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The disastrous spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has induced

severe public healthcare issues and weakened the global economy significantly. Although SARS-CoV-2

infection is not as fatal as the initial outbreak, many infected victims suffer from long COVID. Therefore,

rapid and large-scale testing is critical in managing patients and alleviating its transmission. Herein, we

review the recent advances in techniques to detect SARS-CoV-2. The sensing principles are detailed

together with their application domains and analytical performances. In addition, the advantages and

limits of each method are discussed and analyzed. Besides molecular diagnostics and antigen and

antibody tests, we also review neutralizing antibodies and emerging SARS-CoV-2 variants. Further, the

characteristics of the mutational locations in the different variants with epidemiological features are

summarized. Finally, the challenges and possible strategies are prospected to develop new assays to

meet different diagnostic needs. Thus, this comprehensive and systematic review of SARS-CoV-2

detection technologies may provide insightful guidance and direction for developing tools for the

diagnosis and analysis of SARS-CoV-2 to support public healthcare and effective long-term pandemic

management and control.
1. Introduction

Since the outbreak of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in December 2019, this virus has spread rapidly
around the world.1,2 Consequently, the rampant COVID-19 has
induced severe public health problems, threatening the lives
and security of people around the world and putting stress on
national healthcare systems. As of March 2023, over 6.8 million
people died of COVID-19 globally, according to a report by the
World Health Organization (WHO). In addition, SARS-CoV-2
shows the tendency of long-term coexistence with humans
and continues to mutate, generating new variants and sub-
variants, which induce enhanced immune escape and rapid
transmission, according to the reports by the US Centers for
Disease Control and Prevention (CDC) (https://www.cdc.gov).
The shutdown and delayed resumption of production caused
by the epidemic have seriously weakened the global economy
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and led to various social “aer-effects” (reduced social
workforce and enlarged wealth gap).

SARS-CoV-2 is an enveloped single-stranded RNA virus.3,4 Its
genome length is 29 881 nucleotides (nt) (GenBank number
MN908947). The gene fragments express the structural and
nonstructural proteins, where the spike (S), envelope (E),
membrane (M) and nucleocapsid (N) genes encode the struc-
tural proteins of the S protein (SP), E protein (EP), M protein
(MP), and N protein (NP), respectively, while the open reading
frame (ORF) region encodes nonstructural proteins, such as 3-
chymotrypsin-like protease, papain-like protease and RNA-
dependent RNA polymerase (RdRP) (Fig. 1A).5,6 As a type I
fusion protein, SP plays a crucial role in the process of virus
infection and pathogenesis.7 SP consists of subunit S1 and
subunit S2, of which subunit S1 is composed of the N-terminal
domain (NTD) and receptor-binding domain (RBD), while
subunit S2 mediates the fusion between the virus and the cell
membrane. The RBD of the S protein can bind to the cell
receptor of angiotensin-converting enzyme 2 (ACE2), which is
the key to the viral invasion of the body.8,9 When S proteins bind
to the receptor, transmembrane serine protease 2 (TMPRSS2),
located on the host cell membrane, facilitates virus entry in the
cell by activating S proteins.10 Once the virus enters the cell, it
releases its RNA, which begins to replicate in the host cell.
Replication and transcription of the viral RNA genome occur
through protein cleavage and assembly of the replicase–
Chem. Sci., 2023, 14, 6149–6206 | 6149
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Fig. 1 Structure and invasion mechanism of SARS-CoV-2. (A) Genomic structure of coronaviruses is highly conserved and includes three main
regions. ORFs 1a and 1b contain two polyproteins that encode the nonstructural proteins (nsp), which include enzymes such as RdRp. The last
third of the genome encodes structural proteins. Accessory genes can also be interspersed throughout the genome. (B) After the S protein binds
to ACE2, the viral genome is fused with the plasma membrane via TMPRSS2 cleavage and activation. Once inside the host cell, the virus may
interact with cellular enzymes such as non-structural protein 11 (PP1a) and NSP16 (PP1ab), which can remove the phosphate groups from
proteins, interact with SARS-CoV-2 during infection, and potentially regulate the virus replication cycle by affecting the phosphorylation and
gene expression of viral proteins. Subsequently, the virus uses its RNA genome to hijack the machinery of the host cell to replicate rapidly and
produce new virus particles. The newly formed virus particles assemble and are released from the infected cell, often destroying the host cell in
the process.
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transcriptase complex. Aer replication of viral RNA, the
synthesis of structural proteins, assembly and packaging in the
host cell, the viral particles are released (Fig. 1B).11,12
6150 | Chem. Sci., 2023, 14, 6149–6206
Since SARS-CoV-2 became popular at the end of 2019, many
different subtypes or branches have evolved and spread glob-
ally. The mutation rate of this virus is about 2 nt per month,
which is much lower than the inuenza (4 nt per month) or
© 2023 The Author(s). Published by the Royal Society of Chemistry
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human immunodeciency virus (HIV) (8 nt per month).13

Accordingly, with the discovery of new variants of SARS-CoV-2, it
is necessary to periodically recongure diagnostic tests for this
virus.14 Among the SARS-CoV-2 mutant strains that have been
detected and isolated, the main types of mutations were found
to occur in RBD of the S protein.15,16 Mutations in this structure
may increase the affinity with the receptor,17,18 weaken the effect
of neutralizing antibodies,19,20 or cause the virus to escape
immunity.21,22 Although mutations are also present in the N
protein, compared to the S protein, it is highly conserved and
oen used as a rapid detection marker for SARS-CoV-2. Since
December 2020, four rapidly spreading virus lineages have been
identied as variants of concern (VOCs), marking the entry of
the pandemic into a new phase. The four VOCs are the Alpha,
Beta, Gamma and Delta variants, while many of the other
variants that have subsequently emerged possess some of the
mutational characteristics of these four variants. Currently, the
B.1.1.529 Pango lineage (Omicron variant), including BA.1,
BA.2, BA.3, BA.4, BA.5, and its descendent lineages, are preva-
lent. The WHO has emphasized that these descendant lineages
should be monitored, and their virus characteristics should be
examined.

The incubation period of COVID-19 ranges from 1 to 14 days,
mostly 3 to 7 days with the main symptoms of fever, dry cough
and fatigue.23–25 Some patients have diminished or lost sense of
smell and taste as the rst symptoms. A few patients have nasal
congestion, runny nose, sore throat, conjunctivitis, myalgia and
diarrhea.26–28 Severe patients usually develop respiratory
distress and/or hypoxemia one week aer the onset of the
disease. Furthermore, they can rapidly progress to acute respi-
ratory distress syndrome, septic shock, difficult-to-correct
metabolic acidosis, coagulation dysfunction, organ failure,
etc.29 Notably, many infected individuals may not have signi-
cant clinical symptoms due to the decreased virulence of this
virus.30,31 Although SARS-CoV-2 infection will not be as fatal as
its initial outbreak, studies have shown that many infected
people suffered from severe sequelae.32–34 According to the CDC,
over 80% of the nearly 24 million adults in the United States
with long COVID experience difficulties in daily activities.2

Moreover, a report by the Brookings Institution also indicates
that approximately 4 million people in the United States are
unemployed because of long COVID symptoms.35

The spread of SARS-CoV-2 and the shocking infection data
caused the world to seek effective prevention, control, and
treatment methods. Thus, to help researchers in different elds
have a more comprehensive understanding of the SARS-CoV-2
assays and promote the development of new assay technolo-
gies, herein, we review the articles related to SARS-CoV-2
detection technologies from 2020 to March 2023. Compared
with the previous reviews, we not only elaborate on the princi-
ples of each method but also summarize its utilization, advan-
tages and limits. In response to the simplicity and broadness of
the published reviews on SARS-CoV-2 antigen detection, we
overview this type of technique in terms of various antigenic
subunits and analyze its applications in clinical settings. This
makes our article more systematic, insightful and practically
meaningful. In addition to the in-depth insight into the three
© 2023 The Author(s). Published by the Royal Society of Chemistry
main types of assays (molecular assays, serological assays, and
antigen assays), we also review the corresponding counter-
measure strategies for SARS-CoV-2 variants. Further, the
mutational location characteristics and the epidemiological
features of various variants are summarized. Meanwhile,
related detection and countermeasure strategies for different
mutation locations are also proposed, which are of great
signicance for diagnosing and preventing mutant strains.
Finally, the challenges and possible strategies are prospected to
explore new assays to meet different diagnostic needs.
2. Molecular assays for the detection
of viral nucleic acids

SARS-CoV-2 molecular assays are the most direct and sensitive
detection methods. Currently, more than 500 commercial kits
are available worldwide for the molecular detection of SARS-CoV-
2 RNA, and the emergence of these kits has played a critical role
in the containment of the SARS-CoV-2 outbreak (Table 1).
2.1 PCR-based SARS-CoV-2 detection

The foundation of molecular diagnosis depends on identifying
and amplifying viral genetic material from suspected individual
specimens. Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) is the gold standard for identifying
SARS-CoV-2, powered by its ability to amplify minuscule
amounts of viral genetic information.59,60

2.1.1 Reverse transcription-polymerase chain reaction (RT-
PCR). Currently, RT-PCR is the most frequently used molecular
assay.61,62 In RT-PCR assays, RNA is rst extracted from samples,
and the rapid, high-throughput silica or magnetic particle
method is preferred.63–65 Aer the extraction is complete, the
SARS-CoV-2 RNA also needs to be reverse transcribed into
complementary DNA (cDNA) strands, which are then mixed with
primers, probes and reaction reagents on an automated thermal
cycling system for amplication. Ultimately, the produced signal
is commonly detected by uorescence or electrical method
(Fig. 2).66,67 Nowadays, both analysis kits are commercially
available. In a one-step assay, reverse transcription and PCR
amplication are integrated into a single reaction.68,69 In a two-
step analysis, reactions are performed sequentially in separate
tubes, which are more labor-intensive but more sensitive.70,71

The RT-PCR assay can target different genes72 such as RdRp
gene, N gene, E gene, S gene and ORF1b or ORF8 region of the
SARS-CoV-2 genome.73 Vogels et al. compared seven sets of
primers provided by the WHO and found that they all had
similar performances.74 Notably, Corman et al. indicated that
different targets in the SARS-CoV-2 genome have different
properties, affecting the sensitivity and specicity.75 Recently,
many studies showed that primer probes for the detection of
the N and E genes are more sensitive than that targeting the
RdRp gene.74,76–78 This merit may be attributed to the mismatch
of reverse primers used in detecting RdRp genes.79 To improve
the diagnostic efficiency and reliability, two or more genes
should be included in the RT-qPCR reaction to enhance the
identication of true positives. In addition, mutations in target
Chem. Sci., 2023, 14, 6149–6206 | 6151
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Fig. 2 Schematic representation of RT-PCR and RT-dPCR procedures used to detect SARS-CoV-2. In both assays, appropriate specimens are
collected, and viral RNA is extracted. In RT-PCR, the relative or absolute concentration of the target of interest is assessed by measuring the
fluorescence signal, which shows the amplification in each cycle. In RT-dPCR, the absolute concentration of the target nucleic acid is deter-
mined based on the number of partitions that are either positive or negative for amplification based on fluorescence signals.
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genes may affect the sensitivity of the assay, which may lead to
false negative results.80–82 According to the sequence analysis of
the SARS-CoV-2 genome by the Global Initiative of Sharing All
Inuenza Data (GISAID) database and China CDC, the N primer
region has a higher rate of viral mutations compared to other
primer sets.83 Although this does not imply that the primers
© 2023 The Author(s). Published by the Royal Society of Chemistry
cannot bind, it reveals the variability of the target region. A
report showed that the deletion of S gene locations 69 and 70 in
VOC B.1.1.7 failed at least one RT-PCR-based diagnostic kit for S
gene detection.61 These ndings highlight the importance of the
independent evaluation of the primer-probe sets used in SARS-
CoV-2 RT-PCR assays.
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The RT-PCR assays of SARS-CoV-2 mainly use samples
collected from the upper respiratory via swabs. Among the
samples, sputum and nasal swabs have higher viral loads within
seven days aer symptom onset, whereas pharyngeal swabs are
unreliable at eight days aer symptom onset,84–86 given that viral
loads are lower in samples aer the 8th day. Generally, sputum
samples have higher viral loads than pharyngeal swab samples,
while urine or stool samples have lower viral RNA loads.84,86–88

Aer systematic evaluation of ve studies, Woloshin et al. found
that RT-PCR had a high rate of false negatives (2% to 29%).89

This phenomenonmay be contributed from improper sampling
techniques, low viral load in the sampling area, or mutations in
the viral genome.90–93 Thus, to improve the sensitivity, safety and
rapidity of RT-PCR assays, Erster et al. used a lysis buffer sup-
plemented with nucleic acid stabilization and lysis buffer
(NSLB) instead of the traditional viral transfer medium (VTM)
for better sample preservation.94

Currently, the RT-PCR technique is the most commonly used
and effective method for SARS-CoV-2 detection; however, this
test oen leads to population aggregation with the risk of
causing virus transmission. Therefore, RT-PCR-based mixed-
sample mass screening to control the COVID-19 pandemic is
not optimal.

