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A B S T R A C T   

Diagnostic tools play significant roles in the fight against COVID-19 and other pandemics. Existing tests, such as 
RT-qPCR, have limitations including long assay time, low throughput, inadequate sensitivity, and suboptimal 
portability. Emerging biosensing technologies hold the promise to develop tests that are rapid, highly sensitive, 
and suitable for point-of-care testing, which could significantly facilitate the testing of COVID-19. Despite that, 
practical applications of such biosensors in pandemics have yet to be achieved. In this review, we consolidate the 
newly developed diagnostic tools for COVID-19 using emerging biosensing technologies and discuss their 
application promise. In particular, we present nucleic acid tests and antibody tests of COVID-19 based on both 
conventional and emerging biosensing methods. We then provide perspectives on the existing challenges and 
potential solutions.   

1. Introduction 

Coronavirus Disease 2019 (COVID-19) is an ongoing pandemic 
which poses extreme challenges to public health and global economy. As 
of Aug. 23, 2020, there have been more than 23 million confirmed cases 
with 0.8 million deaths worldwide [1], and economic activities have 
been significantly interrupted due to mitigation measures. Combating 
COVID-19, as well as future pandemics, is an important task (see 
Table 1). 

The pathogen of COVID-19 was identified as a novel coronavirus, 
named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
which is a positive-sense single-stranded RNA virus enclosed by an en
velope, as shown in Fig. 1. Its genome consists of about 29 thousand 
nucleotides [2], incorporating ORF1ab, S, E, M, and N genes, among 
other genes. The envelope of SARS-CoV-2 is mainly composed of three 
types of proteins, namely spike (S), envelope (E), and membrane (M) 
proteins [3]. A fourth protein, named nucleocapsid (N) protein, forms 
complexes with the genomic RNA. The virus is primarily transmitted 
through respiratory droplets [4]. As SARS-CoV-2 particles enter respi
ratory tracts, S proteins on the virus envelope bind to angiotensin 

converting enzyme 2 (ACE2) receptor on host epithelial cells, initiating 
the virus infection and replication and leading to pneumonia symptoms 
such as fever, cough, fatigue, and shortness of breath [5]. Though 
COVID-19 is less lethal compared to severe acute respiratory syndrome 
(SARS) and Middle East respiratory syndrome (MERS), the virus 
appeared much more contagious [6]. In addition, significant numbers of 
asymptomatic or pre-symptomatic carriers of SARS-CoV-2 have been 
observed, and there have been postulations that these carriers can shed 
virus [7], making the virus spreading very difficult to contain. 

Diagnostics helps identify infected patients for timely isolation and 
treatment and thus plays an important role in the management of in
fectious diseases. In the case of COVID-19, efficient and accurate virus 
detection is especially important. Firstly, given its high contagiousness 
and rapid spread, quick and accurate identification of SARS-CoV-2 
carriers is extremely important, requiring sensitive tests which can be 
offered in high volume. Secondly, it is increasingly believed that COVID- 
19 will not disappear within a year. To re-open the economy and resume 
normal life safely, it is important to have virus and antibody tests to keep 
track of infections and immunity [8]. 

Two types of tests have been developed for the diagnostics of COVID- 
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19, namely nucleic acid test and antibody test. After initial virus infec
tion, patients normally experience an incubation period of 4–5 days on 
average, when virus replicates and viral load increases [9]. Viral load 
usually reaches a peak in the second week after symptom onsets, before 
it gradually winds down, as shown in Fig. 2 [10]. Given the quick 
response of viral load to virus infection, test of the viral nucleic acid has 
been the primary means for the confirmation of infection. In contrast, 
antibody load shows a much slower response. It was reported that on 
average, IgM and IgG did not reach a detectable level until 13 days after 
symptom onset (Fig. 2) [11,12]. However, antibody in the serum stays at 
a relatively high level even after recovery. Therefore, antibody test has 
been prescribed for the identification of infection history and existing 
immunity. 

The nucleic acid test of COVID-19 has been predominantly based on 
quantitative reverse-transcription polymerase chain reaction (RT- 
qPCR), which detects the presence of virus during the process of 
amplifying certain genes of the virus. Despite its wide use, RT-qPCR has 
a few limitations. Firstly, the diagnosis of early-phase infection, where 
the viral load is very low [13], is normally ineffective, leading to false 
negatives. Secondly, the testing throughput needs to be improved given 
the rapid increase in suspected cases before the curve is flattened. 
Thirdly, RT-qPCR cannot be easily adapted for point-of-care testing. In 
less developed areas, where life is impacted the most by the pandemic, 
testing laboratories are normally lacking, limiting the testing capability 
and timely case identification. In addition, in settings such as customs, 
resorting to laboratories for testing is impractical. In both scenarios, it is 
preferable to have the testing performed on-site without being sent to 
central laboratory. Ideally, such tests should require minimal human 
intervention for biosafety concerns and generate results in several 
minutes. 

Biosensing is a research field that has seen rapid development in the 
past decade. Leveraging advances in microfabrication, nanotechnology, 
and novel biotechnology, researchers have developed biosensors with 
improved sensitivity, specificity, testing speed, and cost-effectivity [14]. 
As such, emerging biosensing technologies hold great promise to 
develop tests that could potentially address the limitations of existing 
tests [15,16]. Indeed, in face of COVID-19 pandemic, several diagnostic 
tests based on emerging biosensing technologies have been quickly 
developed, enabling sensitive, high-throughput, and point-of-care 
testing. Available diagnostic tools for COVID-19 have been summa
rized in a few reviews, including those focused on polymerase chain 
reaction [17], molecular diagnosis [18,19], FDA-approved tests [20], 
micro- and nanosystems [21,22], among others [23–30]. Nevertheless, 
reviews focusing on the biosensing perspective have been lacking [31]. 
Such reviews would place biosensing research in a pandemic context 
and provide reflections on how biosensing technologies can better assist 
infection tests in pandemics. Here, we consolidate the newly developed 
diagnostic tools for COVID-19 using emerging biosensing technologies 
and discuss their application promise. We first present COVID-19 tests, 

including both nucleic acid tests and antibody tests, based on conven
tional methods and discuss their limitations, before we present the 
recently developed tests based on emerging biosensors. We further 
provide comments on the advantages of emerging biosensing technol
ogies as well as the issues that need to be solved to make them more 
useful in pandemics. We envision the rapid advances in biosensing 
technology will effectively assist the battle against COVID-19 and future 
pandemic outbreaks. 

Table 1 
Performance characteristics of representative methods.  

Technique Ref. Detection target Performance characteristics 

Analytical sensitivity Sensitivity Specificity Assay time 

RT-qPCR [32] Nucleic acid 0.144 copies/μL – 100% (310/310) ~4 h 
Digital PCR [42] Nucleic acid 0.021 copies/μL – – ~5 h 
RT-LAMP [49] Nucleic acid 1 copy/μL – – ~30 min 
CRISPR-Cas12-based detection [60] Nucleic acid 10 copies/μL – 100% (40/40) ~45 min 
Barcode sequencing [71] Nucleic acid – >99.8% (estimated) >99.8% (estimated) ~1 day 
Localized surface plasmon resonance [82] Nucleic acid 1.32 × 105 copies/μL – – ~15 min 
ELISA [94] Antibody – >80% >99% ~6 h 
Lateral Flow Assay [94] Antibody – >80% >95% ~15 min 
Chemiluminescence immunoassay [96] Antibody – 99.9% 100% (125/125) ~30 min 
Field-effect transistor [101] Antigen 0.242 copies/μL – – ~15 min 
Surface plasmon resonance [102] Antibody 1 μg/mL – – ~15 min 
Microfluidic ELISA [104] Antibody 2 ng/mL – – 15–20 min  

Fig. 1. Structure of SARS-CoV-2. Adapted with permission from Ref. [3].  

