an alternative sample for COVID-19
testing [42]. Despite a lower observed SARS-CoV-2 viral
load in comparison with NPS and OPS, saliva samples
have several advantages for POC screening and self-
administered tests (see “COVID-19 testing models”) [53,
54]. HUDSON uses heat to lyse viral particles and chem-
ical reduction to inactivate RNases subsequently. This ap-
proach obviates the need for centrifuges used in column-
based extraction and can be used in POC platforms [55]. A
protocol utilizing CRISPR-Cas13 SHERLOCK assay has
been reported for the detection of SARS-CoV-2 [56]. Curti
et al. reported a CRISPR-Cas12-based method to detect
synthetic SARS-CoV-2 RNA fragments from spiked saliva
[57]. However, the limit of detection was much lower
(105 copies/μL) in comparison to SARS-CoV-2 RNA–
spiked buffer samples (10 copies/μL). Recently, SHINE
(SHERLOCK and HUDSON Integration to Navigate
Epidemics), a diagnostic assay combining SHERLOCK
and HUDSON, was utilized to detect SARS-CoV-2 from
unextracted clinical specimens (NP swabs and saliva) [58].

CRISPR-Dx for COVID-19 testing has shown to have
comparable accuracy to CDC-recommended quantitative
RT-PCR tests. In addition, these tests are simpler, are less
expensive, and have a faster turnaround time. The integration
of these assays with sample preparation on an automated POC
format utilizing lyophilized reagents is needed, which will
greatly enhance the clinical utility of CRISP-Dx for the
COVID-19 pandemic as an alternative to RT-PCR. Given
their lower cost, faster turnaround time, and higher sensitivity,
CRISPR-Dx could also be used in population-wide diagnostic
screening or POC settings.

Sequencing for COVID-19 pandemic management

Next-generation sequencing (NGS) plays a critical role in
identifying and monitoring a viral outbreak. Unbiased NGS
is the key first step in identifying a novel viral strain [59]. The
sequencing data has also enabled the determination of possi-
ble origins [60] and transmission patterns of viral pathogens,
such as SARS-CoV-2 [61]. Additionally, the identification of
the sequence is the first step towards the design of primers and
probes for NA-based RT-PCR tests. Sequencing will continue
to give us important information about how the virus is evolv-
ing, guiding the development of potential vaccines and thera-
pies [62]. Recently, sequencing has been approved as a clin-
ical diagnostic test (under FDAEmergency Use Authorization
guidelines) for COVID-19 [63].

Sequencing approaches can be broadly divided into short-
read and long-read technologies [64]. Short-read technology
generates sequence data from NA fragments shorter than
1000 base pairs. Illumina sequencing, a short-read technolo-
gy, is based on a sequencing-by-synthesis approach. The
workflow involves three steps: library preparation (fragmen-
tation of the DNA to be sequenced and ligation of adapters),
the amplification of DNA fragments, and finally, sequencing
of the amplified DNA strands based on the sequencing-by-
synthesis approach. The collective fluorescent signal resulting
from synthesizing a large number of amplified identical DNA
strands allows the inference of nucleotide identity. Long-read
technologies include single-molecule real-time sequencing
(PacBio) and Nanopore sequencing (Oxford Nanopore),
which are capable of generating sequencing data from high
molecular weight NA (> 1000 base pairs). Nanopore sequenc-
ing works by measuring the electric current across an
engineered protein nanopore, as a single strand of NA trans-
locates through it.

NGS is an unbiased approach to the identification of novel
infectious agents since it does not require a priori knowledge
of the pathogen. NGS was used to identify the novel pathogen
(2019-nCoV, now known as SARS-CoV-2) in bronchoalveo-
lar lavage fluid (BLF) from three patients in Wuhan, China,
exhibiting symptoms of severe pneumonia [59]. Sequencing
was utilized after conventional PCR using a multiplexed RT-
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PCR panel failed to identify the presence of known pathogens
(including human coronaviruses). NGS was able to identify
the genome sequence of the causative pathogen in BLF from
nine patients in Wuhan, exhibiting similar clinical symptoms
[65]. The sequence was shown to be 99.98% identical to each
other, which confirmed the presence of a novel, single virus.
When similar symptoms were detected in patients in Australia
[66], India [67], and Cambodia [68], sequencing was used to
confirm that the symptoms were indeed caused by the same
pathogen.

Timely availability of viral genome sequences is a key step
in the design of RT-PCR-based assays for novel viruses such
as SARS-CoV-2 [6]. Early on, SARS-related sequencing in-
formation allowed for the release of primers and probes for
COVID-19 [69]. Since then, improved COVID-19 primers
have been proposed [70], and a bait capture hybridization
probe sequence has been released [71]. NGS is also an impor-
tant tool that can provide insights into the temporal or geo-
graphic traits of pathogens. For instance, sequencing was an
important tool in understanding the nature of early undetected
community transmission of COVID-19 in the USA [72, 73].
In the past, researchers have tracked the evolution and spread
of the Zika virus in the Americas [74, 75], and of the Ebola
virus inWest Africa [76]. In the case of COVID-19, sharing of
this genomic data has already been very helpful [77], with
existing consortiums employed. Early reports showed 99.9%
sequence homology [78], but, more recently, higher sequence
diversity has been reported [79, 80]. Recent research has
shown that mutations in the SARS-CoV-2 spike protein led
to the emergence of a more transmissible form of the virus [81,
82]. Understanding of SARS-CoV-2 mutations is also impor-
tant to understand the effectiveness of future vaccines and
therapeutics [83]. Recently, the CDC launched a nationwide
genomics consortium to utilize real-time sequencing data to
support such efforts [84].