2.1.2 Reverse transcription digital PCR (RT-dPCR). In
comparison with RT-PCR, RT-dPCR is a more efficient and
sensitive method for SARS-CoV-2 detection.95,96 In recent years,
RT-dPCR has been developed rapidly for nucleic acid detection
and widely used in clinical microbiology.97–99 The principle of
RT-dPCR is to split a sample into tens to tens of thousands of
micro-drop units, each containing one or more copies of the
nucleic acid molecule (i.e., DNA template). Subsequently, each
unit will amplify the target molecule, and then the uorescence
signal is counted and calculated for each unit (Fig. 2).100–102

Compared with RT-PCR, RT-dPCR can segment the sample to
achieve non-biased target sequence amplication. In addition,
RT-dPCR also facilitates the absolute quantication of the
target gene copy number without calibration curves by using
Poisson's statistical principle.103,104 Although current diagnoses
mainly focus on qualitative results (positive or negative),
quantitative testing of the viral copy number is essential for
long-term monitoring of patient recovery or assessing the
performance of a drug or vaccine.105,106

Recently, COVID-19 patients have been reported to revert to
SARS-CoV-2 positivity;73,107,108 however, there are no specic clin-
ical features to distinguish them from fully recovered
patients.86,109 This has provoked public concern about the current
standards for patient discharge.110 Therefore, this situation
requires more sensitive detection methods compared to RT-PCR.
In this case, RT-dPCR is a suitable technique with good sensi-
tivity. Lu and team found that the LOD of RT-dPCR was 10-fold
lower than that of RT-PCR.111 Alteri et al. used RT-dPCR to detect
55 suspected COVID-19 patients who tested negative by RT-PCR;
however, 35% of these individuals tested positive by RT-dPCR for
the N gene.112 Given that RT-dPCR is more sensitive in detecting
the virus in low concentrations, it is a promising and reliable
method to examine asymptomatic carriers discharged from
hospitals. In addition, RT-dPCR can also be used to detect SARS-
6156 | Chem. Sci., 2023, 14, 6149–6206
CoV-2 RNA in the air.113 It was reported that some toilets used by
medical workers and patients contained a high viral load.93,114

This also indicates the importance of hygienic treatment and
room ventilation to restrict COVID-19 transmission.
2.2 Isothermal nucleic acid amplication

PCR-based nucleic acid testing protocols are complicated,
which require expensive instrumentation and professionals. In
addition, these methods require multiple temperature changes
for each cycle and involve complex thermo-cycling equip-
ment.115,116 Isothermal nucleic acid amplication is another
detection strategy that allows amplication without a thermal
cycler at thermostatic temperature.

2.2.1 Reverse transcription loop-mediated isothermal
amplication (RT-LAMP). RT-LAMP is a high-specicity assay
that uses DNA polymerase, reverse transcriptase, and 4–6
primers to bind different target regions of the genome, enabling
efficient, rapid, and specic exponential amplication of target
genes in less than 1 h at an isothermal condition of 60–65 °C
(Fig. 3).117–119 Compared to RT-PCR, RT-LAMP had 100% sensi-
tivity (95% condence interval 92.3–100%), 100% specicity
(95% condence interval 93.7–100%), and an average time of
26.28 min for the entire reaction to detect SARS-CoV-2.120

Moreover, RT-LAMP also showed good accuracy (89.9–100%) in
several studies.121–124 Yu et al. used an RT-LAMP method called
isothermal LAMP-based method for COVID-19 (iLACO) to detect
the SARS-CoV-2 ORF1ab gene and found an LOD of 10 copies
per mL.96 Minami et al. evaluated a commercial RT-LAMP kit
(Loopamp® 2019-SARS-CoV-2), which showed higher sensitivity
with an LOD of 1 copy per mL in 35 min.125

In addition, many modied RT-LAMP procedures have been
developed. For example, Zhang et al. combined the clustered
regularly interspaced short palindromic repeat (CRISPR)/
associated endonuclease (Cas) 12a system with RT-LAMP, and
simultaneously achieved visual detection by using gold nano-
particles (AuNPs).126 Moreover, this method could be directly
applied to 96-well plates for high-throughput screening.127 Thi
et al. developed LAMP sequencing using barcode primers,
which is scalable and can potentially analyze thousands of
samples in parallel.128 Rohaim et al. introduced articial intel-
ligence (AI) algorithms in RT-LAMP and developed a handheld
intelligent diagnostic device called AI-LAMP, which not only
improved the performance of RT-LAMP assays but also reduced
their operation time and subjectivity.129

2.2.2 Transcription-mediated amplication (TMA). TMA is
a technique for the direct isothermal amplication of RNA
templates, which uses three enzymes including viral reverse
transcriptase, T7 RNA polymerase and ribonuclease H (RNAse
H).130 During amplication, the viral RNA is rst bound to a T7
promoter primer, and then reverse transcribed into cDNA.
Subsequently, the target RNA strand is degraded by RNAse H,
leaving a single-stranded cDNA containing the T7 promoter.
Another primer uses this single-stranded cDNA as a template to
generate double-stranded DNA (dsDNA). Then, T7 RNA poly-
merase transcribes the generated dsDNA into RNA. Conse-
quently, the transcribed RNA serves as the template to restart
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Amplification of nucleic acids using RT-LAMP. Overall, there are four core primers that mediate all the processes in a LAMP reaction by
recognizing six distinct regions of the target DNA through several steps.
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the process (Fig. 4).131 TMA can produce 100–1000 copies of RNA
in one cycle, resulting in a 1010-fold increase in the target RNA
in 15–30 min.132 Thus, TMA is popular in clinical diagnostics.
Currently, many commercial tests based on this technique are
available. The Aptima® SARS-CoV-2 assay is based on TMA
technology that enables the detection of SARS-CoV-2, which is
performed on the Hologic Panther system, a highly automated,
high-throughput instrument.109 This assay involves the isola-
tion of SARS-CoV-2 RNA from the sample by oligomer-coupled
magnetic particles, amplication by TMA, and detection of
the amplied product by chemiluminescent probes. The
process takes approximately 3 h and can process over 1000
samples in 24 h.109Moreover, several studies have demonstrated
that the Aptima® SARS-CoV-2 assay is comparable to RT-PCR in
terms of sensitivity and has good analytical performance in
detecting pooled samples.133–137 Given this, the US Food and
© 2023 The Author(s). Published by the Royal Society of Chemistry
Drug Administration (FDA) has broadened the applicability of
Aptima® SARS-CoV-2 by allowing this procedure to be used to
detect asymptomatic individuals and pooled testing of symp-
tomatic patient samples.114

2.2.3 Reverse transcription-recombinase polymerase
amplication (RT-RPA). RPA is considered as an alternative
nucleic acid detection technique to PCR,138 which is capable of
realizing single-molecule nucleic acid detection at room
temperature within 15min without hardware equipment.139 The
addition of reverse transcriptase to the RPA reaction compo-
nents enables the detection of RNA viruses in a single tube.
Thus, this technology has been widely used to detect many RNA
viruses, such as Ebola virus, Zika virus and Middle East respi-
ratory syndrome coronavirus (MERS-CoV).140–142 During the
reaction, the recombinase and primer junctions form protein-
DNA complexes, which can search for homologous sequences
Chem. Sci., 2023, 14, 6149–6206 | 6157
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Fig. 4 TMA begins with primers targeting an RNA region of interest, one of which contains a promoter sequence for T7 RNA polymerase. The
subsequent single-stranded RNA is reverse-transcribed to cDNA by an RT in the reaction. The RNase H activity of the RT degrades the RNA in the
DNA-RNA hybrid as it synthesizes the cDNA strand. This dsDNA template is transcribed to RNA by T7 RNA polymerase, resulting in the expo-
nential amplification of the RNA target.

6158 | Chem. Sci., 2023, 14, 6149–6206 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanism of RT-RPA. The RT-RPA reactions typically occur between 37 °C and 42 °C in the following steps. The reaction is initiated by
the binding of a recombinase (e.g., T4 UvsX) and a loading factor (e.g., T4 UvsY) to each of the forward and reverse primers.
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in the reverse-transcribed dsDNA. Once the primer locates the
homologous sequence, a strand exchange reaction occurs to
form and initiate DNA synthesis and exponential amplication
of the target region on the template. The replaced DNA strand
binds to the single-strand binding (SSB) protein to prevent
further substitution (Fig. 5).

Currently, RT-RPA can be combined with other techniques
such as uorescence resonance energy transfer (FRET) or
CRISPR-Cas technology.143–146 El Wahed et al. developed RT-RPA
suitcase laboratory, a device that enables COVID-19 detection
in resource-poor settings. The sensitivity of RdRP, E and N gene
detection for SARS-CoV-2 can reach 2, 15, and 15 RNAmolecules,
respectively, in 15 min.147 A customized isothermal amplication
integrated lateral ow strip (LFS) platform enabled rapid,
simultaneous visual screening of SARS-CoV-2 and inuenza
viruses (inuenza A and inuenza B) without cross-reactivity,
false positives and false negatives.148 The other applications of
RT-RPA for SARS-CoV-2 detection involve CRISPR-Cas tech-
nology, which are described in the following section.

2.2.4 Other isothermal nucleic acid amplication
methods. In addition to the above-mentioned isothermal
amplication techniques, nicking enzyme-assisted reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
(NEAR), nuclear acid sequence-based amplication (NASBA),
strand displacement amplication (SDA) and other isothermal
amplication methods have been used to detect SARS-CoV-2.
Herein, each technique is not described in detail, but the
composition and characteristics of each isothermal amplica-
tion method are listed in Table 2.
2.3 CRISPR-based diagnosis

CRISPR and CRISPR-Cas are prokaryotic defense systems that
safeguard organisms against exogenous nucleic acids.152,153

Aer specic binding between guide RNA (gRNA) or CRISPR
RNA (crRNA) and the target sequence (DNA or RNA) located next
to a proto-spacer adjacent motif, the Cas enzyme is activated,
which can exhibit local DNase or RNase activity, leading to local
cleavage of the target DNA or RNA (cis-cleavage) as well as to
collateral damage to adjacent single-stranded DNA (ssDNA) or
RNA (trans cleavage) (Fig. 6), respectively.154,155 Nowadays, many
different Cas enzymes have been identied, such as Cas9,
Cas12, and Cas13, in which certain enzymes can be pro-
grammed for the detection of RNA viruses.156–158 The Cas12a-
based system DNA endonuclease-targeted CRISPR trans
reporter (DETECTR) and Cas13-based system called Specic
Chem. Sci., 2023, 14, 6149–6206 | 6159
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High sensitivity Enzymatic Reporter UnLock (SHERLOCK) are
two representative CRISPR technologies for infection pathogen
detection.159–161 Since the COVID-19 outbreak, the SHERLOCK
and DETECTR platforms have been used for SARS-CoV-2
detection and authorized for Emergency Use Authorization
(EUA) by the FDA.162,163

Patchsung et al. performed a two-step CRISPR-Cas13a-based
SHERLOCK assay targeting the S, N and ORF1ab genes of SARS-
CoV-2. The target sequences were reverse transcribed and
amplied using RT-RPA, followed by transcribing into RNA
using T7 RNA polymerase, and then identifying and detecting
based on CRISPR-Cas13a with an LOD of 42 copies per reaction
(Fig. 6).164 Broughton et al. developed and validated the
DETECTR platform for detecting the N and S genes of SARS-
CoV-2, which used RT-LAMP to amplify target genes, followed
by Cas12a-based specic sequence cleavage. The resultant
readout is also available by uorescence or lateral ow. The
estimated LOD of this platform is 10 copies per mL, with 95%
and 100% agreement for positive and negative predictions,
respectively.165 To fulll COVID-19 diagnostic demands,
researchers have developed many variants of CRISPR-Cas12 and
CRISPR-Cas13 systems, for example, the one-pot assay iSCAN
and STOPCovid.v2 (simplifying the operational steps and
shortening the detection time),166–168 AIOD-CRISPR (avoiding
aerosol contamination from opening the cap),169 CRISPR-FDS
with the high-throughput format,170 ITP-CRISPR with point-of-
care testing (POCT) potential in combination with micro-
uidics,171 SHERLOCK-HUDSON for direct sample detection
without nucleic acid extraction172 and SHINEv.2 for the detec-
tion of multiple variants of SARS-CoV-2.173
2.4 Sequencing-based technology

In recent decades, gene sequencing technology has witnessed
unprecedented developments based on Sanger sequencing
technology. The rst SARS-CoV-2 genome was obtained by next-
generation sequencing methods in less than one month aer
disease identication.174 Currently, GISAID shares more than 13
million SARS-CoV-2 genome sequences.175 The available
sequencing technologies are Sanger sequencing as well as next-
generation sequencing (NGS) technologies such as synthetic by
sequencing (SBS), ion semiconductor sequencing, nanosphere
sequencing, and nanopore sequencing.176–179 The principles of
some of these techniques are illustrated in Fig. 7.