Fig. 2. Representative dynamics of viral load, antibody level, and infectious
ness. Antibody level is presented as the ratio of measured values to cutoff value. 
Dynamic tracings were compiled based on data from Ref. [9–11], and infec
tiousness was compiled based on data from Ref. [109]. 
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1.1. Conventional nucleic acid test 

Quantitative reverse-transcription polymerase chain reaction 
(RT-qPCR) is currently the routine method used for the detection of 
SARS-CoV-2. Briefly, specimens are collected from patients through 
nasopharyngeal swab, before the virus RNA is extracted from the me
dium (Fig. 3). Virus RNA is then reverse transcribed into complementary 
DNA, which is in turn amplified through PCR and detected using fluo
rescent dyes or labeled probe methods. In the PCR process, specifically 
designed primers are used to ensure that only chosen genes are ampli
fied. Thus, primer design is critical to achieve high sensitivity and 
specificity. 

A few primer and probe designs have been developed, mostly tar
geting ORF1ab gene, N gene, or E gene. For example, Corman et al. 
proposed and validated the test kit targeting RNA-dependent RNA po
lymerase (RdRp) gene in ORF1ab and E gene. Their test results showed a 
limit of detection of 3.9 copies/reaction for the E gene assay and 3.6 
copies/reaction for the RdRp assay when using in vitro transcribed RNA 
identical to SARS-CoV-2 target sequences [32]. Primers and probes 
targeting different parts of the genes have also been tested and recom
mended by other research laboratories [33–35], and several RT-qPCR 
test kits have received Emergency Use Authorization (EUA) from the 
US Food and Drug Administration (FDA) and are commercially avail
able. To gauge the quality of the test kits, Moran et al. tested the per
formance of Cepheid Xpert Xpress and Roche cobas SARS-CoV-2 assays 
[36]. The two assays generated same results on 102 out of 103 speci
mens, showing an agreement of 99%. However, Ct values from Cepheid 
assays were slightly lower, which was presumably due to the difference 
in primer sequences. 

RT-qPCR detects nucleic acid sequences regardless of the infectivity 
of the virus. As such, recovered patients continued to show positive RT- 
qPCR results, even though replication-competent virus was not isolated 
[37,38]. This finding was possibly attributed to that RT-qPCR detected 
inactive virus remaining in the patients. In the current form of RT-qPCR 
test for COVID-19, specimen is normally collected by nasopharyngeal 
swab, which requires well-trained personnel for reliable sampling. 
Specimen collection with compromised quality has been postulated as a 
potential source of false negative test results [39]. In addition, the 
high-volume consumption of swabs and transportation medium have 
brought about supply chain issues. To address this problem, a few 
methods have been reported. Srivatsan et al. proposed a simplified 
protocol for RT-qPCR tests which performed tests on the swab directly 
without using transport medium or performing RNA extraction, aiming 
to reduce the pressure on test-related consumable supply. Results 
showed that dry swabs supported the virus detection at the endpoint of 
RT-qPCR and the sensitivity was not substantially compromised. Given 
the technical difficulty in obtaining nasopharyngeal swab specimen, the 
possibility of using alternative specimen have been explored. Re
searchers reported the detection of virus using saliva specimen with high 
sensitivity and high agreement in testing outcome with the established 
test protocols, suggesting that saliva could be a reliable specimen for 

case confirmation [40,41]. 

1.2. Emerging nucleic acid test 

Though RT-qPCR has good sensitivity and specificity, it requires 
dedicated instruments in a central laboratory, resulting in turnaround 
time of normally more than one day. In addition, the limit of detection 
and the accuracy of the quantitative measurement can be inadequate for 
early detections. In this regard, a few new nucleic acid sensing tech
nologies can serve as great alternatives. 

Digital PCR (dPCR) utilizes tens of thousands of tiny compartments, 
such as droplets or microwells, and performs PCR in each compartment 
(Fig. 4a). Since the molecule population within each droplet follows 
Poisson distribution, by calculating the fraction of the fluorescing 
droplets, it provides a means for absolute quantification of sample 
concentration. Compared to traditional PCR, dPCR offers a more precise 
measurement. Since the outbreak of COVID-19, several groups have 
designed primers and implemented dPCR for the measurement of SARS- 
CoV-2. For example, Suo et al. reported the use of droplet digital PCR 
(ddPCR) for the quantitative measurement of SARS-CoV-2 and 
compared the results with those from RT-qPCR [42]. The primers and 
probes adopted in the ddPCR also targeted the ORF1ab and N gene as 
commonly done in RT-qPCR. Results showed that the ddPCR had a lower 
limit of detection of 0.109 copies/μL and 0.021 copies/μL for ORF1ab 
and N genes, respectively, which were more than 500 times lower than 
that of most RT-qPCR tests. The overall accuracy was 94.3%, and the test 
was able to identify 92.6% of the false negatives from RT-qPCR. Similar 
works using ddPCR was also reported by other groups [43–45]. In 
addition, instead of droplets, microwells had been implemented for 
dPCR assay of SARS-CoV-2, and the assay has obtained EUA from the US 
FDA [46]. 

Despite the improved quantification in measurement, a few limita
tions remain in dPCR. For example, the dynamic range of dPCR depends 
on the amount of partitions that can be generated, and with the current 
dPCR technologies, the dynamic range is generally lower than qPCR. In 
terms of operation, dPCR has lower throughput and requires specialized 
consumables, increasing the cost per test [47]. In addition, an inherent 
limitation of PCR-based methods is that PCR requires cyclic heating, 
which compromises the amplification efficiency and complicates the 
instruments, making it not ideal for point-of-care diagnosis. In contrast, 
isothermal amplifications are performed at constant temperature with 
rapid reaction and simplified instruments. The lowered demand on the 
instruments makes it easily adoptable for tests outside of central labo
ratories, which would significantly boost testing efficiency. 

Loop mediated isothermal amplification (LAMP) is a DNA 
amplification technique performed at constant temperature. Compared 
to PCR, it uses more primers and thus enables better specificity in the 
amplification. In addition, by incorporating dyes or pH indicators in the 
reaction, amplification products can be visually detected by observing 
turbidity or simply color change, making LAMP a great technique for 
point-of-care virus testing (Fig. 4b). Zhang et al. reported the 

Fig. 3. The workflow of the standard nucleic acid test, RT-qPCR.  
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preliminary study of reverse transcription-LAMP (RT-LAMP) assays for 
SARS-CoV-2 detection with colorimetric readouts [48]. They designed 
five LAMP primer sets targeting ORF1a gene and N gene and tested them 
using synthetic RNAs. Testing results had 100% agreement with 
RT-qPCR, and an analytical sensitivity of 4.8 copies/μL was achieved. In 

addition, tests using crude cell lysates without RNA extraction also 
showed similar sensitivity, suggesting that RT-LAMP has the potential to 
serve as a point-of-care assay for field application. 

In another study, Rabe et al. developed similar RT-LAMP assays and 
optimized virus inactivation and purification protocols [49]. The 

Fig. 4. Nucleic acid tests based on emerging biosensing strategies of (a) digital PCR and (b) RT-LAMP. Figure (b) adapted from Refs. [53] under the terms of the 
Creative Commons Attribution 4.0 License. 

Fig. 5. Nucleic acid test based on emerging biosensing strategies of DNA (a) nanoscaffold hybrid chain reaction and (b) circle to circle amplification. Figure (a) 
adapted with permission from Ref. [57]. Figure (b) adapted with permission from Ref. [58]. 
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optimized assay was able to be completed in 30 min, and the analytical 
sensitivity was 1 copy/μL following the purification protocol. Impres
sively, the sample inactivation and purification process did not require 
commercial reagent kits, and the overall cost was only 0.07 US dollars 
per sample, making it affordable for massive testing. Similar works have 
also been reported by other research groups [50–55]. 

Though LAMP is a convenient technique for nucleic acid amplifica
tion, a few limitations shall be addressed to achieve widespread adop
tion. First, LAMP uses a set of four or six primers, making primer designs 
subject to more constraint and difficult to implement in certain settings 
[56]. Second, multiplex detection using LAMP is less developed than 
using PCR, since larger number of primers imposes greater chance of 
primer-primer interference. 