Metagenomic NGS has been proposed as a diagnostic tool
for detecting a broad spectrum of pathogens [75], including
SARS-CoV-2 in clinical samples [85]. These include direct
RNA sequencing of SARS-CoV-2, avoiding inherent ampli-
fication bias associated with RT-PCR [86, 87]. However, clin-
ical samples with low viral titers will require targeted sequenc-
ing approaches [75], such as amplicon-based [88],
hybridization-based capture [71, 89], and CRISPR-Cas-
based enrichment [90]. In addition to its ability to detect co-
infections, NGS can offer better sensitivity compared with
RT-PCR [85]. The ability of NGS to detect small variations
in the viral genome that could guide clinical decisions is also
notable [85].

In comparison to RT-PCR, NGS has not been used exten-
sively as a diagnostic tool in the current pandemic. This is
possibly due to complex sample and library preparation pro-
tocols, expensive platforms requiring expertise to operate and
analyze results, and relatively long turnaround time. The

greatest difficulty is overcoming other signals in the sample:
typically, < 1% reads are non-human, and NGS is particularly
prone to contamination [91]. NGS has also traditionally been
slower (a standard Illumina instrument takes > 18 h [92]) and
more expensive than other methods.

In large-scale testing, NGS is not currently competitive
with PCR-based methods; however, there is ample evidence
to imply that it could become a viable testing method in the
future. NGS diagnostic tests can be scaled using approaches
utilizing reverse transcription (RT) primers to barcode up to
19,200 patient samples in a single sequencing run [93]. Viral
genomes have been recovered directly from clinical samples
[94], including testing of bacterial, fungal, viral, and parasitic
RNA from multiple body fluids and tissues for multiplexed
pathogen detection [91, 95]. Additionally, chemilumines-
cence enzyme immunoassay (CLIA)–certified laboratories
are increasingly utilizing NGS for diagnosis of encephalitis,
meningitis [96, 97], sepsis, and pneumonia [92]. In one test
specific to COVID-19, nanopore sequencing was used to
identify SARS-CoV-2 from NPS within 8 h [88]. Nanopore
sequencing has a lower raw-read accuracy in comparison to
sequencing-by-synthesis approaches. However, Nanopore se-
quencers such as the MinION are inexpensive, have faster
turnaround time, and are portable. Further advances in auto-
mation and integration of sample and library preparation (see
“Sample preparation”) will enable the widespread adoption of
its capabilities. Table 1, summarizes the various approaches
we have described in this section on the utilization of sequenc-
ing for COVID-19 pandemic management.

Antigen detection

Given the increasing global need for COVID-19 tests, rapid
and inexpensive assays are required to supplement current NA
amplification–based assays. These include antigen-based tests
and often in the form of an immunoassay. In SARS-CoV-2
antigen detection, targets could be the nucleocapsid, spike,
envelope, or membrane proteins of the virus [105–107].
Viral antigens bind specifically to a corresponding antibody,
and the event can be detected using optical, magnetic, electro-
chemical, and surface plasmon resonance–based techniques,
among other methods (see “Nanomaterials for POC COVID-
19 diagnostics”) [108]. One of the challenges in developing
effective antigen tests is the lack of antibodies for specific
proteins of the SARS-CoV-2 virus. As an alternative to anti-
bodies, SELEX (systematic evolution of ligands by exponen-
tial enrichment)-based strategies are useful in identifying af-
finity ligands such as aptamers specific to SARS-CoV-2.
Recently, aptamers target the receptor-binding domain
(RBD) of the SARS-CoV-2 spike protein [109]. Aptamers
are significantly easier and cheaper to produce in comparison
to antibodies. Such efforts will enable the development of
reliable and more accessible antigen-based assays.
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The viral load is found to be variable in COVID-19 patients
[110, 111], depending on factors such as time between disease
onset and sample collection, type and quality of the sample,
disease severity, and patient age [112]. Zou et al. reported Ct
values in the range of 19–40 in upper respiratory specimens of
infected patients [110]. Antigen tests are less sensitive than
RT-PCR and could be less reliable in the clinical diagnosis of
COVID-19 patients with low viral load. Such challenges have
affected the clinical sensitivity of antigen tests for influenza
and other respiratory viruses [112]. Recent studies on four
different commercial antigen tests demonstrated a wide range
of sensitivities from 16.7 to 85% (with 100% specificity) in
COVID-19 clinical samples [113]. Other studies have shown
sensitivity as high as 93.9% (CI 95%: 86.5–97.4). However,
the reported sensitivities were lower and more variable
(72.2%, CI 95%: 49.1–87.5) in samples with low viral load
(Ct value > 25.1) [114]. Table 2 lists recent work utilizing the
detection of SARS-CoV-2 antigens along with the sensitivity/
limit of detection (LOD). Despite these limitations, rapid an-
tigen tests can be used as a simple and inexpensive screening
tool for active COVID-19 infections. For instance, rapid anti-
gen tests have been proposed as a screening tool for COVID-
19 at airports and border checkpoints. Sample collection re-
mains a significant challenge in antigen testing. More ideal
POC sample types, such as saliva, are less invasive, and their

adoption is expected to accelerate the use of antigen tests as a
much-needed screening tool. A recent evaluation reported a
low sensitivity of 11.7% for self-collected COVID-19-
positive saliva samples using antigen tests [115]. The wide
variation in the sensitivities of rapid antigen tests needs to be
evaluated and understood [120]. Based on the current under-
standing of the sensitivity challenges associated with antigen
tests for influenza, we believe advances in respiratory sample
collection, antigen preconcentration, and detection modalities
will drive the adoption of antigen-based screening [122].