Although most SARS-CoV-2 genome sequencing is per-
formed by NGS, traditional Sanger sequencing can still be used
for viral genome sequencing.180–183 qSanger-COVID-19, a rapid
detection kit for COVID-19 developed by BillionToOne (BTO), is
based on Sanger sequencing technology, which allows direct
sample detection without nucleic acid extraction and offers
comparable sensitivity to RT-PCR (10–20 genomic copy equiv-
alents); nevertheless, the throughput became 30-times faster
and 20-times higher.184 Despite the fact that the sample pro-
cessing step is eliminated, this protocol is still highly manual
given that it requires setting up multiple reactions. In addition,
the nal sequence comparison of sequencing results must be
manually checked and identied by a trained professional,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Principle of CRISPR-Cas technology for viral RNA detection. Firstly, the viral RNA is subjected to reverse-transcription and amplification,
e.g., in an RT-RPA reaction at 37 °C to 42 °C, to generate dsDNA. The dsDNA can be targeted by guide RNAs (gRNAs) directly in the CRISPR-Cas12
detection system, whereas RNA detection using the CRISPR-Cas13 system requires an additional T7 transcription step. When Cas12 or Cas13 is
activated by the recognition of gRNA, there will be cleavage of the target as well as nonspecific cleavage of dually labeled oligonucleotide probes.
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making post-sequencing analysis a challenge. Unlike Sanger
sequencing, which is designed to generate consistent sequences
for a single target amplicon, NGS technology allows the
sequencing of millions to billions of DNA strands in parallel
during a single run.185,186 EUA has licensed four kits for the
targeted testing of SARS-CoV-2 RNA based on Illumina's
sequencing by synthesis technology.161 The details of these kits
are summarized in Table 3.

To date, only a few sequencing studies have been explored
for SARS-CoV-2 detection compared to the frequently used
assays such as RT-PCR.184,187–190 Bhoyar sequenced 752 replicate
processed clinical specimens using Illumina's COVIDSeq
method, which shows good sensitivity, precision and accuracy
compared to RT-PCR. Moreover, the diagnostic positivity of
COVIDSeq increased by 5.7% (27 positives were detected from
cases diagnosed as negative and indeterminate by RT-PCR).189

Bloom et al. also compared NGS (SwabSeq) with RT-PCR and
found that this method had similar or better sensitivity and
specicity.191 In addition, this SwabSeq method also has
potential to detect 10 000 samples simultaneously.191

The Clear Dx SARS-CoV-2 test (Clear Labs) is the only EUA-
authorized protocol for detecting SARS-CoV-2 using Oxford
Nanopore sequencing technology. Compared to the short read
length of SBS technology, Oxford Nanopore sequencing yielded
longer read lengths without amplication artifacts and bias at
a lower cost.192,193 Wang et al. performed nanopore target
sequencing of SARS-CoV-2 and other pathogens from respira-
tory specimens within 6–10 h. This technique displayed
considerable sensitivity and specicity, with an LOD of 10
copies per mL.194
3. Serological antibody test

Diverse antibody assays, characterized by high-throughput and
low workload are playing a more crucial role in supplementing
the nucleic acid test. For patients who are highly suspected of
COVID-19 but negative by the molecular test, serological anti-
body testing may be helpful for their diagnosis.195 Moreover,
© 2023 The Author(s). Published by the Royal Society of Chemistry
antibody tests are essential to diagnose whether an individual
has been previously infected and may also help to conrm the
presence of current infection, given that a large proportion of
SARS-CoV-2 infections is asymptomatic.196 Due to the impor-
tance of serology testing, academia and industry have developed
various platforms for serological diagnosis. These tests can be
used in laboratories or wherever the patient is in the hospital or
at home (point-of-care). Many immunoassays, referred to as
total antibody assays, have been constructed to detect levels of
all isotypes simultaneously.

3.1 Antibody types and dynamics

Antibodies are formed by the body's immune system in
response to infections, which can be detected in whole blood,
plasma or serum. Three types of antibodies are created in
response to infection, i.e., immunoglobulin A (IgA), IgG and
IgM, which rise or fall at different times aer the onset of
infection.197–201 IgG is used in most antibody tests given that it
persists for the longest time and may reect longer-term
immunity, while IgM typically rises quickly with infection
and declines soon aer infection is cleared. The early sero-
conversion of IgM against SARS-CoV-2 was reported at 3–5
days, and the level can last for more than 1 month, while IgG
against SARS-CoV-2 may be detected aer 8 days.202,203

Notably, many reports on serum antibody levels in SARS-CoV-2
patients indicate that IgM expression was observed concur-
rently with IgG expression.204–207 Long et al. conducted a large
multicenter study and found that the median seroconversion
of both isotypes was recorded on day 13.208 Udugama et al.
found that antibody responses to infection took days to weeks
to be reliably detectable. Then, the levels of those antibodies
decreased over time.209 Although IgA has rarely been studied,
as a sensitive marker of infection, IgA levels correlate with
disease severity and neutralizing activity. Okba et al. used
a commercial enzyme-linked immunosorbent assay (ELISA) to
detect IgA and IgG and found that the specicity of the IgG
and IgA assays were similar, but the IgA ELISA had a superior
sensitivity over IgG ELISA. Fig. 8 shows that the RT-PCR
Chem. Sci., 2023, 14, 6149–6206 | 6161
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Fig. 7 Sequencing techniques for the identification of SARS-CoV-2. (A) Sanger sequencing. Firstly, SARS-CoV-2 RNA is often amplified by RT-
PCR (not depicted). Sanger sequencing reactions can be undertaken to analyze either of the DNA strands, but only one strand per reaction can be
assessed. (B) NGS. Firstly, a library of millions of DNA fragments is created from a template (or enhanced by multiplex RT-PCR for SARS-CoV-2).
Adapters are bound to the two ends of each DNA fragment. The adapters have a universal primer-binding site and a unique sequence (i.e.,
barcode) that can be hybridized to a specific sequence on the support.
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molecular diagnostics as well as IgM and IgG antibody assays
may vary over time.210

Thus far, the Foundation for Innovative Diagnostics (FIND)
has listed more than 400 antibody tests, most of which are
produced by commercial companies and are available on the
market. Here, these assays are classied into the following
categories and their properties are summarized according to the
testing platforms (Table 4). It is critical to understand the
6162 | Chem. Sci., 2023, 14, 6149–6206
strengths and limitations of these assays in various clinical and
research scenarios before utilizing antibody testing for SARS-
CoV-2.
3.2 Lateral ow immunoassay (LFIA)

LFIA is a rapid immunochromatography-based method that
utilizes a cassette to inject patient samples.212–215 Usually, it
requires only a few drops of whole blood from a nger prick
© 2023 The Author(s). Published by the Royal Society of Chemistry
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placed on the test strip, with a band appearing as positive or
negative for antibody detection. If the sample contains SARS-CoV-
2-specic antibodies, they will attach to the virus antigen bound
to AuNPs or another detection system, where the complex
migrates along the membrane towards the test line containing
a secondary antibody against the immune complex to result in
a visible band.216 LFIA is a POC serology test, which can be used in
emergencies with the advantages of time-saving (∼15 min), easy-
operation, and easy-result-interpretation. Guedez-López et al.
evaluated three commercially available antibody detection kits
and found that their sensitivities were relatively low in the early
stage (1–7 days from the onset of symptoms) of SARS-CoV-2
infection and gradually increased in the intermediate stage (8–
14 days from the onset of symptoms) and peaked at a late stage
(more than 15 days).217 Aer systematic analysis of 5016 refer-
ences and 40 studies, Bastos et al. also concluded that LFIA had
lower sensitivity in the early stage of symptom onset.218 Although
the sensitivity of the assays was affected by the timing of sample
acquisition, a higher overall sensitivity was consistently observed
with the use of total antibody detection. Li et al. developed an
LFIA for the simultaneous detection of IgG and IgM and found
a signicant increase in sensitivity compared to the detection of
IgG or IgM, respectively (Fig. 9).219 Other studies reported the
sensitivity and specicity of LFIA for SARS-CoV-2-specic total
antibodies using recombinant antigens of NPs, which were 94.6%
(84.9–98.9, CI 95%) and 100% (95.75–100, CI 95%) as early as 7
days post conrmation of positivity, respectively.220 In addition,
an immunochromatographic uorescence assay was developed
by combining uorescent nanotags with LFIA to ensure high
sensitivity and reliability of the assay. These uorescent nanotags
such as silica-core@dual QD-shell nanocomposites (SiO2@-
DQD),221 uorescent microspheres222 and selenium nano-
particles206 showed excellent accuracy when labeled with NP or SP
of SARS-CoV-2. Notably, Chen et al. designed aggregation-
induced emission (AIE) nanoparticles (emission wavelength,
810 nm)-labeled LFIA for the early detection of antibodies against
SARS-CoV-2 and the sensitivity of the proposed test strip for
detecting IgM and IgG was 78% and 95%, respectively (172 serum
samples).223 Importantly, the detection of IgM or IgG in sequen-
tial clinical samples was 1–7 days aer symptom onset. Recently,
Liu and coworkers developed a surface-enhanced Raman scat-
tering (SERS)-based LFIA biosensor,221 which used dual-layer
Raman molecule-loaded Ag-coated SiO2 nanoparticles as
advanced SERS tags. Subsequently, the SERS tag was conjugated
with the S protein for the simultaneous detection of IgG/IgM
antibodies with the LOD of 1 ng mL−1 S−1-protein antibody.221

Further the LOD was 1 pg mL−1 for clinical samples, which is
1000-times lower than the visualization results. Thus, the SERS-
LFIA technique was proposed for rapid screening and bulk
diagnosis at ultra-low detection levels when other commonly
used methods are not available.
3.3 Indirect enzyme-linked immunosorbent assay

Indirect ELISA is a plate-based assay, in which the microtiter
wells are coated with antigens. Aer adding the sample, the
antibodies will specically recognize the immobilized antigens.
Chem. Sci., 2023, 14, 6149–6206 | 6163
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Fig. 8 Detection probability of viral RNA or antibody (IgA, IgM, and IgG) against SARS-CoV-2 during infection (relative to symptom onset). The
testing windows of nucleic acid amplification tests (RT-PCR, blue) and serology tests (antibody, green) are indicated. Reproduced with
permission from Lancet Respir. Med., 2020, 8, 717–725, 10.1016/S2213-2600(20)30230-7.211
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Aer washing, a secondary antibody conjugate is introduced,
which specically binds to the antigen/antibody complex. Then,
the color is developed, and the absorbance is related to the
number of antibodies in the sample.225–227 Indirect ELISA is easily
adaptable to automation for high throughput. Most indirect
ELISAs utilize N or S proteins alone or in combination with
antigens from the ORF1ab region. Okba et al. produced an array
of different ELISA to examine antibody reactivity to SP, S1, and
NP proteins, and S-RBD antigens210 and found that the sensitivity
of the SP-based ELISA is higher than that of the S1-based ELISA.
However, the specicity of S1-based ELISA is higher, because SP-
based ELISA is cross-reactive with SARS-CoV and MERS-CoV. In
a similar study, the same group found that compared to S-RBD-
based ELISA, S-based ELISA is more sensitive,228 which can be
expected considering that SP contains subunits S1 and S2.
Lopandíc et al. produced and puried recombinant protein M,
which can specically bind to antibodies from the sera of COVID-
19 convalescents, and in M-based ELISA for the detection of IgG
and IgM, the sensitivities were 96% and 93%, respectively.229 In
general, all these antigens showed comparable sensitivities when
assayed. Recently, numerous magnetic ELISA assays have been
developed by combining magnetic bead systems with ELISA. Cai
et al. reported that biotinylated synthetic peptides comprising
different parts of SARS-CoV-2 proteins were bound to
streptavidin-coated magnetic beads, providing 81.5% sensitivity
for COVID-19 IgG and IgM detection in about 30 min.230

Following this, the authors used this method to detect cases of
COVID-19 antibodies in RT-qPCR-negative infected asymptom-
atic patients, highlighting the importance of antibody detection.
Subsequently, Huergo et al. immobilized recombinant His-
tagged SARS-CoV-2 NP on the surface of Ni2+ magnetic beads
6164 | Chem. Sci., 2023, 14, 6149–6206
and challenged whole blood samples obtained from controls or
COVID-19 cases.231 The method only required 2 mL of whole
blood, and the detection procedure could be accomplished in
12 min. Ultimately, the naked eye could evaluate the results
without sophisticated instruments. Presently, indirect ELISA-
based methods may offer the advantages of measuring anti-
body titers, high throughput and selective isotype detection, but
they are labor-intensive and unsuitable for POC testing. Thus, to
address these issues, microuidic ELISA was established. Gong
et al. developed a microuidic platform that collected serum by
a pulling-force spinning top and paper-based microuidic ELISA
for quantitative IgA/IgM/IgG measurements in an instrument-
free manner.232 This method could isolate the serum from
whole blood and provide an affordable, rapid and user-friendly
way to diagnose COVID-19. Furthermore, it had higher sensi-
tivity for detecting total antibodies compared to conventional
methods (99.7% vs. 95.6%). Liu et al. solved this dilemma by
presenting a reciprocating-owing immunobinding (RF-
immunobinding) strategy, which enabled the antibodies in the
uid to come into contact with the corresponding immobilized
antigens on substrate repeatedly during continuous
reciprocating-owing to achieve adequate immunobinding
within 60 s.233 This strategy was further developed into an
immunoassay method for the serological detection of 13 sus-
pected COVID-19 patients and obtained a 100% true negative
and true positive.
3.4 Chemiluminescence immunoassay (CLIA)