Other nucleic acid amplification tests have also been explored and 
implemented for the detection of SARS-CoV-2. Jiao et al. reported the 
development of SARS-CoV-2 detection based on DNA nanoscaffold 
hybrid chain reaction (DNHCR) [57]. This method adopted two hairpin 
probes, namely H1, which is self-quenching, and H2, as shown in Fig. 5a. 
In the presence of SARS-CoV-2 RNA, H1 hybridize with the target RNA 
and unfold, restoring the fluorescence and allowing H2 to hybridize with 
H1. The unfolded H2 then hybridizes with adjacent H1, thus amplifying 
the fluorescence signal. DNHCR detected target within 10 min without 
the need of heating, suggesting its potential as an alternative to the 
standard nucleic acid test. Nevertheless, the acquisition of fluorescent 
signals requires bulky equipment, making it suboptimal for point-of-care 
testing. Further efforts may be necessary to miniaturize the signal 
acquisition setup. In another work, Tian et al. designed and imple
mented a detection method based on circle-to-circle amplification, as 
shown in Fig. 5b [58]. The first round of rolling circle amplification 
generated intermediate amplicons, which annealed to a second circular 
template. The resultant amplicon coils assembled to specially designed 
magnetic nanoparticles, which were then detected through an opto
magnetic sensor. This proposed method achieved a detection limit of 
0.4 fM (~240 copies/μL) when using synthetic complementary DNA of 
SARS-CoV-2 and a total assay time of roughly 100 min. Since clinical 
samples are much more complicated than synthetic DNA sequences, 
further efforts shall be devoted to assay validations using clinical 
samples. 

CRISPR-Cas system is an emerging technology which enables 
nucleic acid sequence recognition and subsequent cleavage. The system 
consists of a guide RNA (gRNA) and a CRISPR associated (Cas) protein. 
Upon the binding of the gRNA to the target site, Cas protein is activated 
and cuts nucleic acids. Among the various Cas proteins, Cas12 and Cas13 
showed collateral cleavage activities on RNA or DNA, making them 
great tools for biosensing of virus nucleic acids [59]. Broughton et al. 
developed a CRISPR-Cas12-based assay for the detection of SARS-CoV-2, 
named SARS-CoV-2 DNA Endonuclease-Targeted CRISPR Trans Re
porter (DETECTR), and validated its efficacy [60]. Primers and gRNA 
were designed to target the E gene and N gene of SARS-CoV-2, and 

single-stranded DNA (ssDNA) probes tagged with FAM-biotin reporter 
were incorporated in the detection reagent, as shown in Fig. 6. When the 
target sequences were recognized by the gRNA, Cas12 effector cleaved 
the probes, generating visual readout on test band on the lateral flow 
assay. The DETECTR-based lateral flow assay enabled virus detection in 
fewer than 40 min, with limit of detection of 10 copies/μL, sensitivity of 
95%, and specificity of 100%. A similar assay based on Cas12 b was also 
reported [61]. 

Instead of cleaving ssDNA, Cas13 cleaves single-stranded RNA and 
has also been adapted for virus detection. Myhrvold et al. developed a 
Cas13-based virus detection platform, named specific high-sensitivity 
enzymatic reporter unlocking (SHERLOCK), and incorporated the bio
sensing technology into lateral flow assays [62]. Using SHERLOCK, 
Dengue and Zika virus were successfully tested in a rapid, quantitative, 
and portable fashion. Since the outbreak of COVID-19, the same groups 
quickly developed an assay protocol to detect SARS-CoV-2 along with 
other respiratory viral pathogens simultaneously, which could poten
tially enable fast surveillance of circulating viruses [63]. Using synthetic 
SARS-CoV-2 RNA as the test sample, an analytical sensitivity of 10 
copies/μL was demonstrated. Similar Cas13-based SARS-CoV-2 assays 
were also achieved by different groups [64,65]. 

A shortcoming of CRISPR-based biosensors is that they require 
protospacer-adjacent motif (PAM) sequences adjacent to the target 
sequence, which could pose a challenge when performing single 
nucleotide polymorphism (SNP) discrimination or detection of short 
sequences [59]. In addition, current CRISPR-based biosensors require 
amplification and detection in different tubes, complicating the opera
tion and increasing the chance of contamination. Joung et al. developed 
an optimal combination of LAMP primers and gRNAs to allow for 
amplification and CRISPR-mediated detection in a single-step reaction, 
in an assay named SHERLOCK-Testing in One Pot for COVID-19 
(STOPCovid) [66,67]. The assay only required micropipettes and 
60 ◦C water bath, which greatly increased its accessibility. The limit of 
detection was shown as 100 copies, and the assay could be accomplished 
within 70 min on a lateral flow assay, making it a powerful tool for 
point-of-care testing. 

It is noteworthy that recently CRISPR-Cas system has also been 
adopted to develop a massively multiplexed virus detection platform 
[68]. Ackerman et al. designed multiple primers to generate amplicons 
from samples and multiple crRNAs for the detection of different viruses. 
The amplified samples and Cas13 detection mix were color coded based 
on the primer or crRNA and encapsulated into droplets, which were then 
pooled and paired on a microwell chip. Contents in the droplets could be 
identified based on the coded fluorescence, and virus presences were 
detected based on a different fluorescence emitted by the probes. Using 
this platform, the authors demonstrated the simultaneous detection of 
169 viruses. In addition, the detection of a coronavirus panel including 
SARS-CoV-2 was designed and implemented, which demonstrated the 
capability of this platform for quick adaption to ongoing pandemic. 

DNA sequencing provides a means to examine the nucleic acid 
sequence of the pathogens in detail, thus enabling both case confirma
tion and mutation surveillance, which is extremely important for public 
health decision making [69]. Indeed, an application note on the work
flow for an NGS-based SARS-CoV-2 detection was posted by Illumina 
[70]. However, such assays are expensive, time-consuming, and difficult 
to scale up. To address this challenge, Schmid-Burgk et al. proposed a 
barcoded nucleic acid amplification protocol, named LAMP-seq, for 
massively parallel sample sequencing [71]. After sample collections, 
RT-LAMP was performed for nucleic acid amplification and indexing, 
with each sample using a unique set of primers with unique barcode, 
before samples are pooled, further amplified, and sequenced. The 
unique barcode primers ensured that each sample could be identified in 
the pooled sequencing data. This method could be scaled to analyze 
millions of samples per day on an NGS facility, with each sample 
potentially costing only about 2 US dollars. A potential limitation is the 
skewing of sample representation due to the amplification process at the 

Fig. 6. Nucleic acid test based on CRIPSR/Cas systems, namely SARS-CoV-2 
DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR). Adapted 
with permission from Ref. [60]. 
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pooling stage, though initial assessment showed promising results. In 
addition, further work is necessary to investigate the sensitivity and 
stability of RT-LAMP reaction using unpurified swab samples. 

Nanopore sequencing is a third-generation sequencing technology 
which provides long-read, real-time readout. Combining targeted 
amplification and nanopore sequencing, Wang et al. developed nano
pore targeted sequencing for the detection of SARS-CoV-2 as well as 
other respiratory viruses [72]. As shown in Fig. 7, sample RNA was first 
extracted before being reverse transcribed and going through target 
amplification. The amplification products were then barcoded and 
ligated with adapters for sequencing on the nanopore sequencer. The 
detection method could be completed within 6–10 h with a limit of 
detection of ten standard plasmid copies per reaction. 

Coinfection with microorganisms other than SARS-CoV-2 has likely 
contributed to the morbidity and mortality of COVID-19. To detect 
SARS-CoV-2 while simultaneously assessing the background micro
biome, nanopore sequencing was used to perform metagenomic analysis 
[73]. Results identified the coinfection with other microorganisms such 
as Fusobacterium periodonticum and human betaherpesvirus 5 among 
patients. Though in terms of diagnosis, the sensitivity is not as good as 
RT-qPCR, this method can potentially be used to guide coinfection 
treatment and monitor viral evolution. A nanopore sequencing based 
protocol for the molecular diagnosis of COVID-19 was later published by 
Oxford Nanopore Technogies Inc. and have been widely adopted in the 
United Kingdom [74,75]. 