Antibody-based tests

Antibody-based tests detect antibodies generated as a result of
a SARS-CoV-2 infection. Antibodies are proteins generated
by the immune system in response to an infection. The level of
antibody response can vary with age, gender, and presence of
comorbidities [123, 124]. Immunoglobulin G, M, and A (IgG,
IgM, and IgA) are being used as potential markers for
COVID-19. IgM is shown to be an indicator of early-stage
infection, while higher IgG levels are observed during late
stages or post-recovery [124–128]. COVID-19 antibody can
be detected based on existing methods (Table 3) such as col-
loidal gold-based immunochromatographic assay (GICA)
[129–132], magnetic chemiluminescence enzyme

Table 1 The utility of sequencing for various COVID-19 pandemic management requirements via pathogen discovery, clinical diagnosis, and
outbreak surveillance

Phases Methodology Ref.

Pathogen
discovery

Identified a novel pathogen from patient samples in Wuhan (named 2019-nCoV, now known as SARS-CoV-2).
Reports utilize targeted enrichment and sequencing using combinations of Sanger, BGI, Nanopore, & Illumina
platforms

[59, 65, 98, 99]

Based on SARS-CoV-2 genomic data, insight into mutation in the spike protein (receptor-binding domain) involved
in attachment to host cells (to human receptor ACE2) that helped explain the ability of the virus to infect human
cells

[100]

Comparative analysis of sequence data to deduce possible origins of SARS-CoV-2 [60]

Sanger, Illumina, & Nanopore sequencing on clinical samples from first patient/s diagnosed with COVID-19 in the
USA, Australia, and India respectively

[66, 67, 101]

Sequence data to design primers and probes for COVID-19 [69]

Clinical
diagnosis

Amplicon-based target sequencing using Nanopore sequencer to detect SARS-CoV-2 and other respiratory organ-
isms in clinical samples

[85, 88]

Target (amplicon-based and hybridization-based capture) sequencing using BGI sequencer to detect SARS-CoV-2
and other respiratory organisms in clinical samples

[89]

Direct RNA sequencing of SARS-CoV-2 (from clinical specimens grown in cell culture) using Nanopore sequencer [86, 87]

Proposed scaled testing protocol using RT primers to barcode up to 19,200 patient samples in a single sequencing
run

[93]

Outbreak
surveillance

Analysis of sequencing data from clinical samples (using Illumina sequencer) unveiled undetected community
transmission of COVID-19 in the state of Washington

[72]

Analysis of sequencing data from clinical samples (using Illumina sequencer) unveiled multiple routes of
introduction of COVID-19 into the state of California

[73]

Amplicon-based targeted sequencing from clinical samples (using Nanopore sequencer) unveiled multiple routes of
introduction of COVID-19 into the Netherlands

[102]

Platforms and global consortiums utilizing genomic data to track real-time spread and evolution of pathogens
including COVID-19

[84, 103, 104]
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immunoassay (CLIA) [123–125], and enzyme-linked immu-
nosorbent assay (ELISA) [126, 133–136]. Pan et al. [137] and
Li et al. [130] reported the detection of SARS-CoV-2 antibod-
ies from whole blood. The sensitivity and specificity were
found to be consistent with tests performed on serum samples
[130].

Antibody tests are useful in epidemiological studies to as-
sess the number of asymptomatic cases in the population [138,
139]. However, cross-reactivity of antibody is observed be-
tween human coronaviruses, such as SARS-CoV-2, SARS-
CoV, and MERS-CoV. Antibody-based rapid diagnostic tests
are performed on serum, plasma, or whole blood (fingerstick)
POC settings. However, false-positives could lead to an inflat-
ed estimate of COVID-19 prevalence [139]. In addition, the
temporal antibody response could vary depending on the in-
dividuals tested. Also, by design, antibody-based rapid diag-
nostic tests do not detect the presence of SARS-CoV-2 neu-
tralizing antibodies. Tests that detect antibodies that have a
high affinity for SARS-CoV-2 virus are more likely to indi-
cate the presence of neutralizing antibodies. More research is
needed to understand if a positive antibody test is indicative of
immunity against future SARS-CoV-2 infections.

Despite these limitations, given the low cost and ease of
use, with improvements in clinical sensitivity and specificity,
antibody tests could be used for mass-screening of COVID-19
prevalence. It could also play a role in the evaluation of vac-
cines in the future [140].

COVID-19 testing models

Monitoring the prominence of infection throughout a pandemic
is of critical importance in all stages of a pandemic. Each stage
of a pandemic, as defined by the World Health Organization,
has unique testing needs [141]. In early and peak phases, rapid
turnaround times and scale-up are of great importance. In the
post-peak phases of a pandemic, easily accessible, low-com-
plexity, inexpensive, and high-throughput monitoring is need-
ed. Current virus testing technologies andmethods have proven
effective in various capacities. However, each method has
unique strengths and limitations, which must be considered
and uniquely paired with the pandemic phase, population,
available resources, and virus characteristics if an optimal re-
sponse is to be achieved. While testing continues inside hospi-
tals and clinics, other unique methods are proving to be highly
effective testing models for the SARS-CoV-2 pandemic.
Several unique testing models have been incorporated in the
current pandemic response and will undoubtedly play a role
in future pandemic response planning. Here, we describe these
methods and their relation to diagnostic testing, and provide
insight into their application.