CLIA offers signicant advantages over traditional assay detec-
tion methods, especially in the quantication of antibodies. Its
© 2023 The Author(s). Published by the Royal Society of Chemistry
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principle is that the recombinant protein of SARS-CoV-2 is
labeled by magnetic beads and used to bind the antibody (IgG,
IgM, or IgA) in the sample, followed by the use of a secondary
antibody coupled with chemiluminescent agents to recognize
the antibody. Finally, a luminous signal will be generated when
the substrate is added.234,235 Typically, CLIA results are obtained
in 0.5–2 h. Similar to ELISA, CLIA is a high-throughput assay
with high accuracy, low signal-to-noise ratio, and increased
stability of reagents. Many studies utilized CLIA to address the
differences in patient populations and time of onset of symp-
toms vs. serologic results. Grossberg et al. used amultiplex CLIA
test for COVID-19 in an otherwise healthy cohort of adults and
children in Colorado, and found that IgM antibodies against
SARS-CoV-2 were generally detectable in the blood several days
aer initial infection, and the IgM levels and IgG levels were
both elevated early (0–30 days following symptom onset). The
IgM levels declined 30 days following symptom onset, while the
IgG levels remained elevated for up to 60 days following the
onset of symptoms.236 In another study, Long et al. utilized CLIA
to test 285 patients with COVID-19 and found that within 19
days aer the onset of symptoms, 100% of patients were tested
positive for IgG. Because seroconversion for IgG and IgM
occurred simultaneously or sequentially, both IgG and IgM
titers plateaued within 6 days aer seroconversion.237

The quantitative index is signicant as a biomarker,
reecting the severity of the clinical manifestations of patients.
Kong et al. investigated the level of serologic IgM and IgG
antibodies and compared the results of CLIA with nucleic acid
test (NAT). Among 88 patients, 95.45% were conrmed as
positive by the combination of NAT and CLIA, which was
signicantly higher than by single NAT (73.86%) or CLIA
(65.91%).238 They also found that the seroconversion started on
day 5 aer disease onset, and the IgG level rose earlier than IgM.
The comparison between patients with different disease severity
suggests that early seroconversion and high antibody titer are
linked with less severe clinical symptoms. These results support
the combination of CLIA and NAT in routine COVID-19 diag-
nosis. It is worth noting that this result is opposite to a study
that reported a positive correlation between clinical severity and
antibody titer.238 Different quantication methods, especially
the precision, range and linearity of quantication may be
responsible for these differences. Besides the above-mentioned
three major categories of methods, there are some other
detection techniques such as uorescent microsphere immu-
noassays,239 photonic ring immunoassays240 and photometric
immunoassays.241

With the popularity of vaccination, it is increasingly accepted
that serological antibody tests may serve to evaluate vaccine
protectiveness. However, the concept of antibody-based
immunization passports did not succeed. The FDA states that
antibody testing cannot be used to determine immunity or
protection against COVID-19, especially aer individuals receive
the COVID-19 vaccine.242 Although serological tests demon-
strate high sensitivity and specicity, some tests detect anti-
bodies that may be only produced aer natural infection.
Depending on the assay, people who were not previously
infected could test negative for antibodies despite the fact that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic illustration of rapid SARS-CoV-2 IgM-IgG combined antibody test. (A) Schematic diagram of the detection device. (B) Illus-
tration of different testing results, C: control line; G: IgG line; and M: IgM line. Reproduced with permission from J. Med. Virol., 2020, 92, 1518–
1524, 10.1002/jmv.25727.224
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they have vaccine-induced immunity. Nowadays, antibody tests
can play an important role in identifying individuals who may
have been exposed to the SARS-CoV-2 virus and may have
developed an adaptive immune response.
4. Neutralizing test

To prevent the spread of SARS-CoV-2, many countries are dili-
gently promoting vaccination to achieve herd immunity as soon
Table 5 Summary of current neutralization assays

nAb test method Test time
Biosafety
Level

Live virus neutralization test 3–4 days 3

Pseudovirus neutralization
test

3–4 days 2

Surrogate virus
neutralization test

2–3 h 1

Lateral ow assay for
neutralization test

10–15 min 0–1

© 2023 The Author(s). Published by the Royal Society of Chemistry
as possible. Vaccine protection efficacy is the most critical
parameter in evaluating vaccine clinical effectiveness. Mean-
while, the detection of neutralizing antibodies also plays
a crucial role in assessing the level of human immune response
aer vaccination. Antibody assays, such as SARS-CoV-2 IgG II
Quant, Actim ELISA SARS-CoV-2 IgG and AMP ELISA Test SARS-
CoV-2 IgG, that use spiked protein as the detection antigen will
not distinguish the antibody response to vaccination from the
reaction to natural viral infection. In contrast, the assays that
Pros Cons

Accurate, gold-standard
testing conditions close to
the reality

Prolonged, low security,
expensive and time-
consuming, complex
analysis leading to high
variability

More accessible, safer, and
more sensitive than PRNT

Still very slow and
complicated

Fast and easy, simple
system, high throughput,
high sensitivity, no virus
required

Only detecting partial nAb,
unable to measure fusion-
blocking antibodies

Most accessible, fastest, and
easiest to use outside the lab

Similar to the surrogate virus
neutralization test
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use the N protein as a detection antigen, such as Platelia SARS-
CoV-2 Total Ab, Biohit SARS-CoV-2 IgM/IgG Antibody Test Kit,
and New York SARS-CoV microsphere immunoassay, may only
detect the response to viral infection, but not for response to
vaccination. The main constraint of all the above-mentioned
antibody tests is that they all detect binding antibodies
against the SARS-CoV-2 antigen, which serves only for
population-based serosurveillance to understand the epidemi-
ology of COVID-19, such as seroprevalence; however, the anal-
ysis results will not directly indicate whether an individual is
immune to SARS-CoV-2 infection. The neutralization potential
of antibodies in serum can only be ascertained using neutrali-
zation tests. Table 5 presents a summary of the characteristics
of current neutralizing antibody (nAb) assays.
4.1 Live virus neutralization test

The gold standard for detecting nAb is the plaque reduction
neutralization test (PRNT), which requires serial dilution of
patient serum and incubation with authentic virus, followed by
infection of cells (including animals, chicken embryos, and
cells). Aer several proliferation cycles, it forms a restricted
cytopathic cell area known as “plaque” (Fig. 10).243–245 For
assays, the nAb titer was evaluated regarding 50% (PRNT50) or
90% (PRNT90) plaque reduction. PRNT seldom requires partic-
ular reagents and offers excellent sensitivity. However, it has
several limitations, including high technical requirements,
cumbersome operation, low throughput and difficulty in auto-
mation. Thus, to address the shortcomings of PRNT, an alter-
native analytical method called the focus reduction
neutralization test (FRNT) was developed. FRNT is carried out in
a 96-well plate and utilizes immunostaining to display infected
lesions that can be counted using a computer-controlled
imager, signicantly increasing the analytical throughput
compared to manual counting performed in PRNT.246 FRNT has
been frequently employed to longitudinally assess the antibody
response in SARS-CoV-2 infection owing to its high sensitivity
and capability to quantify neutralizing antibody titers in
Fig. 10 Cartoon illustrating the detection of nAb. (A) For the analysis, th
SARS-CoV-2. The PRNT titer was calculated based on a 50% reduction in
WHOguideline. Reproduced with permission from Viruses, 2022, 14, 410,
CoV-2 interact with ACE2 receptors (ACE2) to allow viral entry, replicatio
entry and HEK293T is commonly expressed ACE2 together with TMPR
10.3390/ijms22052268.254

6170 | Chem. Sci., 2023, 14, 6149–6206
serum.228,247–249 In addition, many researchers veried their
experimental results using this method as a control
experiment.250–252

In summary, for the detection of nAbs against SARS-CoV-2,
live virus nAb assays are highly effective methods. However,
the turnaround time required for the virus to form visible pla-
ques is too long, and all the experimental procedures must be
processed in a biosafety level 3 (BSL-3) containment facility.
Hence, this approach is not feasible for large-scale serological
diagnosis and vaccine evaluation.
4.2 Pseudovirus neutralization test

To overcome the containment of BSL-3, pseudotyped virus
engineering has been developed. Pseudovirus (or pseudotyped
virus) is a recombinant viral particle that expresses the SARS-
CoV-2 S protein on its surface. Pseudovirus binds to ACE2,
which is over-expressed by target cells and highly mimics the
invasion process of SARS-CoV-2.255–257 To facilitate readout when
designing, pseudotyped viruses typically harbor reporter genes
encoding NanoLuc luciferase or green uorescent protein
(GFP).258,259 The selection of cell lines and viral models will
inuence the neutralization activity of the antibody. In most
pseudovirus neutralization assays, the Vero, Huh7 and
HEK293T cell lines were frequently utilized.260–263 Nie et al.
infected six diverse cells (human- and animal-derived cell lines)
using the developed vesicular stomatitis virus (VSV) pseudovi-
rus and found that all the cells exhibited high susceptibility,
where Huh7 cell signaling was the highest,264 which is consis-
tent with the previously reported result.265 However, it is worth
noting that SARS-CoV-2 replicates weakly in the Huh7 cell lines,
as shown in some live virus neutralization assays.266 To enhance
the infectivity of cells in pseudovirus neutralization assays,
HEK293T cells are frequently modied to express both ACE2
and TMPRSS2, making themmore susceptible to infection.267,268

VSV, human immunodeciency virus-1 (HIV-1) and murine
leukemia virus (MLV) are oen chosen as vectors in the
construction of pseudoviruses. Table 6 presents a summary of
e sera were 2-fold serially diluted (1 : 20 to 1 : 640) and incubated with
plaque counts (PRNT50). The PRNT50 titer was chosen according to the
10.3390/v14020410.253 (B) When nAb is absent, spike proteins of SARS-
n, and subsequent plaque formation. The presence of nAb inhibits viral
SS2. Reproduced with permission from J. Mol. Sci., 2021, 22, 2268,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the SARS-CoV-2 neutralization assays that used these vectors.
Among them, VSV is the most frequently utilized vector because
it can be engineered into two formats, i.e., a replication-
decient VSV that lacks the G protein (VSVDG) and a replica-
tion-capable VSV/SARS-CoV-2 chimeric virus.269–272 Case et al.
produced a high-titer, replication-competent chimeric VSV,
which expressed the SARS-CoV-2 S protein and performed
similarly to the SARS-CoV-2 clinical isolate in multiple
neutralization assays.273 In another study, Schmidt et al. devel-
oped a series of SARS-CoV-2 S-pseudotype, single-cycle, HIV-1
and VSV-based methods, as well as replication-capable VSV/
SARS-CoV-2 chimeric viruses for the detection of nAb. They
simultaneously assessed the differences among these pseudo-
viruses and live viruses and found that the HIV-1 and VSV-based
pseudotyped viruses were slightly less sensitive to neutraliza-
tion compared to the live SARS-CoV-2, especially by weakly
neutralizing plasma. In contrast, VSV/SARS-CoV-2 chimeric
viruses were similarly susceptible to neutralization by mono-
clonal antibodies to authentic SARS-CoV-2. More interestingly,
VSV/SARS-CoV-2 chimeric viruses have been shown to be more
sensitive to plasma neutralization than SARS-CoV-2.274 Notably,
the irreproducible HIV-1 and VSV-based pseudoviruses used by
other researchers displayed the identical reliable performance
as live SARS-CoV-2 in detecting SARS-CoV-2 nAbs275,276 In addi-
tion, many studies have constructed pseudoviruses by trun-
cating the C-terminus of the S protein and introducing a D614G
mutant spike to increase the infectivity titer of SARS-CoV-2
pseudotypes in neutralization experiments.277–280 In the assay,
single-cycle pseudovirus neutralization assays allow direct
readout of the percentage of virus blocked from entering in
a single round of infection, and replicating chimeric viruses can
be employed to assess the capability of nAb to reduce virus
particle growth or eliminate the virus. Thus, the selection of cell
and pseudovirus models is warranted for the assay. A reagent
public repository is provided for our selection (https://
www.beiresources.org/).