In addition, a few other sequencing-based SARS-CoV-2 detection and 
surveillance methods have been reported. Chandler-Brown et al. 
developed a protocol based on Sanger sequencing [76]. Briefly, spec
imen was directly added to PCR master mix without the step of RNA 
extraction, before being amplified and sequenced. Using frame-shifted 
spike-in as the specimen, it was shown that a limit of detection com
parable to RT-qPCR was achieved. Given that automated Sanger 
sequencing instruments are common in clinical laboratories and that 
each instrument can handle up to 3840 samples per day, this method 
could be a powerful supplementary test. In another work, St Hilaire et al. 
developed a whole genome sequencing method, named 
Pathogen-Oriented Low-cost Assembly & Re-sequencing, for rapid, 
low-cost, and highly sensitive SARS-CoV-2 diagnosis [77]. The assay 
showed a limit of detection of 86 genome equivalents per milliliter, with 
a cost of ~$30/patient and turn-around time of 24 h. In a different work, 
Credle et al. developed capture RNA-mediated oligonucleotide Anneal
ing Selection and Ligation with next generation DNA sequencing 
(cRASL-seq) for targeted, multiplexed virus detection [78]. In 
cRASL-seq, a biotinylated capture probe and two ligation probes were 
adopted. Upon hybridization with target RNA, ligation probes are 
ligated, before the targets were captured and enriched through biotin. 
Ligation probes were then sequenced, enabling the identification of 
target virus RNA. Combined with sample barcoding, the assay showed 
high scalability and extremely low per-sample cost. In another study, 
Guo et al. developed a targeted sequencing method, named V-seq, using 
densely tiled reverse transcription primers across SARS-CoV-2 genome 
[79]. Specially designed hexamers at the 3’ end were incorporated to 

minimize mis-matching with non-viral RNA and increase specificity. 
This protocol could be completed within 5 h with a cost of only $6 per 
sample. 

Localized surface plasmon resonance (LSPR) sensing uses metal 
nanoparticles, commonly gold, to localize surface plasmon and enhance 
the peak signal in the absorption spectrum, making it a sensitive 
biomolecule detection technology. Efforts have been devoted to develop 
LSPR-based biosensors for the detection of a wide range of substances 
[80,81]. Recently, LSPR has been adapted to develop an assay for the 
detection of SARS-CoV-2 nucleic acid [82]. DNA complementary to 
RdRp sequence was linked to the surface of gold nano-island, and its 
hybridization with RdRp sequence led to a shift in the detected spec
trum, which was subsequently used to calculate the virus concentration. 
In addition to LSPR, plasmonic photothermal effect was utilized to 
implement localized heating, which reduced the hybridization between 
mismatched oligonucleotides and increased detection accuracy. Using 
synthetic RdRp sequence, it was shown that a detection limit of 0.22 pM 
(~1.32 × 105 copies/μL) was achieved with good specificity. Since LSPR 
required dedicated optics and instruments for signal acquisition, further 
efforts may be necessary to miniaturize the test before it can be applied 
in the field. In another work, thiol-modified oligonucleotides were used 
to functionalize gold nanoparticles and allow for agglomeration upon 
hybridization with target RNA sequence of SARS-CoV-2 [83]. This 
method resulted in a colorimetric assay, which eliminated the need of 
sophisticated instruments, though the sensitivity was inevitably 
compromised compared to spectrum-based measurement. In addition to 
measurements using synthetic oligonucleotides, measurements using 
clinical samples may also be necessary to further validate the assay. 

1.3. Conventional antibody test 

Antibody test provides important serological information and can 
serve as a supplement to nucleic acid test. First, it assists contact tracing 
after a suspected infection by showing whether antibody is present in the 
serum [84]. Second, it helps reveal the population of asymptomatic 
cases to facilitate epidemiological study and public health policy mak
ing, considering that pre-symptomatic or asymptomatic transmission 
could happen [85]. Third, antibody profiles of participants in treatment 
or vaccine trials provides important information on immune status for 
the result analysis [86]. Therefore, developing reliable antibody test is of 
great importance. 

S protein, particularly the receptor binding domain (RBD), is thought 
to be highly antigenic and has been predominantly used as the antigen 
for antibody capturing. In addition, N protein has also been used in some 
tests. Based on these antigens, a few antibody tests have been developed, 
including both conventional assays and assays based on novel bio
sensing technologies. Since antibody tests are generally based on spe
cific binding between antigen and antibody, antigen detection can also 
be achieved using similar detection scheme. 

Enzyme-linked immunosorbent assay (ELISA) is a commonly used 
antibody test. The detection is based on specific binding of antibody and 
subsequent enzyme reaction, which generates a colorimetric readout. 

Fig. 7. Nucleic acid tests based on nanopore targeted sequencing. Adapted with permission from Ref. [72].  
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Briefly, a surface, such as a cell plate, is coated with antigen to capture 
target antibody in the sample, as shown in Fig. 8a. Afterwards, an 
enzyme-linked antibody binds to the target antibody, which enables the 
subsequent chromatic reaction. Since the outbreak of COVID-19, several 
ELISA kits have been developed. For example, Amanat et al. reported the 
preliminary results on the development of an ELISA assay for the 
detection of COVID-19 antibody [87,88]. The authors developed two 
different assays using recombinant full S protein and RBD domain, 
respectively, as the antigens. As shown by the results, full S protein 
showed better reactivity with COVID19 sera, and good sensitivity and 
specificity were observed in both assays, though not strictly 
characterized. 

Lateral flow assay (LFA) is a paper-based point-of-care immuno
assay. Paper substrates generate capillary action and drive sample to 
flow into conjugate pad and then testing region. In the conjugate pad, 
antibodies in the sample specifically bind to the colloidal gold- 
conjugated antigen, which are subsequently immobilized in the testing 
region, showing a color band due to the presence of colloidal gold. A 
myriad of LFAs have been developed by the industry sector as well as 
research laboratories. For example, Li et al. reported the development of 
an LFA which detected IgG and IgM of COVID-19 simultaneously, using 
RBD of S protein as the antigen, as shown in Fig. 8b [89]. The assay 
could be completed in 15 min using a blood drop from fingerprick, and it 
showed a sensitivity of 88.66% and a specificity of 90.63%, demon
strating the efficacy of LFA for rapid screening of SARS-CoV-2 infections. 
Two other works used lanthanide-doped polystyrene nanoparticles in 
lieu of colloidal gold for band visualization and achieved similar per
formance [90,91]. In addition, gold nanoparticles (AuNP) have also 
been adopted as an alternative to colloidal gold for antibody conjugation 
and test line visualization, given their long-term stability and little 
biotoxicity. Huang et al. developed AuNP-LF assay and achieved an 
assay time of only 15 min with serum consumption of 10–20 μL [92]. 
Besides detecting antibody, LFA can also be used to detect virus anti
gens. Since seroconversion causes significant delay in the presence of 
serum antibody after infection, the detection of antigen could poten
tially hold better sensitivity. Grant et al. developed a half-strip LFA to 
detect SARS-CoV-2 nucleocapsid antigen and achieved a limit of 
detection of 0.65 ng/mL (~13 pM) [93]. Though the assay was a simple 
dipstick without lateral flow instead of a full LFA, it proved the feasi
bility of the implementation of LFA on SARS-CoV-2 antigen detection. 

Given the ubiquitous use of ELISA and LFA in in vitro diagnostics 
industry, ELISA and LFA have been quickly developed and commer
cialized by many companies. Whitman et al. tested the performance of 
10 commercial LFAs, one commercial ELISA, and one in-house ELISA 
[94]. It was shown that IgM detection had more variations compared to 
IgG detection, and combined testes had highest sensitivity. The authors 
also showed that the test performances varied depending on the infec
tion stage, and the specificity spanned from 84.3% to 100% in negative 
controls (pre-COVID-19 specimens). Therefore, detailed serological 
characterization covering the full spectrum of infections would be 
required to guide result interpretation. 

Chemiluminescent immunoassay (CLIA) is commonly used in 
centralized laboratories for high throughput immunoassays. The testing 
principle is similar as ELISA, but instead of using enzyme reaction, CLIA 
uses chemiluminescence to generate light for signal detection. Since the 
outbreak, several commercial CLIA test kits have been quickly devel
oped. However, due to the short validation time, it was observed that 
many assays have inadequate or unverified performance [95,96]. 
Therefore, a few groups took the initiative and evaluated the commer
cial CLIA test kits. For example, Padoan et al. assessed the performance 
of the SARS-CoV-2 IgM and IgG CLIA kits produced by Snibe (Snibe Co., 
Ltd., Shenzhen, China) [97]. Results showed that imprecision and 
repeatability were acceptable and the detection of IgG at day 12 had a 
sensitivity of 100%. In another study, Bryan et al. evaluated the per
formance of Abbott SARS-CoV-2 IgG test kits on Abbott Architect 
(Abbott Laboratories, Illinois, US), and results showed a specificity and 
sensitivity of 99.9% and 100%, respectively [96]. Performance evalua
tion on other IgG and IgM test kits were also reported [98,99]. These 
testing results demonstrated the validity of these CLIA test kits on the 
market and showed that these CLIA tests could facilitate the serological 
study of COVID-19. 