The testing of infectious viruses presents several unique
challenges. Traditionally, a patient visits a hospital for evalu-
ation and diagnostic testing. The limitations of this method
include increased risk of exposure due to travel and interaction
with healthcare workers and social concentration of infected

Table 2 Antigen-based detection methods utilized for COVID-19 diagnostics

Ref. Detection method Antigen Sample type Num.
of
samples

Days since
symptom
onset (days)

Sensitivity
(%)/LOD

Specificity
(%)

[106] Fluorescence
immunochromatographic
assay

Nucleocapsid protein NPS and urine 239 3 68 100

[115] Fluorescence
immunochromatographic
assay

Nucleocapsid protein Saliva 103 9 11.7 N/A

[116] Chemiluminescence enzyme
immunoassay

Nucleocapsid protein NPS 313 N/A 55.2 99.6

[117] Fluorescence
immunochromatographic
assay

Nucleocapsid protein (Genscript
Cat #Z03488 & Genemedi
GMP-V-2019nCoV-N002)

Non-clinical
samples (in
PBS buffer)

N/A N/A Genemedi
− 0.65 ng/mL,
Genscript
− 3.03 ng/mL

N/A

[118] Fluorescence
immunochromatographic
assay

SARS-CoV-2 antigen NPS 19 N/A N/A (low) N/A

[114] Fluorescence
immunochromatographic
assay

SARS-CoV-2 antigen NPS and OPS 127 < 7 for 93.7%
of samples

93.9 100

[119] GICA Nucleoprotein NPS 138 N/A 50 100

[120] GICA Nucleoprotein NPS 148 Median: 4,
mean: 6.6,
range:
0–34

30.2 100

[121] GICA Nucleoprotein NPS 328 N/A 57.6 99.5
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and non-infected persons. Other concerns include overloading
healthcare workers and facilities, as well as the financial cost
of in-person testing. Several unique testing models are being
utilized to reduce exposure and resource consumption.
Testing can be categorized by the location of the sample col-
lection and analysis as well as if a healthcare worker aided in
this process. The combination of these possibilities results in
several unique testing models.

Drive-thru models have distinct advantages over traditional
testing and have proven effective in rapid community testing
[142]. While this model is limited in the number of commu-
nities worldwide that could utilize it, many urban and rural
areas of the world could incorporate such a method. This
method minimizes interaction while enabling more oversight
on proper sample collection. The need for reporting of self-
illness has been well argued [143, 144]. Self-testing models
involve the collection and possibly the analysis of a sample at
home by the patient. Recent work by Tu et al. has shown the
clinical utility of patient self-collected swabs from the tongue,
nasal, and mid-turbinate for COVID-19 diagnostic testing
[145, 146]. The FDA has recently authorized at-home self-
collection of saliva and nasal swabs for COVID-19 diagnos-
tics [147]. The advantages of this method include expanded
testing and reduced risk of nosocomial transmission in over-
crowded healthcare settings. The primary limitation is the
adaption of established testing methods to a home collection
model. Additionally, accuracy in sample collection and pro-
cessing in self-testing could be of concern. To address this
concern, a home testing method where a healthcare worker
visits a patient’s home to collect samples has found success

in treating patients [148]. Healthcare workers can aid in sam-
ple collection and analysis to reduce the risk for error at the
expense of increased risk of exposure. Several companies,
including LabCorp, LetsGetChecked, and Nurx, have present-
ed home-based POC collection devices for testing. It is en-
couraging to note that recent studies have reported equivalent
sensitivity in self-collected samples [142, 149].

Point-of-care diagnostic methods with an emphasis on por-
tability and speed are seeing a large increase in development;
these tests are predominantly immunoassay based [107].
Aside from the assay itself, sample collectionmethods are also
seeing progress. Spectrum Solutions LLC, a developer of
biosample collection devices, developed the SDNA-1000 for
collecting saliva biosamples, which is currently being used in
SARS-CoV-2 testing and analysis. Such technologies enable
self-testing models to become highly feasible. Yang et al. pro-
posed a home-based testing model wherein the patient collects
and processes their sample and then images the result from a
paper-based assay using a cell phone for subsequent cloud
upload and evaluation [150]. The integration of POC diagnos-
tic assay with self-collection of samples will reduce the risk
associated with the shipping of infectious samples and avoid
potential issues due to sampling degradation during transport.

SARS-CoV-2 clinical sample collection
and preparation

Though all the test methods are fundamentally different, the
quality of the sample is crucial for successful detection. This is

Table 3 Antibody-based tests utilized for COVID-19 diagnostics

Ref. Detection
method

Antibody Sample type Num. of
samples

Seroconversion
(days)

Sensitivity Specificity

[129] GICA IgG and IgM Serum/whole
blood

134 7 96.81 N/A

[130] GICA IgG and IgM Serum/whole
blood

525 N/A 88.662 90.632

[131] GICA IgG and IgM Serum 814 5 86.892 99.392

[132] GICA IgG and IgM Serum 179 8 95.102 912

[125] CLIA IgG and IgM Serum 285 13 1001 N/A

[123] CLIA IgG and IgM Serum 159 14 91.142 802

[124] CLIA IgG and IgM for nucleocapsid protein Serum 222 4 81.52 96.62

[133] ELISA IgG and IgM Serum 238 11 81.32 N/A

[134] ELISA IgG and IgM for nucleocapsid and spike
protein

Serum 214 10 82.2 N/A

[135] ELISA IgG and IgM Serum 15 5 N/A N/A

[136] ELISA IgA, IgM, and IgG Serum 208 5 85.4 N/A

[126] ELISA IgG, IgA for spike protein Serum 61 N/A N/A N/A

1Highest sensitivity among samples tested
2 Sensitivity reported as a mean of all samples tested

N/A, data not reported or not relevant in the context of the referenced publication
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contingent on the detectable presence of the biomolecules
(viral RNA, antigens, antibody, etc.) in the sample. Thus,
the type of sample (e.g., blood, serum, sputum, nasal swabs,
fecal matter, urine), collection methods, and sample pre-
processing all play a vital role in detection regardless of the
technique. For instance, the sensitivity of RT-PCR tests is
dependent on the type of swab used [151]. Increasingly, inac-
curacies in RT-PCR tests have been attributed to sample col-
lection [13, 152] and handling. Upper respiratory samples are
the primary specimen used for COVID-19 diagnostic testing
[153]. In comparison to advances in amplification-based tests,
methods for the collection of respiratory samples need im-
provement. Given the scale of testing required, improper sam-
pling by untrained personnel has contributed to false-negative
results [152]. There have been efforts to develop a robot for
respiratory swab sampling [21]. However, the device was not
tested in vivo or clinical settings. Alternative samples like
saliva or nasal swabs are simpler, less invasive, and could
potentially be used to avoid improper sampling associated
with respiratory swab samples.