Overall, pseudoviruses are relatively safe and reliable, with
similar testing results to live SARS-CoV-2 viruses, which can be
used for high-throughput assays. Nevertheless, the pseudovirus
has different kinetics in comparison with live SARS-CoV-2 when
expressing SP, which may cause testing bias.
4.3 Surrogate virus neutralization test (sVNT)

Although the pseudovirus-based nAb test overcomes the limi-
tation of BSL-3, it still requires the use of live viruses and cells.
In addition, the analytical results are heterogeneous between
laboratories due to the different culture conditions, virus
strains and cell lines. In this case, sVNT can address the
aforementioned issues.

The majority of sVNTs are based on the mechanism of
blocking the interaction between RBD and ACE2 as well as the
high immunogenicity of the RBD. Typically, 96-well plates are
coated with the human angiotensin-converting enzyme 2
(hACE2) receptor, and then test sera are co-incubated with
horseradish peroxidase (HRP)-conjugated recombinant SARS-
CoV-2 RBD fragments (HRP-RBD). The binding of HRP-RBD
6172 | Chem. Sci., 2023, 14, 6149–6206
and hACE2 is blocked by nAbs against SARS-CoV-2, and this
blocking effect can be detected by reducing the HRP lumines-
cence signal.295–298 Alternatively, plates can be encapsulated with
RBD, soluble hACE2 for competition with nAbs.299,300 Aer
comparing these two immobilization assays, Abe et al. found
that the immobilized RBD and soluble hACE2 were more
sensitive.301

At present, most sVNTs are ELISA-like methods. To date,
many commercial kits based on this method have been devel-
oped. Krüttgen et al. evaluated two ELISA-based sVNT kits and
discovered that they both displayed high sensitivity and speci-
city.302 Michiels et al. compared the sVNT commercial kit
(GenScript cPass™) with a live virus neutralization assay and
Luminex multiplex immunoassay (MIA), and studied two
different cohorts using these three methods.303 The sVNT ob-
tained a sensitivity of 94% (CI 90–96%) and 89% (CI 81–93%)
compared with the other two methods. They also found that the
different methods had a strong antibody titer correlation (r2 >
0.8). Interestingly, Tan et al. found that sVNT was as specic as
the live virus neutralization assay and more sensitive than it.304

Besides, Bošnjak et al. compared sVNT with the pseudovirus
neutralization test (PVNT) and found a strong positive correla-
tion between sVNT and PVNT50 (r

2 = 0.7135, p < 0.0001) as well
as PVNT90 (r

2 = 0.5042, p < 0.0001) inhibitory titers.305 Embregts
et al. also studied 298 PCR-conrmed patient sera using sVNT
and PVNT and found that sVNT had moderate to high sensi-
tivity (91.3%) and specicity (100%), but it was not sensitive to
detect low titers.306 However, when using a cut-off value of 50%
inhibition, highly neutralized samples could be identied,
which is similar to a previous report.295

In addition to the above-mentioned ELISA-based sVNTs,
many other forms of sVNTs have been developed. Wang et al.
developed a track-etched microporous membrane ltration
microplate (TEM) and optical bers transmitted immunosens-
ing smartphone platform (TEMFIS)-based surrogate virus
neutralization test (TEMFIS-sVNT) for rapid one-step testing of
nAb to SARS-CoV-2.307 The entire assay process only took
45 min. The pore size of the TEM is 3 mm, allowing soer red
blood cells, smaller platelets and fresh plasma blood compo-
nents to pass through or be washed away, and thus this device
can be used to assay serum, plasma and whole blood samples.
In addition, TEMFIS-sVNT has a strong statistical correlation
(R2 > 0.8) with ELISA-sVNT and pVNT. However, it requires HRP-
tagged RBD. Thus, to address this issue, Luo et al. established
an alternative virus neutralization test on a label-free immu-
noassay platform (LF-sVNT).308 The LF-sVNT mimics the SARS-
CoV-2 surface using a sensing probe coated with RBD and
simulates host cells using ACE2, which models virus-host cell
interactions. Compared to other sVNTs, LF-sVNT eliminates the
effects of attachment of secondary antibody-labeled enzymes,309

extension of streptavidin-labeled enzymes or uorophores,301,310

and performing color-generating enzyme reactions.301,304,309,311

In addition, this platform allows real-time monitoring of RBD-
ACE2 interactions to reduce the experimental error rates
(Fig. 11).

Overall, sVNT is more straightforward, cheaper and faster
(typically 1–2 h) than other nAb assays, making it more suitable
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Illustration of the LF-sVNT protocol and example sensorgrams. (A) First cycle measuring the binding ability of RBD to ACE2 after
neutralization. (B) Second cycle measuring the full binding ability of RBD without neutralization. Reproduced with permission from J. Clin.
Microbiol., 2021, 59, e0019321, 10.1128/JCM.00193-21.308
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for rapidly screening many samples. In addition, because the
test is not species antibody-dependent, it can detect nAbs in any
animal species used in preclinical testing of the SARS-CoV-2
vaccine. However, the drawback of sVNT is that it is unable to
detect nAbs other than that bound to SARS-CoV-2 S-RBD.
However, these non-RBD-targeting antibodies play only
a minor role in SARS-CoV-2 neutralization.312,313 Nevertheless,
although sVNT analysis may never completely replace conven-
tional virus neutralization test (cVNT), the performance of sVNT
is closely related to that of cVNT and pVNT.

4.4 Lateral ow assay (LFA)-based neutralization test

Currently, the majority of LFAs are based on the principle of
antibody–antigen interaction. In general, the higher the affinity of
the antibody, the higher the sensitivity of the assay. Thus, anti-
bodies with high affinity for the antigen can also be developed
with modern antibody technologies, making this type of assay
relatively easy to implement. Protein–protein interaction without
antibodies can also be applied in lateral ow assays. However, it is
very rare, given that the binding affinity between proteins is
commonly lower than that between antibodies and antigens and
cannot be articially increased. A lower binding affinity or lower
analytical sensitivity oen results in a longer analysis time, which
requires high-sensitivity detection systems such as uorescent
labeling and uorescent detection instruments.27

Fortunately, the SARS-CoV-2 S-RBD exhibits high affinity to
ACE2. The lateral ow competitive protein binding assay was
developed based on the interaction between RBD and ACE2 or
between the S1 protein and ACE2.312,314,315 One of the recombi-
nant proteins is labeled with a colored material (usually
colloidal gold), and another is dispensed on a nitrocellulose
© 2023 The Author(s). Published by the Royal Society of Chemistry
membrane to form the test line. During the assay, the presence
of nAb in the sample will block the interaction between the
labeled-RBD and ACE2, by which the intensity of the detection
line on the nitrocellulose membrane can be measured. Alter-
natively, the colored material labeled S1 or RBD may also
inuence the detection sensitivity. Zhang et al. compared the
analytical performance of AuNPs-tagged RBD and AuNPs-tagged
S1 and found that LFA using AuNPs-tagged S1 was more
sensitive.316 However, although this nding is predictable, given
that there are many reports that RBD is the main part of the S1
protein, which plays a neutralizing role, some nAbs also bind to
the NTD of the S1 protein, playing a neutralizing role.317–320

Although the sensitivity is different using RBD or S1, nAb-LFA is
as effective as the pseudovirus neutralization assay for
detection.316

Considering the convenience, speed and simplicity of the
LFA-based neutralization test, it can be used both in profes-
sional laboratories and by individuals at home. Therefore, the
development of LFA-based SARS-CoV-2 nAb assays can
complement the available methods for detecting nAb. Table 7
presents a summary of the commercially available LFAs for the
detection of SARS-CoV-2 nAb.

nAb-LFA can be performed similar to other neutralization
tests by diluting the sample multiple times in triplicate to
calculate the inhibitory concentration 50 (IC50), effective
concentration 50 (EC50) or PRNT50. However, for nAb-LFA,
which is intended for individual home users, it is impossible
to prepare blood samples at home at different dilutions accu-
rately. Therefore, a single dilution must be selected that will
cover the protective titer of nAb. Currently, the FDA recom-
mends an nAb titer at least 1 : 160; however, the titer of 1 : 80
Chem. Sci., 2023, 14, 6149–6206 | 6173
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may be acceptable if no alternative matching units are available.
For nAb-LFA, the optimal cut-off value should be the IC50 of the
selected single dilution. Zhang et al. tested 80 COVID-19 plasma
samples using nAb-LFA with an articially set 50% inhibition at
1 : 12 dilution as the cut-off value and found that the nal result
was similar to the ELISA-based neutralization assay (R2 =

0.79).321 Wang et al. speculated that the nAb-LFA using a single
dilution of the test sample could be designed to cover the range
of color changes equivalent to 1 : 20 to 1 : 100 in PRNT.322

However, the cut-off value should be determined by large-scale
clinical trials, such as the IC50 diluted sera for 1 : 10 for Japanese
Encephalitis323 and 1 : 22 for Mumps.324

Overall, nAb-LFA is inexpensive and highly portable, which
can be used to assist in the detection and longitudinal evalua-
tion of nAbs in resource-poor areas where traditional virus
neutralization tests or ELISA-based neutralization assays are not
available. Considering that the design and manufacture of nAb-
LFA are comparatively easy, even if the virus mutates, this can
be addressed by modifying the labeled recombinant protein.
However, the signicant limitation of nAb-LFA is that it cannot
facilitate the detection of nAb without high affinity for the S1
protein and a large number of nAbs with low affinity.

5. SARS-CoV-2 antigen detection

Since the beginning of the COVID-19 pandemic, nucleic acid
amplication assays (e.g., RT-PCR assays) have dominated to
detect the SARS-CoV-2 virus. Thus far, clinical laboratories
worldwide have performed over 3 billion molecular diagnostic
tests for SARS-CoV-2. More than 850 million tests were per-
formed in the United States (an average of 2.5 tests per
person),305 although China has not yet reported complete
testing data, but the absolute number should be greater than
any other countries. The execution of mass nucleic acid
amplication assays is technically challenging, labor-intensive,
and dependent on efficient sample transport and reporting
systems, all of which contribute to detection bias. Thus, to
facilitate the diagnosis and treatment of COVID-19, antigen
rapid diagnostic tests (Ag-RDTs) for SARS-CoV-2 have evolved
rapidly, with at least 600 antigen testing kits now available
worldwide and widely used in healthcare settings as well as
high- and low-resource settings.306 An analysis on the perfor-
mance of several mainstream test kits currently available in the
market is shown in Table 8.

Antigen-based diagnostic tests are based on the principle of
detecting viral proteins by antigen capture methods (e.g., using
antibodies and aptamers), and in clinical testing, are mainly
used to detect protein fragments on or within the virus from NP
swabs or nasal swabs. To date, most antigen tests use portable
devices (e.g., LFIA). Compared to RT-PCR, this type of test can
detect active infection within 15 min, and it minimizes the risk
of virus transmission by avoiding crowd gathering. Therefore,
this method offers signicant benets in preventing early
infection transmission. Besides, enzyme immunoassay tech-
niques such as ELISA or CLIA on semi-automated or automated
instruments also enable the detection of antigens with high-
throughput. To date, many other antigen detection
© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 6149–6206 | 6177
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technologies have been developed for SARS-CoV-2 such as
biosensors using nanotechnology, eld-effect transistors
(FETs), microuidic platforms and electrochemical methods.

Given the current widespread use of Ag-RDT in clinical,
community and home settings, the progress of antigen detec-
tion is summarized and its clinical application together with
existing challenges is evaluated in this section.