1.4. Emerging antibody test 

In addition to these conventional methods, a few antibody assays 
based on emerging biosensing technologies have been reported as well. 
These assays are fast and highly sensitive and hold great potential for 
rapid diagnosis. 

Graphene-based field-effect transistors (GFET) have been shown 
as a great biosensing unit [100]. Based on this technology, Seo et al. 
developed a biosensor for the detection of SARS-CoV-2. In this GFET 
device, Graphene sheets were coated with a specific antibody against S 
protein [101]. As shown in Fig. 9a, upon sample loading, SARS-CoV-2 
bound to the antibody through S protein, altering the electrical prop
erties of the graphene sheet and thus the electric current. The amplitude 
of the current change was monitored by a source-measure unit to deduce 
the S protein concentration. It was shown that a detection limit of 242 
copies/mL was achieved, which was significantly lower than that of 
ELISA. Nevertheless, similar as other emerging biosensing strategies, 
miniaturization of the instrumentation and further validation on test 
stability is needed for practical applications. 

Surface plasmon resonance (SPR) sensing detects large bio
molecules based on the shift in the reflectance spectrum upon specific 
binding on the surface, in a similar principle as LSPR. Djaileb et al. re
ported the preliminary results of detecting SARS-CoV-2 using SPR [102]. 
In that work, gold surface was linked with recombinant N protein for the 
capturing of COVID-19 antibody. The SPR biosensors showed good 
response to antibodies in the serum, with a limit of detection of about 1 
μg/mL. The assay could be performed in 15 min using a portable SPR 
instrument, making it a possible method for rapid point-of-care testing. 
A potential limitation is the cost of the assay. The assay required SPR 
surface for antibody immobilization and SPR instrument for signal 

Fig. 8. Conventional antibody tests of COVID-19, including (a) ELISA and (b) lateral flow assay. Figure (b) adapted from Ref. [89] under the terms of the Creative 
Commons CC BY license. 
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detection, which added up to higher cost compared to conventional 
assays such as ELISA and LFA. In addition, further validation experi
ments may be necessary to improve the test reliability. 

Microfluidics is a technology that manipulates fluids in microscale 
with high surface-to-volume ratio, which enables miniaturized assays 
for fast and sensitive detection with reduced sample consumption. Tan 
et al. developed a microfluidic ELISA system using capillary tubes as 
the immobilizing surface (Fig. 9b). The small diameters of the capillaries 
facilitated rapid reaction and reduced sample consumption. Conse
quently, the ELISA assay could be completed within 30 min using only a 
few microliters of samples [103]. Using the same platform, assays for the 
detection of SARS-CoV-2 specific IgG and S protein was developed 
[104]. The adapted assays coated S1 protein on the capillary wall to 
capture IgG; alternatively, SARS-CoV-2 antibody was coated to capture S 
protein in the serum sample. The developed assays took only 15–20 min 
and consumed only 10 μL serum for each test, and the lower limit of 
detection of SRAS-CoV-2 S1 protein was 0.4 ng/mL. The authors 
demonstrated the assays’ application in antibody affinity screening, 
showing that antibody D003 has a relatively higher affinity and could 
potentially be used for future assay design. Nevertheless, a few limita
tions remain in the reported microfluidic ELISA. Commercial ELISA tests 
require consumables with good manufacturability to keep the cost low. 
Further efforts may be needed to explore the manufacturability of the 
surface-coated capillary tubes. In addition, the level of automation shall 
be further improved to achieve throughput that is comparable to the 
automated ELISA systems in hospitals. 

Magnetic nanoparticles and corresponding surface functionaliza
tion techniques provide a means to perform detection with magnetic 
readout. Pietschmann et al. developed a magnetic immunoassay for 
SARS-CoV-2 antibodies using magnetic nanoparticles, along with an 
immunofiltration column and magnetic readout devices [105]. Immu
nofiltration columns were coated with spike protein peptide, which 
enriched the antibodies in blood samples, before biotinylated labelling 
antibodies were flushed in and bound to the captured antibodies. 
Magnetic nanoparticles, functionalized by streptavidin, were then added 
and conjugated to the labeling antibodies. The magnetic strength was 
then measured and used to infer the antibody concentration within the 
blood sample. The assay showed a limit of detection of ~3 ng/mL, with a 
test time of 42 min, offering a convenient point-of-care antibody test. 
Nevertheless, this work aimed to demonstrate the concept and involved 
several steps of manual operations, which inevitably compromised the 
measurement consistency. Further validation and optimization would 
be necessary. 

Agglutination tests, as commonly used in blood typing, are high- 
throughput, fast, and low cost. Alves et al. utilized this test and devel
oped an antibody test for COVID-19 [106]. An antiglycophorin 
antibodies-viral peptide conjugate was first synthesized and used to 
functionalize reagent red blood cells (RRBC). These RRBCs were then 
mixed with patient serum for testing. In the presence of SARS-CoV-2, the 
RRBCs agglutinated and enabled visual inspection, as shown in Fig. 10a. 
The assay was tested on 14 clinical samples and compared with ELISA, 
suggesting the assay’s feasibility. Detailed investigation into the 
false-positive and false-negative rates would be needed to further 
characterize the assay performance. 

Aptamers are oligonucleotides that can specifically bind to target 
molecules. Compared to antibodies, aptamers have advantages such as 
smaller size, better stability, easy synthesis, and better quality control. 
The first step towards the development of aptamer-based assay for the 
detection of SARS-CoV-2 is the identification of aptamer sequence. To 
this end, Song et al. used an ACE2 competition based aptamer selection 
strategy and identified a 51-base hairpin-structured aptamer and a 67- 
base aptamer, targeting the RBD of SARS-CoV-2 (Fig. 10b) [107]. 
High-binding affinity was demonstrated, with Kd values of 5.8 nM and 
19.9 nM, respectively. These developed aptamers can potentially be 
used to develop new COVID-19 diagnostic tools. 

2. Concluding remarks 

Pandemic is a major threat that challenges global health and eco
nomic stability, and it is generally agreed by the public health experts 
that pandemics will keep occurring [108]. When an outbreak does 
occur, it is extremely important to have effective diagnostic tools that 
can be deployed in a matter of weeks or even days. Conventional testing 
methods, such as RT-qPCR, ELISA, and colloidal gold-based lateral flow 
assays, have shown limitations such as suboptimal sensitivity, 
throughput, and portability. Biosensing technologies based on nano
materials and microfluidics have made great progress in the past few 
years, bringing about emerging biosensors that are fast, portable, and 
highly sensitive with minimal sample consumptions. Nevertheless, very 
few novel biosensors have practically contributed to the testing so far in 
the COVID-19 pandemic. Two issues could have contributed to this 
situation. 

The first issue lies in the facilities required for emerging biosensing 
technologies. Most new biosensing technologies require dedicated 
instrumentation facilities, such as laser, spectrometers, or source- 
measure units, the installation and calibration of which are costly 
both time and finance wise. In pandemics, when time is critically 
important, tests that can be performed on the existing facilities are 
highly favorable. For example, if a new test can be adapted and per
formed on high throughput automated in vitro diagnostics systems, such 
as Abbott Architect and Roche cobas, it would be more actionable to 
incorporate this test in the clinical laboratory. As for point-of-care 
testing, lateral flow assay is commonly used, and the main “facility” is 
the dipstick, which is commercially available. As such, a new test which 
can be implemented on lateral flow assay would have a better chance to 
be adopted. 

Another issue is related to the test reproducibility and reliability. 
Despite that many emerging biosensors have shown superior sensitivity 
and lower limit of detection, due to their immature nature, most of them 
suffer from high testing variance and suboptimal reliability, which 
prevent them from being admitted to clinical settings. Before they can be 
widely accepted, tests might have to go through iterations of trouble
shooting in order to meet the validation and verification requirements. 
The long troubleshooting process stops them from being prioritized in 
pandemics. Therefore, biosensing research should consider the 
compatibility with existing testing infrastructures, as well as repeat
ability and reliability, so that these biosensors can be readily applicable 
in pandemics. 