Sample preparation

Sample preparation (or preprocessing) refers to the sequence
of steps required to convert a clinical sample into a form com-
patible with downstream analysis and detection such as am-
plification or sequencing. Sample preparation has been a ma-
jor bottleneck in widespread testing during the COVID-19
pandemic. The availability of RNA extraction kits and lysis
reagents and low-throughput RNA extraction protocols have
resulted in increased turnaround times and delays. A rapid
surge in demand for tests is threatening to overwhelm the
diagnostic capabilities. A review by Esbin et al. describes
alternative COVID-19 diagnostic protocols involving lysis
reagents and direct addition of samples (extraction-free
protocols) into the amplification reactionmix [22]. There have
been recent advances in extraction-free protocols for COVID-
19 amplification [154–159] and sequencing-based tests [160].
However, such protocols involve trade-offs between lower
sensitivity and simplicity [22, 161, 162]. Automated extrac-
tion platforms utilizing liquid handling robots are useful for
high-throughput, centralized COVID-19 diagnostic testing. In
addition, decentralized point-of-care (POC) diagnostic tests
also have a role to fulfill. Integrated POC platforms with
“Sample-in Answer-out” capability will enable COVID-19
diagnostic capability in doctor’s office and clinics. Such plat-
forms will ensure reduced turnaround time, repeatability, and
potentially lower costs by reducing reagent consumption.
These will involve automation of sample preparation utilizing
microfluidics and their integration with the detection assay.
Such methods have been extensively reviewed [44, 163,
164] and will need to be validated with COVID-19 clinical
samples.

Similar approaches are required to push increased utiliza-
tion of sequencing to support the COVID-19 pandemic. For
instance, the complexity and labor-intensive nature of sample
and library preparation workflow could limit the widespread
adoption of sequencing [165–167]. Efforts towards the auto-
mation and integration of sample and library preparation steps
will enable increased adoption of sequencing platforms for
COVID-19 pandemic management. Expanding sequencing
capabilities will enable us to track mutations of the SARS-
CoV-2 virus in real-time with potential implications to the
efficacy of future COVID-19 vaccines and therapeutics.

It is important to treat a diagnostic assay as an integrated
unit, with each step of the workflow from sample collection
and preprocessing to the final detection and analysis,
impacting the overall sensitivity.

We have summarized some of the key factors impacting
each step in the diagnostic workflow (from sample collection
to detection) with reference to relevant literature (Fig. 3).

SARS-CoV-2 clinical sample types

Nasopharyngeal/oropharyngeal sample

Nasopharyngeal/oropharyngeal swabs are generally used as
the collection mode for upper respiratory samples in early
detection of SARS-CoV-2 by PCR. In particular, flocked
swabs are especially useful when the total volume of the sam-
ple matrix is low. These special types of nylon swabs help in
collecting and retaining more analyte than traditional spun-
fiber swabs made from cotton, polyester, or rayon [168].
Swabs are generally taken from the nasopharynx or orophar-
ynx [169], with a nasopharyngeal sample being more sensitive
than oropharyngeal [16, 170, 171]. Usually, a healthcare
worker collects these samples, but it has been shown that the
collection can be done at home by the patient [172, 173]. Self-
sampling reduces the risks to healthcare workers (see
“COVID-19 testing models”). Following swab collection,
swabs are placed into a viral RNA extraction medium and
subsequently amplified (e.g., by RT-PCR) [169].

Depending on the disease progression and the number of
days passed since the onset of symptoms, the viral load varies
considerably [169]. In such cases, swabs from different
sources can be combined to increase the probability of
detection.

Sputum

Sputum is mucus produced by the act of coughing up and
spitting out the material produced in the respiratory tract (the
trachea and bronchi) [174]. It has been shown that, for
COVID-19, sputum contains more viral RNA than NPS,
resulting in a higher chance of detection [170, 175, 176].
Sputum collection is a much simpler process than swab
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sampling and can easily be done by the patient. This reduces
the chances of healthcare providers getting infected while
collecting samples. This process involves rinsing the mouth
with water, followed by expectorating of deep cough sputum
directly into a sterile, leak-proof, collection cup. However, not
every patient produces sputum. Alternatively, sputum can be
clinically induced [177]. Han et al. showed that SARS-CoV-2
could be detected from such samples [178].

Saliva

Saliva is an alternative sample that can be easily be collected
by the patient at home. Zheng et al. showed that saliva had a
higher detection rate (88.09%) for SARS-CoV-2 in compari-
son to throat swabs (45.24%) and NPS (76.19%) [171]. While
most studies have found saliva to be as sensitive as NPS for
COVID-19 diagnostic tests [54, 179, 180], few have reported
slightly lower sensitivity [181].

Bronchoalveolar lavage

BLF is an excellent sample for COVID-19 diagnostic with a
high detection rate (93%) compared to sputum (73%) and
NPS (63%) [170]. It is generally collected from patients with
severe illness or undergoing mechanical ventilation.
Collecting BLF involves the instillation of sterile normal sa-
line into a subsegment of the lung, followed by suction and
collection [182]. Due to the complexity involved and the
aerosol-generating nature of the procedure, BLF is more use-
ful in determining the recovery of admitted patients.