5.1 SARS-CoV-2 NP detection

Themost common protein in the structure of SARS-CoV-2 is NP,
which is an evolutionarily conserved, highly immunogenic
protein. NP is essential for the early replication of the virus in
the host cell, which plays a major role in packaging viral RNA
into a ribonucleoprotein (RNP) complex called nucleo-
capsid.325,326 When the virus enters the host cell, NP supports
the replication of the viral RNA and releases the virus particles
into the host cell.327,328 However, because NP is highly conserved
among all coronaviruses, the specicity of its detection is low.329

NP is released in large quantities in the serum, nasopharyngeal
aspirate, throat wash samples, feces and urine in the early
stages of infection.330 Therefore, the detection of NP antigen
may be an effective strategy for the early screening of patients
with suspected SARS-CoV-2 infection.331

Currently, most Ag-RDTs are quantitative immunoassays
that use SARS-CoV-2-specic antibodies to bind viral proteins
Fig. 12 Schematic diagram of some strategies for SARS-CoV-2 NP assay.
2-specific scFv-Fc fusion proteins based on phage display technology and
permission from Biosens. Bioelectron., 2021, 175, 112868, 10.1016/j.bios.2
with permission from Biosens. Bioelectron., 2022, 205, 114094, 10.1016/
off photoelectrochemical immunosensor based on magnetic FSTCA. Re
10.1016/j.snb.2022.132800.342 (D) The Schematic of the device configura
Reproduced with permission from Biosens. Bioelectron., 2022, 210, 114

6178 | Chem. Sci., 2023, 14, 6149–6206
and generate visual or uorescent signals. This strategy is
primarily performed in the LFA on a nitrocellulose membrane
and provides assay results within 10 to 30 min.332–335 In LFIA, the
probe that can specically bind to NP is the key factor in
determining the assay performance. To obtain high-
performance immunoprobes, Yamaoka et al. used a wheat
germ cell-free protein production system yielding a monoclonal
antibody (mAb) that specically binds to the SARS-CoV-2 NP.336

The modied antibodies not only had no cross-reactivity with
other coronaviruses, but this mAb-based LFIA could also be
used to detect variants 501Y.V1-V3. Kim's team also obtained
four SARS-CoV-2 NP-specic single-chain variable fragment-
crystallizable fragment (scFv-Fc) fusion antibodies by phage
display.337 They screened the specic scFv-Fc antibody pair as
the LFIA detection probe, and the developed cellulose nanobead
LFIA platform could detect 2 ng of antigenic protein and 2.5 ×

104 pfu of cultured virus (Fig. 12A). In addition to probes, the
color-labeling of LFIA can greatly affect the detection perfor-
mance.338,339 Oh et al. synthesized a plasmonic exciton color-
preserving (PLASCOP) gold nanocluster to detect NPs with an
LOD 5.9 to 23.8-times lower than that of GNPs (Fig. 12B).340

Wang et al. developed a triple quantum dot shell (MagTQD)
nanotag and integrated it in the LFIA system, enabling the
simultaneous detection of the SARS-CoV-2 SP and NP antigens
on one strip. The LOD for the two antigens in direct and
(A) Schematic illustration of the development processes of SARS-CoV-
LFIA-based biosensor using scFv-Fc fusion proteins. Reproducedwith
020.112868.337 (B) Structure of AuNP-based clusters LFIA. Reproduced
j.bios.2022.114094.340 (C) Preparation and detection process of signal-
produced with permission from Sens. Actuators, B, 2023, 374, 132800,
tion and biosensing mechanism of the BN-GO gel FET NP biosensor.
331, 10.1016/10.1016/j.bios.2022.114331.352

© 2023 The Author(s). Published by the Royal Society of Chemistry
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enrichment modes was 1 and 0.5 pg mL−1, respectively.341 Novel
nanomaterials can be used in the LFIA platform to design other
detection formats. Guo et al. synthesized a versatile magnetic
all-solid Z-scheme heterojunction (Fe3 O4@SiO2@TiO2@CdS/
Au, FSTCA) nanocomposite, which has various advantages
such as simplied separation and washing process, to improve
the reproducibility and stability. Then, the authors developed
a photoelectrochemical immunosensor to detect NP with a wide
linear range of 10 pg mL−1 to 100 ng mL−1 and low detection
limit down to 2.9 pg mL−1.342 The Si-FITC NPs prepared by Mao
et al. not only solved the problem of reduced quantum yield
during the coupling reaction but also achieved the sensitive
detection of NP (LOD of 3 pg mL−1) (Fig. 12C).343 Besides anti-
body probes, aptamer probes were used in the NP assay.344

Zhang et al. constructed a sensor using an aptamer capable of
detecting pM-level NP.345 In addition, other sensors are also
being actively expanded for NP detection, such as FET
sensors,346,347 microuidic platforms348,349 and electrochemical
sensors.350,351 Recently, Novodchuk et al. developed an FET
sensor using boron/nitrogen co-doped graphene oxide gels (BN-
GO gels), which could detect viral proteins with an LOD of 10 ag
mL−1 (Fig. 12D).352
5.2 SARS-CoV-2 SP detection

SP is a glycoprotein (∼140 kDa) that consists of two subunits (S1
and S2) and forms a trimer on the viral membrane.353 Compared
with other SARS-related coronaviruses, the nucleotide sequence
similarity of the S gene is less than 75%.71 Therefore, SP may be
one of the most valuable antigenic biomarkers for diagnosing
COVID-19.

Similar to the NP assay, most LFIA assays for SP are based on
the hybridization of antigen–antibody
immunoreactivity.332,354–356 However, Baker et al. found that N-
acetylneuraminic acid had affinity and specicity for SARS-
COV-2 SP, based on which they developed a paper-based LFA
and veried its feasibility using pseudovirus.357 Similarly, Kim
et al. found that glycoproteins also can bind to the SARS-COV-2
S protein, based on which they developed an SP test platform
called GlycoGrip.358 These studies broaden the idea of exploring
new biological probes. More recently, several nanoscale inte-
grated architectures based on optical and electronic systems
have been introduced to detect SP with much higher sensitivity,
such as terahertz plasmonic biosensor,359 gated graphene-
enhanced FET-based biosensors,360 In2O3 nanoribbon transis-
tors biosensor,361 and electrical-double-layer gated FET-based
biosensor.347 Generally, most of these devices have favorable
sensitivity and possess the advantages of low cost, simplicity,
easy miniaturization and mass fabrication. However, there is
still a continuous demand for fast, ultrasensitive biosensors to
detect SP. SERS is known as an ultrasensitive molecular spec-
troscopy technique that is not interfered by water, giving it
a distinct advantage in identifying biological samples.362,363

Compared to LFIA, photothermal methods and electrical
biosensors, SERS-based immunoassay techniques do not
require sample pretreatment and are highly sensitive for the
detection of trace bioparticles.363,364 Currently, SERS technology
© 2023 The Author(s). Published by the Royal Society of Chemistry
has been well developed and applied in SP detection.365–367

Besides direct testing for unprocessed samples,368 SERS plat-
forms combined with other techniques have also been devel-
oped. Huang et al. developed a deep learning-based SERS
technique for the on-site detection of SP from human throat
swabs and sputum with an accuracy of 87.7% in 20 min.369 Yang
et al. introduced machine algorithms in SERS technology to
further develop a sensor capable of detecting SARS-CoV-2 SP
and differentiating among 13 respiratory viruses with >99%
accuracy.370 Shim et al. proposed a sensing platform based on
core–shell SERS with single nanoparticle (SNP)-based digital
SERS analysis capability. This platform has a better detection
range and lower detection limit than conventional ELISA, which
can distinguish multiple mutants.371 Peptides have merits over
antibodies including smaller size, stability and scaled-up
preparation. Recently, our group screened a peptide probe Pn
that can specically recognize SP through phage display. By
combining a specic peptide with the tyramine signal ampli-
cation (TSA) method, an ultra-sensitive peptide-ELISA (p-ELISA)
detection method was developed, capable of detecting SARS-
CoV-2 SP as low as 0.4 pg mL−1 and SARS-CoV-2 pseudovi-
ruses with 3 TCID 50 per mL (Fig. 13).372

5.2.1 SARS-CoV-2 S1 protein detection. The N and S
proteins of SARS-CoV-2 have very low cross-reactivity between
epidemic coronaviruses and common human coronaviruses,
but studies have shown that the S1 structural domain of the S
protein has much lower cross-reactivity. Thus, S1 is considered
to be more specic than the natural homologous trimer of the S
protein.373 Because of the strong binding ability of ACE2 and S1
protein, Lee et al. developed an LFIA platform for detecting
SARS-CoV-2 S1 by pairing ACE2 and S1-mAb (Fig. 14A). This
platform demonstrated the ability to detect SARS-CoV-2 S1 and
is comparable to antibody sandwich methods (LOD of 1.86 ×

105 copies per mL).374 Subsequently, they also developed a dual-
mode multifunctional LFIA platform using the combination of
ACE2 and S1-mAb. In the “binding mode”, the platform could
distinguish wild-type SARS-CoV-2 S1 from Alpha and Beta vari-
ants by color differences. In “blocking mode”, it could detect
nAbs in COVID-19 patients.375 The readout mode can also be
more versatile in addition to the pluripotency of the detection
mode. By mixing 20 nm AuNPs and quantum dots (QDs) on SiO2

to form a monolayer shell coating, Han et al. prepared
a bifunctional immunolabel with both strong colorimetric and
uorescent signals. The as-prepared LFIA for detecting the S1
protein has dual-mode of colorimetric and uorescent
reading.376 For S1 protein detection, aptamer probes were also
used as biorecognition elements.377 Li et al. obtained two
aptamers with pM affinity for SARS-CoV-2 S1 by in vitro selection
assay, by which a colorimetric sandwich sensor was constructed
to detect 400 fM S1 protein in saliva samples.378 Some electro-
chemical platforms has also been established for S1 protein
detection due to its good sensitivity, speed, low cost and
stability.379,380 Zhang et al. constructed a bivalent aptamer probe
by linking two aptamers, by which a CoV-eChip electrochemical
platform was developed with an LOD of 1000 copies per mL S1
protein, which had clinical sensitivity of 80.5% and specicity
of 100% (Fig. 14B).381 Other methods were explored to detect S1
Chem. Sci., 2023, 14, 6149–6206 | 6179
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Fig. 13 Schematic illustrating the p-ELISA to detect SARS-CoV-2 S antigen. (A) In the direct mode, the peptide Pn was used as the capture probe
and an antibody (anti-SARS-CoV-2 RBD mAb) bound to the S-RBD was selected as the detection antibody, by which a “peptide-antigen-
antibody” sandwich p-ELISA was constructed to detect SARS-CoV-2 SP antigen. (B) TSA mode. Upon catalysis by HRP, biotinylated tyramine is
deposited at the site of signal amplification. Subsequently, SA-HRP is added to introduce more HRP in the positive microplate wells where the
sample is tested, taking advantage of the high affinity between streptavidin and biotin. Reproduced with permission from Sens. Actuators, B,
2023, 387, 133746, 10.1016/j.snb.2023.133746.372
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proteins.382–385 Dai et al. developed a multi-antibody transistor
assay for sensitive and highly accurate antigen pool testing.386

The multi-antibodies captured the SARS-CoV-2 spike S1
proteins with different congurations, resulting in an antigen-
binding affinity as low as 0.34 fM. The LOD reached 3.5 ×

10−17 g mL−1 S1 protein in articial saliva, which is 4–5 orders
of magnitude lower than existing transistor sensors
(Fig. 14C).386 Our group biopanned a peptide specic to SARS-
CoV-2 S1 by pIII phage display. Then, an enzyme-linked CLIA
(ELCLIA) was developed by using this peptide-displayed phage
as a bifunctional probe capable of SARS-CoV-2 S1 recognition
and signal amplication, which could detect 78 pg mL−1 of
SARS-CoV-2 S1 and 60 transduction units (TU) per mL of SARS-
CoV-2 pseudoviruses (Fig. 14D).387

Functionally, the binding of RBD to ACE2 is crucial for the
SARS-CoV-2 virus to enter human cells. SARS-CoV-2 S-RBD
shares only 70% sequence identity with SARS-CoV S-RBD, and
the latter has been evaluated for vaccine and therapeutic drug
development.389 Therefore, the S-RBD of SARS-CoV-2 is an
excellent target for diagnosis and therapeutic intervention.
Many of the technologies described above were developed and
designed to detect RBD to diagnose SARS-CoV-2. For example,
Raman spectroscopy,390–393 electrochemical methods,394–396

localized surface plasmon resonance (LSPR)397 and lateral ow
tomography.333,398 Recently, Yang et al. reported a high-affinity
SARS-CoV-2 Omicron variant RBD-binding aptamer (SCORe)
that binds to the Omicron BA.1 and BA.2 variant RBD with
affinity at the nM level. Multiplex ow assays were developed to
distinguish the Omicron variant from wild-type down to 100
pM.399 In addition, Ravalin et al. developed a biosensor that uses
binding-activated tandem split-enzyme technology to detect
RBD. The biosensor is a single-component, recombinant,
luminescent sensor that can be expressed in laboratory strains
of Escherichia coli and Saccharomyces cerevisiae, which was
6180 | Chem. Sci., 2023, 14, 6149–6206
detected by a regular cell phone camera to record the chemi-
luminescent signal.400 Murtaza et al. obtained a new high-
affinity aptamer for RBD by computer methods to fabricate
a photonic crystal (PC)-decorated aptamer sensor, for which the
aptamer is cross-linked in the polyacrylamide hydrogel network
and selectively binds to SARS-CoV-2 in saliva samples. The
binding reaction can be visually monitored by swelling of the
hydrogel and color generated by light diffraction from the PC
and can be quantied by the diffraction ring diameter or
spectroscopy.401

Several studies suggest that in some coronaviruses, NTDmay
recognize specic glycosyl groups during initial attachment and
play an essential role in the transition of S proteins from pre-
fusion to post-fusion. Thus, it may be involved in the regula-
tion of viral infection.402–404 Currently, most variants are
mutated mainly in the RBD region.405 Therefore, the NTD assay
may diagnose multiple variants more effectively.