Fig. 9. Antibody tests based on emerging biosensing strategies of (a) graphene- 
based field-effect transistor and (b) microfluidic ELISA. Figure (a) adapted with 
permission from Ref. [101]. Figure (b) adapted with permission 
from Ref. [104]. 
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[15] E. Morales-Narváez, C. Dincer, The impact of biosensing in a pandemic outbreak: 
COVID-19, Biosens. Bioelectron. 163 (2020) 112274. 

[16] J.J. Gooding, S.M. Liu, A new year period emphasizing the need for better 
sensors, ACS Sens. 5 (3) (2020) 597–598. 

[17] H. Zhu, et al., The vision of point-of-care PCR tests for the COVID-19 pandemic 
and beyond, Trac. Trends Anal. Chem. 130 (2020) 115984. 

[18] W. Feng, et al., Molecular diagnosis of COVID-19: challenges and research needs, 
Anal. Chem. 92 (15) (2020) 10196–10209. 

[19] M.N. Esbin, et al., Overcoming the bottleneck to widespread testing: a rapid 
review of nucleic acid testing approaches for COVID-19 detection, Rna 26 (7) 
(2020) 771–783. 

[20] N. Ravi, et al., Diagnostics for SARS-CoV-2 detection: a comprehensive review of 
the FDA-EUA COVID-19 testing landscape, Biosens. Bioelectron. 165 (2020) 
112454. 

[21] Z. Qin, et al., Fighting COVID-19: integrated micro- and nanosystems for viral 
infection diagnostics, Matter. 3 (3) (2020) 628–651. 

[22] S. Mahapatra, P. Chandra, Clinically practiced and commercially viable nanobio 
engineered analytical methods for COVID-19 diagnosis, Biosens. Bioelectron. 165 
(2020) 112361. 

[23] X. Yuan, et al., Current and perspective diagnostic techniques for COVID-19, ACS 
Infect. Dis. 6 (8) (2020) 1998–2016. 

[24] N. Younes, et al., Challenges in laboratory diagnosis of the novel coronavirus 
SARS-CoV-2, Viruses 12 (6) (2020) 582. 

[25] B. Udugama, et al., Diagnosing COVID-19: the disease and tools for detection, 
ACS Nano 14 (4) (2020) 3822–3835. 

[26] P. Pokhrel, C. Hu, H. Mao, Detecting the coronavirus (COVID-19), ACS Sens. 5 (8) 
(2020) 2283–2296. 

[27] R. Liu, et al., Promising methods for detection of novel coronavirus SARS-CoV-2, 
View 1 (1) (2020) e4. 

[28] T. Ji, et al., Detection of COVID-19: a review of the current literature and future 
perspectives, Biosens. Bioelectron. 166 (2020) 112455. 

[29] L.J. Carter, et al., Assay techniques and test development for COVID-19 diagnosis, 
ACS Cent. Sci. 6 (5) (2020) 591–605. 

[30] M.P. Cheng, et al., Diagnostic testing for severe acute respiratory 
syndrome–related coronavirus-2: a narrative review, Ann. Intern. Med. 172 (1) 
(2020) 726–734. 

[31] F. Cui, H.S. Zhou, Diagnostic methods and potential portable biosensors for 
coronavirus disease 2019, Biosens. Bioelectron. 165 (2020) 112349. 

[32] V.M. Corman, et al., Detection of 2019 novel coronavirus (2019-nCoV) by real- 
time RT-PCR, Euro Surveill. 25 (3) (2020) 2000045. 

[33] Centers for Disease Control and Prevension, CDC 2019-nCoV real-time RT-PCR 
diagnostic panel, Available from: https://www.cdc.gov/coronavirus/2019-ncov/ 
lab/index.html, 2020. 

[34] China National Institute For Viral Disease Control and Prevention, Specific 
Primers and Probes for Detection 2019 Novel Coronavirus, 2020. Available from: 
http://ivdc.chinacdc.cn/kyjz/202001/t20200121_211337.html. 

[35] D.K.W. Chu, et al., Molecular diagnosis of a novel coronavirus (2019-nCoV) 
causing an outbreak of pneumonia, Clin. Chem. 66 (4) (2020) 549–555. 

[36] A. Moran, et al., The detection of SARS-CoV-2 using the Cepheid Xpert xpress 
SARS-CoV-2 and Roche cobas SARS-CoV-2 assays, J. Clin. Microbiol. 58 (8) 
(2020) 00772-20–20. JCM.00772-20. 

[37] F. Landi, et al., Positive RT-PCR nasopharyngeal swab in patients recovered from 
COVID-19 disease: when does quarantine really end? J. Infect. 81 (6) (2020) 
E1–E3, 4814-4814. 

[38] N. Li, X. Wang, T. Lv, Prolonged SARS-CoV-2 RNA shedding: not a rare 
phenomenon, J. Med. Virol. 92 (11) (2020) 2286–2287. 

[39] N. Sethuraman, S.S. Jeremiah, A. Ryo, Interpreting diagnostic tests for SARS-CoV- 
2, J. Am. Med. Assoc. 323 (22) (2020) 2249–2251. 

[40] C.B.F. Vogels, et al., SalivaDirect: Simple and Sensitive Molecular Diagnostic Test 
for SARS-CoV-2 Surveillance, medRxiv, 2020, 2020.08.03.20167791. 

[41] N.R. Meyerson, et al., A Community-Deployable SARS-CoV-2 Screening Test 
Using Raw Saliva with 45 Minutes Sample-To-Results Turnaround, medRxiv, 
2020, 2020.07.16.20150250. 

[42] T. Suo, et al., ddPCR: a more accurate tool for SARS-CoV-2 detection in low viral 
load lpecimens, Emerg. Microbes Infect. 9 (1) (2020) 1259–1268. 

[43] F. Yu, et al., Quantitative detection and viral load analysis of SARS-CoV-2 in 
infected patients, Clin. Infect. Dis. 71 (15) (2020) 793–798. 

[44] L. Dong, et al., Highly Accurate and Sensitive Diagnostic Detection of SARS-CoV-2 
by Digital PCR, medRxiv, 2020, 2020.03.14.20036129. 

[45] R. Lu, et al., SARS-CoV-2 Detection Using Digital PCR for COVID-19 Diagnosis, 
Treatment Monitoring and Criteria for Discharge, medRxiv, 2020, 
2020.03.24.20042689. 

[46] U.S. Food and Drug Administration, Emergency use authorizations, Available 
from: https://www.fda.gov/medical-devices/emergency-situations-medic 
al-devices/emergency-use-authorizations#covid19ivd, 2020. 

[47] S.J. Salipante, K.R. Jerome, Digital PCR—an emerging technology with broad 
applications in microbiology, Clin. Chem. 66 (1) (2020) 117–123. 

Fig. 10. Antibody tests based on emerging biosensing strategies of (a) agglutination test and (b) aptamer. Figure (a) adapted with permission from Ref. [106]. 
Figure (b) adapted with permission from Ref. [107]. 

L. Chen et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0039-9140(20)31277-7/sref1
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref1
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref2
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref2
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref3
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/how-covid-spreads.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/how-covid-spreads.html
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref5
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref5
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref5
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref6
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref6
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref7
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref7
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref8
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref8
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref9
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref9
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref9
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref10
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref10
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref10
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref11
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref11
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref12
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref12
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref13
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref13
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref14
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref14
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref14
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref15
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref15
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref16
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref16
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref17
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref17
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref18
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref18
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref19
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref19
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref19
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref20
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref20
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref20
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref21
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref21
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref22
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref22
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref22
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref23
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref23
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref24
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref24
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref25
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref25
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref26
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref26
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref27
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref27
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref28
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref28
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref29
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref29
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref30
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref30
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref30
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref31
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref31
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref32
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref32
https://www.cdc.gov/coronavirus/2019-ncov/lab/index.html
https://www.cdc.gov/coronavirus/2019-ncov/lab/index.html
http://ivdc.chinacdc.cn/kyjz/202001/t20200121_211337.html
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref35
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref35
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref36
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref36
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref36
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref37
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref37
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref37
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref38
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref38
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref39
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref39
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref40
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref40
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref41
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref41
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref41
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref42
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref42
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref43
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref43
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref44
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref44
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref45
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref45
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref45
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations#covid19ivd
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations#covid19ivd
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref47
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref47


Talanta 225 (2021) 121986

10

[48] Y. Zhang, et al., Rapid Molecular Detection of SARS-CoV-2 (COVID-19) Virus 
RNA Using Colorimetric LAMP, medRxiv, 2020, 2020.02.26.20028373. 