Stool

Stool samples can be collected and tested concurrently with
other samples to both monitor disease progression and limit
the instance of false-positives. Likemany other coronaviruses,

large viral loads of SARS-CoV-2 can be found in stool [170,
183, 184]. However, it should be noted that stool samples tend
to be among the most difficult samples to process for viral
detection. Stool samples are difficult to process due to the
presence of many PCR inhibitors, such as bile, polysaccha-
rides, hemoglobin, and bilirubin [185]. Processing of stool
samples often requires highly trained technicians, and results
are highly susceptible to user error. Therefore, the viral detec-
tion rate could be variable [183, 186–188]. Viral loads can be
found in stool samples at early onset through the convalescent
stage of illness. Viral loads have been found in stool samples
from as early as the onset of symptoms to as late as 33 days
after onset of symptoms [175, 186].

Stool samples may provide a non-invasive alternative to
NPS and OPS. The collection of stool samples is simple and
can often be performed at home. Sample collection involves
the capture of a stool sample in a clean, dry container and
transfer of the sample into a sterile specimen cup.

Serum and whole blood

Serum and whole blood are primarily used in antibody tests
for tracking disease progression, epidemiological studies, and
patient immunity. These have been discussed in the section
“Antibody-based tests.”

Table 4 lists the various clinical samples used in COVID-
19 diagnostics and important factors such as peak viral load,
time to peak viral load, and average detection rate. These
factors should enable guidance on their utility for different
testing models such as at-home or POC testing.

Environmental sampling and surveillance

COVID-19 is primarily spread via human-to-human transmis-
sion, though environmental transmission has also been

Fig. 3 Key factors that could potentially impact each step of the workflow for COVID-19 diagnostic assays
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reported [194]. Unlike other enveloped viruses, SARS-CoV-2
are less susceptible to environmental stresses [194].
Depending on the environment, temperature, and type of sur-
faces, it can survive up to 14 days [195]. Hence, environmen-
tal surveillance for SARS-CoV-2 is useful in COVID-19 con-
tainment and preventing transmission.

Air sampling

Air sampling can be done using an air sampling pump [196]
(e.g., SKC BioLite+, Zefon Bio-Pump® Plus). These pumps
can sample dust/particulates, vapors/gases, bioaerosols, or en-
vironmental air samples. They use cassettes and filters to col-
lect samples for further analysis. Air samplers are efficient,
adaptable, and easy to use. But for preserving the viability of
samples, quick and subsequent handling of sampling is need-
ed. Air samplers are used for confined spaces such as hospital
rooms and apartments.

Sewage water sampling

Researchers are now focusing on the sampling of sewage wa-
ter for COVID-19 surveillance [197–199]. This can be used to
detect the presence of SARS-CoV-2 in certain populations
and also to quantify the scale of infection [200].

Sampling from surfaces

The persistence of SARS-CoV-2 on surfaces is important to
understand the risk of infection from fomites. For instance,
sampling from high-touch surfaces will help uncover modes
of transmission and also the effectiveness of disinfection pro-
tocols [201]. WHO has provided guidelines on potential sam-
pling sites for such studies at COVID-19 healthcare facilities
[202]. Premoistened swabs are used to collect samples from
such surfaces with RT-PCR used to detect the presence of
SARS-CoV-2 [203–205]. Viral cultures could demonstrate

the viability of SARS-CoV-2 on such surfaces. Surface sam-
pling using swabs is labor-intensive, and a large number of
samples are required in surveillance studies.

Nanomaterials for POC COVID-19 diagnostics

In April this year, the National Institutes of Health (NIH)
launched the Rapid Acceleration of Diagnostics-Radical
(RADx-rad) initiative to accelerate the development of novel
approaches to COVID-19 diagnostics [206]. This initiative is
also aimed at the repurposing of current diagnostic techniques
towards COVID-19 and future pandemics. The initiative plans
to enable rapid COVID-19 detection platforms for home-
based and POC use. In this section, we review some of the
recent work on advanced techniques utilizing nanostructured
materials, developed for the detection of active COVID-19
infections at POC. These include platforms utilizing field-
effect transistors (FET), plasmonics, and breath-based detec-
tion of SARS-CoV-2 virus, associated antigens, or RNA.

FET biosensors consist of an electrode (gate) functional-
ized with receptors or probe molecules to specifically bind
with the analyte of interest. The binding of the target analyte
causes a change in electrostatic surface potential (electrostatic
gating effect), resulting in a change in the current flowing
between the source and drain [211]. Seo et al. developed a
graphene-based FET sensor for the detection of SARS-CoV-2
in clinical samples (Fig. 4a) [207]. The sensor consists of
graphene sheets conjugated with the SARS-CoV-2 spike an-
tibody (receptor) that specifically binds with the SARS-CoV-
2 spike protein (analyte). The binding causes a real-time
change in the current response, indicating the presence of
SARS-CoV-2 spike protein or SARS-CoV-2 virus in the sam-
ple. The platform was shown to be highly specific (exhibiting
no response to MERS-CoV spike proteins) and was able to
detect clinical samples with SARS-CoV-2 viral load as low as
242 copies/mL. Researchers from the University ofMaryland,

Table 4 Types of SARS-CoV-2 clinical samples and the associated time to peak viral/antigen load

Sample
type

Self-sampling (yes/no) Viral load (high/medium/low) Approx. time to peak viral/antigen
load

Average
detection rate

Ref.