Kacherovsky et al. obtained the SNAP1 aptamer with good
affinity to NTD, which was applied in LFIA and ELISA to detect
SARS-CoV-2 down to 5 × 105 copies per mL.406 Recently, this
team obtained another aptamer SNAP4 binding NTD with 2-fold
higher affinity than that of SNAP1. In addition, the constructed
sandwich LFIA with both SNAP1 and SNAP4 could detect 106

copies per mL SARS-CoV-2.407

The analytical performance of some antigen detection
methods are summarized in Table 9. Currently, many antigen
detection kits based on these technologies have been approved
for clinical testing to tackle SARS-CoV-2. TheWHO suggests that
all countries to use high-quality rapid antigen tests to effectively
respond to the global COVID-19 pandemic.408

5.3 Clinical applications and challenges

In clinical testing, antigen detection is mainly used in the acute
infection phase of SARS-CoV-2, i.e., testing of samples within 5–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Schematic diagram of some strategies for S1 protein detection. (A) Schematic of an ACE2-based LFIA consisting of a sample pad,
conjugate pad, nitrocellulose membrane, and absorbent pad. The test line placed on the nitrocellulose membrane contains ACE2 to detect
SARS-CoV-2 SP. Reproduced with permission from Biosens. Bioelectron., 2021, 171, 112715, 10.1016/j.bios.2020.112715.374 (B) Platform for the
rapid electrochemical detection of S1 protein with high-affinity dimer aptamer. Reproduced with permission from Angew. Chem., 2021, 60,
24266–24274, 10.1002/anie.202110819.388 (C) Multiantibody FET sensor. Reproduced with permission from J. Am. Chem. Soc., 2021, 143,
19794–19801, 10.1021/jacs.1c08598.386 (D) Schematic diagram of antibody/S1/specific peptide-displayed phage/HRP-M13 antibody-based
ELCLIA. Reproduced with permission from Anal. Chem., 2022, 94, 11591–11599, 10.1021/acs.analchem.2c01988.387
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7 days of the onset of symptoms in the suspected population
(Omicron variant infection can be considered within 5 days).
According to the WHO, the incubation period is an average of 3
days for the Omicron variant and 5–6 days for other SARS-CoV-2
variants.438 During incubation, virus shedding occurs in indi-
viduals who were infected with SARS-CoV-2. Clinical studies by
Harvard Medical School showed that virus shedding was the
highest in those infected with the Omicron variant within 3–6
days aer onset.439 It is also revealed that the virus was unde-
tected 10 days aer onset in COVID-19 vaccine recipients
infected with the Omicron variant. These studies suggest that
antigen detection faces a limited window of optimal detection
time, and therefore early infection and latency may be missed.
However, according to viral culture research, SARS-CoV-2 may
only replicate 10 to 14 days aer the onset of symptoms.
Antigen-based assays remain positive for 5 to 12 days aer
symptom onset and perform better in individuals with high
viral loads.440 Thus, antigen-based assays correlate better with
replication-competent SARS-CoV-2, which can provide infor-
mation about potential transmissibility. Although hundreds of
antigen-based tests are available for clinical testing worldwide,
they are generally less sensitive than molecular tests compared
© 2023 The Author(s). Published by the Royal Society of Chemistry
to the reference standard of laboratory-based RT-PCR tests,
especially in populations with low or no replication of viral load-
capable viruses. Dinnes et al. summarized data from ve studies
involving 943 samples, with an average sensitivity of 56.2%
(95% CI, 29.5–79.8%) and an average specicity of 99.5% (95%
CI, 98.1–99.9%) for antigen detection compared to an average
sensitivity of 95.2% (95% CI 86.7% to 98.3%) and an average
specicity of 98.9% (95% CI, 97.3% to 99.5%) for molecular
assays.441 Aer comparing Ag-RDT with viral culture and RT-
PCR methods, Mak et al. concluded that the LOD of Ag-RDT
was approximately 103-fold lower than the culture-based SARS-
CoV-2 assay and 105-fold lower than the molecular assay.442

Mertens et al. stated that the sensitivity of Ag-RDT increased to
74.8% when samples with high viral loads (samples with RT-
PCR CT values of #25) were evaluated, while the overall sensi-
tivity was 57.6% when all the samples were considered.443 Due
to the false negatives caused by antigen testing sensitivity,
antigen testing is currently only used as an adjunct to RT-PCR
testing. However, the potential application of antigen testing
cannot be ignored. According to the recommendations of the
WHO and CDC,444 anyone with symptoms of COVID-19 should
be tested for SARS-CoV-2. Asymptomatic individuals in close
Chem. Sci., 2023, 14, 6149–6206 | 6181
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contact with someone known or likely to be infected with SARS-
CoV-2 should undergo diagnostic testing. In addition, asymp-
tomatic individuals in a high-transmission risk setting should
also be tested.

Presently, the global manufacturing, delivery, and imple-
mentation of antigen tests remain challenging. Firstly, antigen
testing may not yield accuracy comparable to laboratory-based
molecular testing, and thus diagnostic tests should be avail-
able to underserved and affordable populations. Secondly,
although home-based Ag-RDTs have increased antigen testing,
Ag-RDTs performed by trained healthcare providers have
proven to be more accurate than that performed by untrained
individuals. Therefore, test kit instructions should be carefully
followed by those performing testing at home.

6. Tackling SARS-CoV-2 variants
6.1 Evolution of SARS-CoV-2

New variants caused by viral mutations are emerging and
spreading rapidly worldwide. Coronaviruses contain a special
nucleic acid exonuclease (ExoN), which increases the replica-
tion delity of their genetic material by approximately 15-fold in
vitro;445 however, when variants with different mutations infect
the same host, recombination between them probably results in
new SARS-CoV-2 variants. The accumulation of mutations will
then gradually lead to SARS-CoV-2 diversity.446 In addition,
human cytidine deaminases (APOBECs/ADARs) are also
involved in the editing of SARS-CoV-2 transcriptome RNA,
which also accelerates the SARS-CoV-2 diversity.447 The evolu-
tionary rate of SARS-CoV-2 was estimated to accumulate 1–2
nucleotide mutations per month.448 Thus far, many variant
strains have emerged, which contain constellations of muta-
tions rather than a single site. Most mutations occur at similar
locations and exhibit comparable properties, suggesting the
recombination and evolution of SARS-CoV-2 in individuals.
Although most mutations are harmless or neutral, some may
result in increased disease severity, evasion of immune
responses, reduced effectiveness of antiviral therapy, or
enhanced ability of the virus to infect new animal hosts.449 Due
to the growing emergence of variant strains, WHO designates
variants that cause altered virus behavior as variants of interest
(VOI) or VOC to prioritize global surveillance and research
(Fig. 15A).450

Beginning in April 2020, the original SARS-CoV-2 strain was
replaced by a variant called D614G (aspartate to glycine at
position 614 of the S protein).451 By June 2020, the virus with the
D614G mutation rapidly became the dominant variant world-
wide, which was justied to bemore infectious than the original
strain by subsequent studies.452 Currently, both VOC and VOI
have this mutation site. In October 2020, sequencing analysis in
the UK detected an emerging variant, later called B.1.1.7 or 20I/
501Y.V1. This variant contains ten mutations in the S protein.453

Among them, N501Y appeared to further increase the interac-
tion of the S protein with ACE2, making this variant approxi-
mately 70% more transmissible than the original strain.454,455

Although the impact of this variant on disease severity remains
uncertain, the B.1.1.7 variant may still lead to a dramatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 SARS-CoV-2 variants: constituent mutations and the frequencies of clade in each month of 2021. (A) Most frequent mutations in VOCs
and VOIs. Spike protein residues are mapped to their associated domain within the spike protein, as shown in various color bars above the table.
The first row of numbers in the table represents the mutated positions in the variants. The letters in the second row indicate the original amino
acid sequence at that position. (B) Variation in the frequency of the different clades occurring worldwide over time. Among them, the frequency
of Omicron has increased rapidly since its appearance.
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increase in hospitalizations and deaths due to its high trans-
missibility. This was also conrmed in a retrospective obser-
vational study by Stirrup et al.456 The B.1.351 variant (20H/
510Y.V2) was initially detected in South Africa in the end of
2020,457 while the P.1 variant (20J/501Y.V3) emerged in Brazil in
November 2020.458 These variants possess three mutations
(K417N/T, E484K, and N501Y) located on the RBD of the S
protein, are associated with increased transmission potential.
In addition, these two variants can mediate immune escape
against protective antibodies produced by humoral immunity
and vaccination.459,460 The Delta variant was rst detected in
India in December 2020, exhibiting a greater ability to evade the
© 2023 The Author(s). Published by the Royal Society of Chemistry
host's immune system than the original strain, which resulted
in its rapid global spread and emergence as the dominant strain
in numerous countries within just a few months aer May
2021.461 There are multiple mutation sites in the S protein of the
Delta variant (T19R, L452R, T478K, D614G, P681R and d960N
and deletions at positions 157 and 158), with L452R and P681R
being the two most notable mutations. The mutation at posi-
tion 452 signicantly increases the affinity of B.1.617.2 for
ACE2, potentially allowing it to evade the vaccine-induced
production of protective antibodies that bind to the S
protein.462 Other studies showed that the mutation allows the
B.1.617.2 variant to evade CD8 T cells. In addition, the mutation
Chem. Sci., 2023, 14, 6149–6206 | 6185
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at position 681 helps cleave the precursor S protein into an
activated form, permitting better fusion and integration of the
virus into the host cell.463 The reasons for this may be that the
B.1.617.2 variant has strong propagation and immune escape
ability. The B.1.1.529 variant, later named Omicron, was rst
reported to the WHO on November 24, 2021, and quickly clas-
sied as a VOC just 2 days later. This variant contains an
unusually high number of mutations, with over 30 identied in
its S protein genes, including many located in the RBD and NTD
regions.464 Among them, the deletion of 69/70 led to false
negative results for S detection in TaqPath test.465 K417N and
E484A enhanced the immune escape ability.466 G496S, Q498R,
N501Y and Y505H signicantly increased the binding affinity
for ACE2,464 resulting in loss or reduction of neutralization,
while H655Y, N679K and P681H enhanced their propagation
properties.467 Currently, increasing evidence supports that this
variant is more transmissible than B.1.617.2 and has surpassed
its prevalence within one month of discovery (Fig. 15B).

Since the emergence of the Omicron variant, SARS-CoV-2 has
continued to mutate. Currently, over 500 sub-lineages of the
Omicron variant are in circulation, with the BA.1, BA.2, and
BA.3 strains being the most common.468 The BA.1 strain has 37
mutations in its spike protein, while the BA.2 and BA.3 strains
have 31 and 33 mutations, respectively. Among these muta-
tions, 21 mutations are commonly shared by all three lineages,
including N501Y and Q498R, to enhance the virus's binding
affinity with the ACE2 receptor, and H655Y, N679K and P681H,
which are thought to increase its transmission capability.469

Recently, the XBB.1.5 variant, recombining the BA.2.10.1 and
BA.2.75 sub-variants, has been widely circulating in the United
States.470 According to the WHO, XBB has been identied in at
least 70 countries/regions, leading to a surge in infections in
some parts of Asia, including India and Singapore.471 However,
overall, the pathogenicity of the Omicron variant is not as severe
as that of the Delta variant, which may be due to various factors
such as the virus replicating more efficiently in the upper
respiratory tract and the steady improvement of population
immunity worldwide.
6.2 Sequencing for identication of SARS-CoV-2 variants

Genomics is the only method to identify and characterize new
variants and clarify existing types. Whole genome sequencing
(WGS) is an essential method for the genetic identication of
viruses, allowing untargeted, unbiased sequencing of nucleic
acids in a sample, and thus viral RNA or DNA can be identied if
a sufficiently high copy number of DNA or RNA is present
relative to other sources.472,473 The tiled amplicon method or
shotgun sequencing is usually used in sequencing, which can
also be compared with other circulating strains.474 Three groups
used this method to identify the causative pathogen of COVID-
19 at the beginning of the outbreak.475 With the emergence of
various variants, this approach has also been employed to
detect the variations and analyze the patterns and factors that
inuence the spread of these variants.16,476 The implementation
of WGS can be found in WHO's Genomic sequencing of SARS-
CoV-2: a guide to implementation for maximum impact on
6186 | Chem. Sci., 2023, 14, 6149–6206
public health. However, although sequencing costs have
decreased signicantly, WGS is still relatively expensive
compared to other molecular diagnostic techniques (e.g., RT-
PCR and isothermal amplication). In addition, WGS is
a resource-intensive method that can generate results in several
days. Therefore, it cannot be routinely used to diagnose various
variants. Sanger-based or amplicon-based NGS can sequence all
or part of the genes of a variant and is an effective alternative
method for identifying and characterizing multiple variants.
HiSpike, developed by Fass and colleagues, can identify variants
within the S gene for the 20I/501Y.V1 and 20H/501Y.V2 variants
with the help of a small Illumina MiSeq instrument.477

Compared with the conventional sequencing method, HiSpike
improves the detection throughput and signicantly reduces
the detection costs and time. In another study, Castañeda
developed ADSSpike similar to HiSpike. Compared to HiSpike,
ADSSpike also sequences the S gene, but it uses deep
sequencing (700 read depth) to identify SARS-CoV-2 mutants,
capable of identifying variant-specic single nucleotide poly-
morphism (SNP) with a Ct value of up to 30.17 for the variant
characterized.478 However, both strategies require tens of
primer pairs to detect variants to cover the entire S gene. In fact,
a dedicated SARS-CoV-2 variant diagnostic and assay moni-
toring strategy deployed globally will require cheap instruments
and a reduced number of reagents to allow long-term storage.
This problem was well addressed by Stüder et al., who used long
DNA fragments compatible with nanopore DNA sequencing
technology.479 The solution requires only four primers targeting
the Spike region, one random primer for the cDNA step, and
a common Gibson sequence for real-time diagnosis and variant
tracking on a portable MinION DNA sequencer. To further
improve the detection throughput of sequencing, the pooling of
samples has been attempted using primer barcodes. Cohen-
Aharonov et al. used primers with barcodes to reverse transcribe
and amplify RNA extracted from samples in one step, pooled
and sequenced the resulting amplicons and identied infected
individuals from all pooled test samples by subject-specic
barcodes.480 The feasibility of this strategy for variant detec-
tion was veried by pooled testing of 960 samples. Chapple-
boim et al. also developed ApharSeq based on a pooled sample
sequencing strategy, which combined samples as early as
possible by hybridizing barcode primers.481 This allows multi-
plex reverse transcription, PCR and sequencing of hundreds of
mixed samples to detect and classify variant sequences with
high sensitivity and negligible contamination. Validation of the
method on hundreds of clinical samples demonstrated excel-
lent results (detection limit of Ct33, specicity > 99.5%) and
a signicant reduction in detection cost. The WGS and NGS
methods for sequencing SARS-CoV-2 variants face the same
challenges of expensive equipment and the need for specialized
bioinformatics analysis, but these methods provide the basis
for other detection technologies.