[49] B.A. Rabe, C. Cepko, SARS-CoV-2 Detection Using an Isothermal Amplification 
Reaction and a Rapid, Inexpensive Protocol for Sample Inactivation and 
Purification, medRxiv, 2020, 2020.04.23.20076877. 

[50] Y.H. Baek, et al., Development of a reverse transcription-loop-mediated 
isothermal amplification as a rapid early-detection method for novel SARS-CoV-2, 
Emerg. Microb. Infect. 9 (1) (2020) 998–1007. 

[51] C. Yan, et al., Rapid and visual detection of 2019 novel coronavirus (SARS-CoV-2) 
by a reverse transcription loop-mediated isothermal amplification assay, Clin. 
Microbiol. Infect. Offic. Public. Eur. Soc. Clin. Microbiol. Infect. Dis. 26 (6) (2020) 
773–779. S1198-743X(20)30186-5. 

[52] V.L. Dao Thi, et al., A colorimetric RT-LAMP assay and LAMP-sequencing for 
detecting SARS-CoV-2 RNA in clinical samples, Sci. Transl. Med. 12 (556) (2020), 
eabc7075. 

[53] N. Ben-Assa, et al., Direct on-the-spot detection of SARS-CoV-2 in patients, Exp. 
Biol. Med. 245 (14) (2020) 1187–1193. 

[54] N. Helgouach, et al., EasyCOV : LAMP Based Rapid Detection of SARS-CoV-2 in 
Saliva. medRxiv, 2020, 2020.05.30.20117291. 

[55] X. Zhu, et al., Multiplex reverse transcription loop-mediated isothermal 
amplification combined with nanoparticle-based lateral flow biosensor for the 
diagnosis of COVID-19, Biosens. Bioelectron. 166 (2020) 112437. 

[56] C.O. Nzelu, H. Kato, N.C. Peters, Loop-mediated isothermal amplification 
(LAMP): an advanced molecular point-of-care technique for the detection of 
Leishmania infection, PLoS Neglected Trop. Dis. 13 (11) (2019) e0007698- 
e0007698. 

[57] J. Jiao, et al., DNA nanoscaffold-based SARS-CoV-2 detection for COVID-19 
diagnosis, Biosens. Bioelectron. 167 (2020) 112479. 

[58] B. Tian, et al., Homogeneous circle-to-circle amplification for real-time 
optomagnetic detection of SARS-CoV-2 RdRp coding sequence, Biosens. 
Bioelectron. 165 (2020) 112356. 

[59] Y. Li, et al., CRISPR/Cas systems towards next-generation biosensing, Trends 
Biotechnol. 37 (7) (2019) 730–743. 

[60] J.P. Broughton, et al., CRISPR–Cas12-based detection of SARS-CoV-2, Nat. 
Biotechnol. 38 (7) (2020) 870–874. 

[61] Z. Huang, et al., Ultra-sensitive and high-throughput CRISPR-p owered COVID-19 
diagnosis, Biosens. Bioelectron. 164 (2020) 112316. 

[62] C. Myhrvold, et al., Field-deployable viral diagnostics using CRISPR-Cas13, 
Science 360 (6387) (2018) 444. 

[63] H.C. Metsky, et al., CRISPR-based Surveillance for COVID-19 Using Genomically- 
Comprehensive Machine Learning Design, bioRxiv, 2020, 2020.02.26.967026. 

[64] X. Ding, et al., All-in-One Dual CRISPR-Cas12a (AIOD-CRISPR) Assay: A Case for 
Rapid, Ultrasensitive and Visual Detection of Novel Coronavirus SARS-CoV-2 and 
HIV Virus, bioRxiv, 2020, 2020.03.19.998724. 

[65] L. Guo, et al., SARS-CoV-2 detection with CRISPR diagnostics, Cell Discovery 6 
(1) (2020) 34. 

[66] Julia Joung, A.L., Makoto Saito, Michael Segel, Robert Bruneau, Mee-li W. Huang, 
Nam-Gyun Kim, Xu Yu, Jonathan Li, Bruce D. Walker, Alexander L. Greninger, 
Keith R. Jerome, Jonathan S. Gootenberg, Omar O. Abudayyeh, Feng Zhang, 
Point-of-care Testing for COVID-19 Using SHERLOCK Diagnostics (v.vol. 
20200505). 2020. 

[67] J. Joung, et al., Detection of SARS-CoV-2 with SHERLOCK one-pot testing, 
N. Engl. J. Med. 383 (15) (2020) 1492–1494. 

[68] C.M. aAckerman, et al., Massively multiplexed nucleic acid detection using 
Cas13, Nature 582 (7811) (2020) 277–282. 

[69] B.B. Oude Munnink, et al., Rapid SARS-CoV-2 whole-genome sequencing and 
analysis for informed public health decision-making in The Netherlands, Nat. 
Med. (2020) bioRxiv; 2020. 2020.04.21.050633. 

[70] Illumina, Comprehensive Workflow for Detecting Coronavirus Using Illumina 
Benchtop Systems, 2020. 

[71] J.L. Schmid-Burgk, et al., LAMP-seq: Population-Scale COVID-19 Diagnostics 
Using a Compressed Barcode Space. bioRxiv, 2020, 2020.04.06.025635. 

[72] M. Wang, et al., Nanopore targeted sequencing for the accurate and 
comprehensive detection of SARS-CoV-2 and other respiratory viruses, Small 16 
(32) (2020) 2002169. 

[73] S.C. Moore, et al., Amplicon Based MinION Sequencing of SARS-CoV-2 and 
Metagenomic Characterisation of Nasopharyngeal Swabs from Patients with 
COVID-19. medRxiv, 2020, 2020.03.05.20032011. 

[74] P. James, et al., LamPORE: Rapid, Accurate and Highly Scalable Molecular 
Screening for SARS-CoV-2 Infection, Based on Nanopore Sequencing. medRxiv, 
2020, 2020.08.07.20161737. 

[75] Department of Health, U.K. Social Care, Roll-out of 2 New Rapid Coronavirus 
Tests Ahead of Winter, 2020. 

[76] D. Chandler-Brown, et al., A Highly Scalable and Rapidly Deployable RNA 
Extraction-free COVID-19 Assay by Quantitative Sanger Sequencing. bioRxiv, 
2020, 2020.04.07.029199. 

[77] B.G. St Hilaire, et al., A Rapid, Low Cost, and Highly Sensitive SARS-CoV-2 
Diagnostic Based on Whole Genome Sequencing. bioRxiv, 2020, 
2020.04.25.061499. 

[78] J.J. Credle, et al., Highly Multiplexed Oligonucleotide Probe-Ligation Testing 
Enables Efficient Extraction-free SARS-CoV-2 Detection and Viral Genotyping. 
bioRxiv, 2020, 2020.06.03.130591. 

[79] L. Guo, et al., Rapid Cost-Effective Viral Genome Sequencing by V-Seq. bioRxiv, 
2020, 2020.08.15.252510. 

[80] K.M. Mayer, J.H. Hafner, Localized surface plasmon resonance sensors, Chem. 
Rev. 111 (6) (2011) 3828–3857. 

[81] E. Petryayeva, U.J. Krull, Localized surface plasmon resonance: nanostructures, 
bioassays and biosensing—a review, Anal. Chim. Acta 706 (1) (2011) 8–24. 