NPS No, medical facility preferred High (Ct: 16.9–38.4, average:
24.3)

0–7 days after symptom onset 63–65% [16, 170–173]

Sputum Yes, can be done with
minimal instruction

Medium–high (Ct: 18.4–38.8,
average: 31.3)

3–7 days after symptom onset 70–95% [170, 171, 175,
189]

Saliva Yes, can be done with
minimal instruction

High (Ct: 24.31–30.31,
average: 27.41)

3–7 days after symptom onset 88–90% [110, 171, 179,
190, 191]

BLF No, medical facility required Medium (Ct: 26.4–36.2,
average: 31.1)

N/A 92% [170]

Stool Yes, can be done with
minimal instruction

Medium (Ct: 22.3–38.4,
average: 31.4)

6–14 days after symptom onset 50–89% [170, 183,
186–188, 192]

Serum Yes, at-home sampling kits
available

Low (Ct: 34.1–35.4, average:
34.6)

Viral presence rare. 3–14 days for
antigen detection

1% viral RNA
detection

[170, 193]
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Baltimore, developed a colorimetric assay utilizing thiol-
modified antisense oligonucleotides (ASO) capped on the sur-
face of gold nanoparticles (AuNPs) for the detection of isolat-
ed SARS-CoV-2 RNA (Fig. 4b) [208]. The ASO-capped
AuNPs agglomerate in the presence of SARS-CoV-2 viral
RNA, causing a change in surface plasmon resonance (SPR)
of the agglomerates in solution. Further addition of RNase H
causes the ASO-capped AuNPs to precipitate, resulting in
further amplification of the SPR signal and enabling a visual
detection of SARS-CoV-2 RNA in 10 min. Qiu and co-
workers developed a dual-functional plasmonic biosensor in-
corporating localized surface plasmon resonance (LSPR) and
plasmonic photothermal (PPT) effect for the detection of
SARS-CoV-2 (Fig. 4c) [209]. The biosensor consists of
two-dimensional gold nanoislands (AuNIs) functionalized
with complementary DNA (cDNA) receptors that hybridize

with the target SARS-CoV-2 RNA sequence. The hybridiza-
tion event leads to an LSPR phase change (response) that can
be detected. In addition, when the AuNIs are illuminated at the
plasmonic resonance frequency, a localized thermoplasmonic
heat is generated, promoting the selective hybridization of the
target SARS-CoV-2 RNA sequence to cDNA receptors.
Biosensors based on electrochemical sensing [212, 213],
quartz crystal microbalance [214], and magnetoresistance
[215] have been utilized in the past for viral detection [108].
These techniques can, in principle, be applied to COVID-19
detection at POC. Haick et al. developed an interesting alter-
native to COVID-19 diagnostics involving the detection of
volatile organic compounds (VOCs) from the exhaled breath
of patients (Fig. 4d) [210]. The chemi-resistive sensor array
consists of AuNPs linked to organic ligands that swell or
shrink upon exposure to various VOCs, causing a change in

Fig. 4 Schematic of novel COVID-19 diagnostics platforms utilizing
nanostructured materials for potential POC use. a A graphene-based
FET sensor for SARS-CoV-2 detection. The device consists of the
SARS-CoV-2 spike antibody conjugated to graphene sheets. The specific
binding of spike antibody to SARS-CoV-2 spike protein causes a change
in current (response) between source and drain. (modified with permis-
sion from [207]. Copyright © American Chemical Society) b A colori-
metric assay based on SPR utilizing thiol-modified antisense oligonucle-
otides capped on the surface of gold nanoparticles for the detection of

isolated SARS-CoV-2 RNA. (modified with permission from [208].
Copyright © American Chemical Society) c A dual-functional LSPR
biosensor utilizing gold nanoislands for sensitive detection of target
SARS-CoV-2 RNA sequence from a multigene mixture. (modified with
permission from [209]. Copyright © American Chemical Society) d A
chemi-resistive sensor utilizing array consisting of AuNPs for detection
of VOCs from the exhaled breath of COVID-19 patients (reproduced
from [210] with permission from the Royal Society of Chemistry)
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the electric resistance. Although the technique will need to be
validated in a clinical study with a larger sample size, it could
prove very useful as a rapid screening tool for COVID-19.

Commercial tests for COVID-19 diagnostics

Rapid and reliable commercial screening of SARS-CoV-2 is
critical to limit the 2019 COVID-19 pandemic. Research labs
and medical device companies across the world made major
shifts in manufacturing desperately needed test kits at a rate
that matches the rapidly increasing demand during the 2019–
2020 pandemic. To produce effective COVID-19 tests, com-
panies must overcome the challenges associated with scalabil-
ity, accuracy, cost, testing supply-demand, and sample collec-
tion. The USA alone has performed over 5 million COVID-19
tests in the first 3 months of testing [216]. Reducing storage,
transportation, and testing time are of utmost importance.
COVID-19 tests generally fall into two categories, virus
RNA testing (using mostly RT-PCR) to diagnose current in-
fections or serological tests for anti-SARS-CoV-2 antibodies
to determine if the patient was exposed.

China first released the COVID-19 genome on Jan 11,
2020, and the Malaysian Institute for Medical Research suc-
cessfully produced “primers and probes” for SARS-CoV-2
the same day [217]. Because of the early and rapid deploy-
ment of tests, South Korea stands out for its response to the
COVID-19 pandemic. South Korean company, Seegene, was
one of the first commercial companies to provide large-scale
testing with the development of the Allplex 2019-nCoV
Assay, which was deployed in an impressive 3 weeks within
the release of the COVID-19 genome. Allplex™ 2019-nCoV
Assay is a multiplex real-time RT-PCR assay that targets three
specific genes for SARS-CoV-2, which include RdRP and N
genes and E gene for all Sarbecovirus, including SARS-CoV-
2. In the USA, the CDC was the first to produce a one-step
process that tests samples on a 96-well plate and completes a
full test in ~ 45 min using rRT-PCR [218].