The SARS-CoV-2 genomic sequence data obtained by
sequencing can help identify viral proteins that may be strongly
antigenic and indicate how to generate these antigens for
serological analysis. When SARS-CoV-2 acquires genomic
substitutions, a spectrum with altered antigenic properties may
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Detection methods for gene deletion and mutation in SARS-CoV-2. (A) When a deletion occurs in the S gene, the fluorescence probe
cannot bind to the target gene, resulting in a negative detection for the target gene, while a positive detection for other SARS-CoV-2 genes can
indicate the deletion of the target gene. (B) When a mutation occurs in the SARS-CoV-2 gene, the amplification of the mutation site produces
a different amplification curve and melting curve compared to the wild-type gene.
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emerge, indicating that serological assays cannot detect an
infected individuals because the antigen used in the assay
differs from the antigen the individual was exposed to. In
addition, the rapid release of mutant sequences is important for
designing primers and probes for molecular assays. These
genomes are necessary for the design of primers and probes,
and mismatches between primers or probes and corresponding
binding sites within the SARS-CoV-2 genome may reduce the
sensitivity of molecular diagnostic methods or lead to false
negatives. As SARS-CoV-2 continues to acquire genetic changes,
the continued generation and sharing of the viral genome are
critical for monitoring the expected sensitivity of various diag-
nostic assays at different sites.
6188 | Chem. Sci., 2023, 14, 6149–6206
6.3 Other molecular assays for the detection of SARS-CoV-2
variants

The PCR-based diagnostic method is an effective alternative to
WGS and NGS, with a exible testing strategy and the ability for
detection needs. This method can be used to assess the spread
of different SARS-CoV-2 variants in the community and for
genetic characterization to monitor virus evolution, while
providing information for outbreak analysis.482,483 Several
countries/area have released their RT-PCR protocols. A compi-
lation of primer sequences was developed in China, Hong Kong,
Germany, France, Thailand and the United States.484 The
average mismatches and signicant mismatches obtained from
PrimerScan comparing the primers from each region with all
© 2023 The Author(s). Published by the Royal Society of Chemistry
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SARS-COV-2 whole genome sequences were published on
GISAID143 (Table 10). Since the S protein is the main target of
SARS-CoV-2 nAbs, it will be more meaningful to develop RT-
qPCR assays for some key mutations in the S gene, such as
E484K, N501Y and 69-70del. Many manufacturers have devel-
oped kits for different sites of the S gene, such as ID SARS-CoV-
2/UK/SA Variant Triplex®, PKampVariantDetect SARS-CoV-2 RT-
PCR combination 1 and 3® PerkinElmer, and cobas® SARS-
CoV-2 Variant Set 1 Test.144,146 Many recent studies have evalu-
ated different screening kits using NGS methods, demon-
strating a high level of agreement between methods.485–487 In
addition, many scientic papers report RT-qPCR methods for S
mutation detection with promising results. The detection of S-
gene mutations mainly involves two strategies, including
a diagnostic screening approach that utilizes negative or weakly
positive S gene results (caused by deletions at nt 207–212) from
multiplex RT-PCR analysis, together with positive results for
other targets, to identify specic variants with deletions at this
site (Fig. 16A).488,489 This method was extensively used when
B.1.1.7 variant was prevalent in the UK and was also used for
diagnosing this variant aer the appearance of the B.1.1.529
variant.486 It is important to note that S target failure is not
restricted to these two variants, given that reports indicate that
it occurred in 1–5% of samples sequenced before the advent of
B.1.17 VOC.426 Besides, target failure can also detect
ORF1aD3675-3677 in variants (B.1.1.7, B.1.351, P.1, and C.37).
Vogels et al. designed and validated an open-source PCR assay
to detect B.1.1.7, B.1.351, and P.1 using ORF1aD3675-3677 as
the primary target and using spikes D69-70 for differentia-
tion.490 In addition, given that ORF1aD3674-3676 is present in
B.1.1.529, this combined target failure strategy also has poten-
tial to be developed to differentiate between B.1.1.7 and
B.1.1.529. This target failure strategy works well when the
prevalence of VOC in the environment is already high, but in
low prevalence settings, it is preferable to conrm the presence
of both deletions by sequencing, which will be necessary to
increase the condence in the results. An alternative approach
is to use S gene SNP-based analysis, which involves the design of
allelic primers or specic primer probes incorporating lock
nucleic acids (LNA) to target the mutation site (Fig. 16B).491 For
example, the RT-qPCR analysis for the N501Y, 69-70del, K417N
and E484K mutations developed by Vega-Magaña et al. and the
one-step multiplex allele-specic RT-qPCR assay developed by
Lee et al. facilitated the detection of all common and
uncommon VOCs/VOIs containing L452R, E484K or N501Y
mutations.492,493 One advantage of these methods is that they
allow the rapid (<1 h) estimation of the prevalence of specic
mutation-positive variants in the community, and considering
that SNPs at certain sites are not only present in VOCs merely in
VOIs, we should also sequence a portion of the samples for
validation at the time of detection. Moreover, some RT-PCR
platforms allow melting curve analysis, and based on this
many genotyping methods have been developed to identify
specic amino acids substitutions, such as HV69-70del, K417N,
N439K, Y453F, E484K, N501Y, A570D, D614G, P681H or
V1176F.494
© 2023 The Author(s). Published by the Royal Society of Chemistry
With the increasing number of sequences becoming publicly
available, many other molecular diagnostic techniques have
been developed for variant detection. RT-LAMP for variant
detection can also be performed directly by visual color
change,128 uorescence,495 sequence-specic probes such as
Detection of Amplication by Releasing of Quenching (DARQ)
and molecular beacons,496 or coupled to secondary molecular
analysis platforms such as CRISPR and NGS (e.g., LamPORE and
LAMP-Seq).497 Currently the available protocols cannot
discriminate between specic VOCs/VOIs; however, RT-LAMP
technology offers certain advantages such as faster test results
and requirement of less resources, while maintaining high
sensitivity and specicity. CRISPR-based variant detection
techniques focus on designing crRNAs with mismatches for
mutation positions in known sequences498,499 or developing
chimeric crRNAs to distinguish mutations in different positions
specically.500 Most of these technologies use uorescence501 or
LFAs502 for the readout of the detection results, and some have
integrated technology into micro devices to develop POCT
devices that integrate extraction, purication, and concentra-
tion of viral RNA, amplication and detection.503 CRISPR tech-
nology has the merits of easy-to-use and easy-to-set-up, which
can be rapidly deployed in response to outbreaks. By combi-
nation with RT-PCR, these techniques rely on oligonucleotide
primers and mutations in the target region, which may have an
impact on amplication. Therefore, appropriate clinical vali-
dation studies of the protocols are also needed to assess their
potential role in different settings.

7. Conclusions and prospect

The global epidemic is still spreading, and the SARS-CoV-2
strains are mutating. Recently, a study by Harvard University
revealed that 94% of Americans were infected with COVID-19 at
least once, and 97.8% had immunity to SARS-CoV-2.504 Although
protectiveness in preventing COVID-19 has increased from 22%
to 63% among the U.S. population, the rate of reinfection is
increasing because the Omicron variant is extremely contagious
and a large portion of Americans has stopped wearing masks.
Additionally, this study also warned that as the virus evolves and
the immune antibodies continuously decline, new waves of
COVID-19 infections need to be cautioned. A timely and accu-
rate identication of patients infected with SARS-CoV-2 is still
the cornerstone of public health containment and mitigation of
the pandemic. Presently, signicant improvements have been
achieved in techniques for detecting SARS-CoV-2, such as
molecular assay for viral RNA and immunoassay for viral anti-
gens or virus-specic antibodies produced by the immune
system. Among them, RT-PCR is the gold standard for COVID-
19 diagnosis. Mini RT-PCR devices that combine RT-PCR with
different detection modalities have been deployed to address
the current low sensitivity of rapid POC assays, and simulta-
neously analyze samples in a high-throughput format beyond
the centralized laboratory.505 RT-dPCR has become an efficient
high-throughput detection system.506 CRISPR/Cas-based
systems have further overcome the problem of pre-test nucleic
acid extraction and amplication.507 Moreover, diverse
Chem. Sci., 2023, 14, 6149–6206 | 6189
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isothermal amplication technologies (RT-LAMP, RT-RPA,
TMA) with robust detection capabilities have been imple-
mented for rapid detection laboratories and POC applications,
screening large patient populations, or rapid deployment to
assess target regions508 Sequencing-based assays have enabled
the monitoring of SARS-CoV-2 genomic sequences, especially
for variant-associated detection.509 However, we must acknowl-
edge that all molecular diagnostic methods are subject to
a constant limitation, which is the sequence mismatch between
the detection probe and the target region due to the mutations
in SARS-CoV-2. Currently, false negatives caused by mutants are
minimized by detecting multiple genes simultaneously or by
increasing the binding to the mutant target using abbreviated
primers and probes.510,511 During the pandemic, SARS-CoV-2
detection mainly relied on molecular diagnostic methods,
especially RT-PCR, which brought many challenges globally. For
example, laboratories need to procure large quantities of
supplies quickly, acquire instruments, and train additional
personnel. For testing, they are also faced with many challenges
such as the shortage of human resources for sample collection
and testing, and the unsustainable and rapid supply of swab
collection resources and testing reagents. Sampling oen
results in crowd gathering, which poses the risk of causing virus
transmission.

Antigen-based assays play an invaluable role in the rapid
identication of highly infectious cases, which can generally
provide rapid results without the need for complex instrumen-
tation. However, antigen-based assays exhibit low sensitivity
compared to molecular diagnostics (mean sensitivity: 56.2%,
95% CI (29.5–79.8%) for rapid antigen-based assays vs. 95.2%,
95% CI (86.7–98.3%) for molecular diagnostics).512 A possible
strategy to mitigate the relatively low sensitivity of antigen-
based assays is to increase the frequency of assays in the
patient population over time, and to increase the chance of
identifying individuals at high viral shedding stages. Serological
tests are valuable for seroepidemiological studies, which
contribute to ongoing outbreak investigations and the detection
of suspected cases where molecular diagnostics are consistently
negative or molecular diagnostics are not available. However,
the performance of serological assays varies with techniques,
time of onset and comparative methods. Recent meta-analyses
and systematic evaluations show high levels of heterogeneity
in these methods, with risks of bias and applicability.513 The key
area of research in serology is the relevance, magnitude, and
duration of protective antibody responses, especially in the case
of widespread vaccination. Longitudinal studies are needed for
the protective relevance of nAbs, although various neutraliza-
tion assays can assess and quantify SARS-CoV-2 nAbs in serum
or plasma.

Overall, RNA-, antigen-, or antibody-based assays have their
respective place in diagnosing SARS-CoV-2, but ongoing
research is critical to further improve them for practical appli-
cations. Eventually, the understanding of the strengths and
limitations of the available methods and the development of
new methods will help us unravel the unknowns of disease
pathogenesis, epidemiology and transmissibility, which can
restrain the SARS-CoV-2 virus.
6190 | Chem. Sci., 2023, 14, 6149–6206
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R. O'Kennedy, Biosensors, 2015, 5, 577–601.

214 C. Zheng, X. Wang, Y. Lu and Y. Liu, Food Control, 2012, 26,
446–452.

215 C. Zheng, X. Wang, Y. Lu and Y. Liu, Food Control, 2012, 26,
446–452.

216 J.-L. Wu, W.-P. Tseng, C.-H. Lin, T.-F. Lee, M.-Y. Chung,
C.-H. Huang, S.-Y. Chen, P.-R. Hsueh and S.-C. Chen, J.
Infect., 2020, 81, 435–442.
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