[82] G. Qiu, et al., Dual-functional plasmonic photothermal biosensors for highly 
accurate severe acute respiratory syndrome coronavirus 2 detection, ACS Nano 
14 (5) (2020) 5268–5277. 

[83] P. Moitra, et al., Selective naked-eye detection of SARS-CoV-2 mediated by N 
gene targeted antisense oligonucleotide capped plasmonic nanoparticles, ACS 
Nano 14 (6) (2020) 7617–7627. 

[84] A. Petherick, Developing antibody tests for SARS-CoV-2, Lancet 395 (10230) 
(2020) 1101–1102. 

[85] M.M. Arons, et al., Presymptomatic SARS-CoV-2 infections and transmission in a 
skilled nursing facility, N. Engl. J. Med. 382 (22) (2020) 2081–2090. 

[86] M. Lipsitch, R. Kahn, M.J. Mina, Antibody testing will enhance the power and 
accuracy of COVID-19-prevention trials, Nat. Med. 26 (6) (2020) 818–819. 

[87] D. Stadlbauer, et al., SARS-CoV-2 seroconversion in humans: a detailed protocol 
for a serological assay, antigen production, and test setup, Curr Protoc Microbiol 
57 (1) (2020), e100. 

[88] F. Amanat, et al., A serological assay to detect SARS-CoV-2 seroconversion in 
humans, Nat. Med. 26 (7) (2020) 1033–1036. 

[89] Z. Li, et al., Development and clinical application of a rapid IgM-IgG combined 
antibody test for SARS-CoV-2 infection diagnosis, J. Med. Virol. 92 (9) (2020) 
1518–1524. 

[90] Z. Chen, et al., Rapid and sensitive detection of anti-SARS-CoV-2 IgG, using 
lanthanide-doped nanoparticles-based lateral flow immunoassay, Anal. Chem. 92 
(10) (2020) 7226–7231. 

[91] M. Feng, et al., Development of a sensitive immunochromatographic method 
using lanthanide fluorescent microsphere for rapid serodiagnosis of COVID-19, 
ACS Sens. 5 (8) (2020) 2331–2337. 

[92] C. Huang, et al., Rapid detection of IgM antibodies against the SARS-CoV-2 virus 
via colloidal gold nanoparticle-based lateral-flow assay, ACS Omega 5 (21) 
(2020) 12550–12556. 

[93] B.D. Grant, et al., SARS-CoV-2 coronavirus nucleocapsid antigen-detecting half- 
strip lateral flow assay toward the development of point of care tests using 
commercially available reagents, Anal. Chem. 92 (16) (2020) 11305–11309. 

[94] J.D. Whitman, et al., Test Performance Evaluation of SARS-CoV-2 Serological 
Assays. medRxiv, 2020, 2020.04.25.20074856. 

[95] R. Torres, H.M. Rinder, Double-edged spike: are SARS-CoV-2 serologic tests safe 
right now? Am. J. Clin. Pathol. 51 (3) (2020) 236–238. 

[96] A. Bryan, et al., Performance Characteristics of the Abbott Architect SARS-CoV-2 
IgG Assay and Seroprevalence Testing in Idaho. medRxiv, 2020, 
2020.04.27.20082362. 

[97] P. Andrea, et al., Analytical performances of a chemiluminescence immunoassay 
for SARS-CoV-2 IgM/IgG and antibody kinetics, Clin. Chem. Lab. Med. (2020) 
20200443, 0. 

[98] M. Infantino, et al., Diagnostic accuracy of an automated chemiluminescent 
immunoassay for anti-SARS-CoV-2 IgM and IgG antibodies: an Italian experience, 
J. Med. Virol. 92 (9) (2020) 1671–1675, n/a(n/a). 

[99] Y. Wan, et al., Performance Verification of Detecting COVID-19 Specific Antibody 
by Using Four Chemiluminescence Immunoassay Systems. medRxiv, 2020, 
2020.04.27.20074849. 

[100] Y.-C. Syu, W.-E. Hsu, C.-T. Lin, Review—field-effect transistor biosensing: devices 
and clinical applications, ECS Journal of Solid State Science and Technology 7 (7) 
(2018) Q3196–Q3207. 

[101] G. Seo, et al., Rapid detection of COVID-19 causative virus (SARS-CoV-2) in 
human nasopharyngeal swab specimens using field-effect transistor-based 
biosensor, ACS Nano 14 (4) (2020) 5135–5142. 

[102] D. Abdelhadi, et al., A Rapid and Quantitative Serum Test for SARS-CoV-2 
Antibodies with Portable Surface Plasmon Resonance Sensing, 2020 
chemrxiv.12118914.v1. 

[103] X. Tan, et al., Rapid mouse follicle stimulating hormone quantification and estrus 
cycle analysis using an automated microfluidic chemiluminescent ELISA system, 
ACS Sens. 3 (11) (2018) 2327–2334. 

[104] X. Tan, et al., Rapid and Quantitative Detection of SARS-CoV-2 Specific IgG for 
Convalescent Serum Evaluation, Biosensors and Bioelectronics, 2020, p. 112572. 

[105] J. Pietschmann, et al., Brief Communication: Magnetic Immuno-Detection of 
SARS-CoV-2 Specific Antibodies. bioRxiv, 2020, 2020.06.02.131102. 

[106] D. Alves, et al., Rapid gel card agglutination assays for serological analysis 
following SARS-CoV-2 infection in humans, ACS Sens. 5 (8) (2020) 2596–2603. 

[107] Y. Song, et al., Discovery of aptamers targeting the receptor-binding domain of 
the SARS-CoV-2 spike glycoprotein, Anal. Chem. 92 (14) (2020) 9895–9900. 

[108] B. Gates, Responding to covid-19 — a once-in-a-century pandemic? N. Engl. J. 
Med. 382 (18) (2020) 1677–1679. 

[109] X. He, et al., Temporal dynamics in viral shedding and transmissibility of COVID- 
19, Nat. Med. 26 (5) (2020) 672–675. 

L. Chen et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0039-9140(20)31277-7/sref48
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref48
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref49
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref49
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref49
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref50
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref50
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref50
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref51
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref51
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref51
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref51
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref52
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref52
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref52
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref53
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref53
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref54
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref54
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref55
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref55
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref55
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref56
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref56
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref56
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref56
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref57
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref57
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref58
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref58
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref58
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref59
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref59
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref60
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref60
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref61
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref61
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref62
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref62
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref63
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref63
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref64
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref64
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref64
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref65
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref65
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref67
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref67
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref68
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref68
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref69
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref69
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref69
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref70
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref70
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref71
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref71
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref72
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref72
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref72
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref73
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref73
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref73
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref74
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref74
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref74
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref75
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref75
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref76
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref76
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref76
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref77
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref77
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref77
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref78
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref78
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref78
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref79
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref79
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref80
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref80
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref81
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref81
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref82
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref82
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref82
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref83
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref83
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref83
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref84
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref84
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref85
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref85
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref86
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref86
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref87
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref87
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref87
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref88
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref88
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref89
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref89
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref89
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref90
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref90
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref90
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref91
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref91
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref91
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref92
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref92
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref92
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref93
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref93
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref93
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref94
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref94
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref95
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref95
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref96
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref96
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref96
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref97
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref97
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref97
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref98
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref98
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref98
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref99
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref99
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref99
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref100
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref100
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref100
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref101
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref101
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref101
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref102
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref102
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref102
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref103
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref103
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref103
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref104
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref104
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref105
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref105
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref106
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref106
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref107
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref107
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref108
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref108
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref109
http://refhub.elsevier.com/S0039-9140(20)31277-7/sref109

	Emerging biosensing technologies for improved diagnostics of COVID-19 and future pandemics
	1 Introduction
	1.1 Conventional nucleic acid test
	1.2 Emerging nucleic acid test
	1.3 Conventional antibody test
	1.4 Emerging antibody test

	2 Concluding remarks
	Declaration of competing interest
	Acknowledgement
	References