A major issue that hindered PCR testing is the supply chain
for reagents and swabs. Samples for COVID-19 PCR are col-
lected from the nasal, nasopharyngeal, or oropharyngeal areas
using specialized synthetic fiber swabs with plastic shafts.
Guidelines set by the US Centers for Disease Control and
Prevention (CDC) state that the sample be suspended in viral
transport media and stored between 2 and 8 °C for up to 72 h
and after 72 h must be stored at − 70 °C, which poses chal-
lenges for widespread sample collection [219]. Collected sam-
ples are combined with primers and polymerase and then
passed through a thermocycler for amplification and optical
detection.

Considering the scale of required tests and the highly in-
fectious nature of COVID-19, sample processing is well suit-
ed for automated devices such as Roche’s (Basel,

Switzerland) rapid test polymerase chain reaction detection
devices. In an 8-h period, these devices can reportedly process
384 and 1058 patient samples for the Cobas 6800 and 8800,
respectively [220]. Point-of-care devices remove the need for
storage and transportation, saving substantial testing time.
Bosch (Waiblingen, Germany) has developed a portable
point-of-care RT-PCR device called Vivalytic, which is fully
automatic and can complete a full in situ test in 2.5 h.

Serological testing [221] provides surveillance of SARS-
CoV-2 antibodies identifying who has been in contact with the
virus and information on immunity. The development of an-
tibodies typically takes 2 weeks after infection, and for this
reason, serological testing is not the preferred method for di-
agnosing infection. Common commercialized serological
tests include rapid diagnostic tests (RDTs) and enzyme-
linked immunosorbent assay (ELISA). RDTs are typically
point-of-care qualitative lateral flow assays where samples
are collected from a finger prick, saliva sample, or nasal swab
[52]. ELISA tests whole blood, plasma, or serum and is typ-
ically performed in a laboratory. Patient samples are incubated
with an immobilized pathogen in which antibodies in the sam-
ple can form bonds. A secondary immunolabel with a fluores-
cent signature is used to quantifiably and qualitatively identify
the pathogen [222, 223].

Conclusion and future direction

The 2019 SARS-CoV-2 pandemic brought to light the weak-
nesses of many health organizations worldwide in meeting the
challenges of a global pandemic. The global financial and
health costs associated with this pandemic are sure to total
trillions of dollars. Global pandemics will likely continue to
be a significant threat in the modern world, and the pandemic
response strategy is worthy of a thorough evaluation. Viral
diagnostic testing has been observed to be one of the areas
in the SARS-CoV-2 pandemic response in need of assessment
and improvement. Assessment of the global response with a
focus on the diagnostic methods and instruments utilized will
provide recognition on what should be done to better prepare
for future pandemics. We reviewed aspects of viral diagnostic
tools relevant in the SARS-CoV-2 pandemic and provided
insight into their current state, including advantages, limita-
tions, and scalability, and then provided direction on future
work that would enable diagnostics to be better prepared for a
future pandemic response.

RT-PCR remains the gold standard in SARS-CoV-2 infec-
tion testing. RT-PCR has encountered limitations in sensitiv-
ity. Improved primer and probe design, along with better con-
trol over preanalytical variables such as sample collection and
handling, is expected to improve performance in clinical set-
tings. Other NA amplification techniques, including dPCR
and isothermal amplification, are being used to a lesser degree
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and have distinct advantages in sensitivity and turnaround
time, respectively. CRISPR-Dx shows promise in achieving
higher sensitivity and specificity over NA amplification alone.
Additionally, CRISPR-based technologies appear to be more
conducive to multi-target reactions, raw body sample compat-
ibility, and POC applications.

In addition to being the first step in the identification of a
novel virus strain, sequencing can provide insight into the
evolution, transmission, and unique characteristics of a virus.
While not commonly used as a diagnostic method due to
higher turnaround time and costs over traditional methods,
the FDA has recently granted EUA to a high-throughput
SARS-CoV-2 clinical testing (Illumina COVIDSeq) [63].
The advent of nanopore sequencers combined with advances
in integrated sample and library preparation will enable the
widespread adoption of its sequencing for COVID-19 pan-
demic management.

Although antibody and antigen detection methods were
initially limited by low sensitivity and specificity as well as
a longer development cycle in comparison to RT-PCR, they
promise a cost-effective approach to population-wide mass-
screening and are amenable to POC use.

Commercial testing has relied on RT-PCR and serological
testing, aiming to diagnose a current infection and previous
exposure, respectively. The commercial response was limited
by supply chain issues rather than by technology constraints.
RT-PCR-based assays were available within a few weeks of
genome discovery, while serological testing methods became
available within a few months.

Beyond the viral diagnostic technologies themselves, the
methodologies involving the collection and analysis of sam-
ples have played and will continue a critical role in effectively
diagnosing viral infections during a pandemic. Methods, in-
cluding self- and drive-thru testing, are expected to limit trans-
mission while reducing overall per-patient testing costs. As
diagnostic testing technologies develop, it will be important
to incorporate the unique user needs and requirements associ-
ated with pandemic response methodologies.

Finally, biological sample collection and preparation re-
main essential regardless of the sample detection method.
The type of sample, viral load, collection method, illness
phase, and preprocessing are all factors that impact the sensi-
tivity of the diagnostic method and must be appropriately
matched for ideal results. Improvements to preanalytical vul-
nerabilities (such as ensuring repeatable sample collection and
processing) should move in tandem with advances in the an-
alytical performance of an assay to ensure the optimum clin-
ical performance of a COVID-19 assay.

Table 5 provides a summary of various techniques
reviewed in this work and their potential role in disease con-
trol and pandemic management.

In conclusion, given the global spread and scale of
COVID-19 infections, the diagnostic ecosystem has

encountered various bottlenecks. In spite of these challenges,
various diagnostic tools will continue to play a critical and
complementary role in the management of various stages of
the COVID-19 pandemic.
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