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Abstract

In the recent COVID-19 pandemic, World Health Organization emphasized that early detection is an effective strategy to
reduce the spread of SARS-CoV-2 viruses. Several diagnostic methods, such as reverse transcription-polymerase chain reac-
tion (RT-PCR) and lateral flow immunoassay (LFIA), have been applied based on the mechanism of specific recognition
and binding of the probes to viruses or viral antigens. Although the remarkable progress, these methods still suffer from
inadequate cellular materials or errors in the detection and sampling procedure of nasopharyngeal/oropharyngeal swab col-
lection. Therefore, developing accurate, ultrafast, and visualized detection calls for more advanced materials and technology
urgently to fight against the epidemic. In this review, we first summarize the current methodologies for SARS-CoV-2 diag-
nosis. Then, recent representative examples are introduced based on various output signals (e.g., colorimetric, fluorometric,
electronic, acoustic). Finally, we discuss the limitations of the methods and provide our perspectives on priorities for future

test development.
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Introduction

Modern human DNA keeps the traces of ancient coronavi-
rus infections from 25,000 years ago. Our history of man-
kind is a continuous battle against these stealthy viruses.
In 2003, the first outbreak of SARS-CoV, which is known
as severe acute respiratory syndrome coronavirus infected
more than 8000 and killed over 800 people. In 2007,
MERS-CoV of Middle East respiratory syndrome corona-
virus affected > 2400 and killed more than 850 people. The
outbreak of coronavirus disease 2019 (COVID-19) being
sweeping the world is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1, 2]. Since its
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discovery, this virus quickly spread to most continents owing
to its highly transmissible nature, fast evolution, and unavail-
ability of appropriate therapy and diagnostics systems [3,
4]. Therefore, this incident soon evolved into the pandemic
in March 2020 and continued to be the greatest global pub-
lic health crisis to date. Based on publicly available data
(COVID-19 Dashboard by the Center for Systems Science
and Engineering at Johns Hopkins University), the num-
ber of confirmed cases of new coronary pneumonia rose to
517,888,062 cases (infection rate: ~ 6.7%) worldwide, with
6,253,145 deaths as of 8:00 BST on May 10th, 2022. About
3.4% Mortality rate was estimated by WHO as of March
3, 2022. Despite the tremendous developments of vaccines
by pioneering pharmaceutical companies (e.g., Pfizer, Mod-
erna, Sinovac Biotech, and others) and new discovered treat-
ments (e.g., Cepharanthine [5], anti-VEGF [6]), there are
still demands for great efforts since the ever-going emer-
gence of new virus strains [7-10]. Data indicate total vac-
cine doses administered reached 11,367,262,812 doses, but
there were still 72,798 deaths in the past 28 days. Therefore,
particular emphasis must still be put on the development of
diagnostic tools that could identify the infected people at a
manageable early stage.
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Computed tomography (CT) scan was the earliest diag-
nostic method used in clinical practice for COVID-19 deter-
mination. However, the excessive use of CT placed an extra
burden on the radiology department. Currently, the gold
standard diagnosis of COVID-19 is reverse transcription
polymerase chain reaction (RT-PCR) by nucleic acid ampli-
fication. However, the whole process of this method needs a
long detection time (usually 2—6 h) and complicated opera-
tion (requires a sterile environment and equipment such as
PCR amplifiers) [11]. Methods based on CRISPR (clustered
regularly interspaced short palindromic repeats) have been
reported later, which typically takes a much shorter time
(45-70 min). Apart from these laboratory-based, time-con-
suming, labor and reagent-demanding nucleic acid amplifi-
cation tests (RT-PCR, and CRISPR as stated above), rapid
serology-based detection methods have also been developed
lately. Though these immunoassays are not as specific as
the nucleic acid-based tests during the early stage of the
infection, such a portable and facile operation greatly ben-
efits on-site individual self-testing. Recently, more and
more researchers from analytic science and material sci-
ences fields also contributed novel techniques to COVID-
19 diagnosis. And some newly developed methods have also
received conditional approval under emergency use authori-
zation (EUA). As such, hereby, we would focus on some
newly emerging rapid diagnostic methods, especially from
the material and chemical science perspective, to help make
an appropriate decision and prompt public health actions.

In this review, we present recent advances in the devel-
opment of in vitro diagnostics for SARS-CoV-2 (Fig. 1),
driven by materials science progress. We first introduce the
infection mechanism of SARS-CoV-2 and summarize the
current diagnostic methods for patient identification. Next,

Fig.1 Scheme of various categories of COVID-19 diagnostic meth-
ods

we present representative examples of the novel detection
techniques for visual sensing based on the modes of col-
orimetric, fluorometric, electronic, acoustic, etc. Finally, we
give the current challenges of developing accurate, sensitive,
portable, fast, and low-cost diagnostics, as well as future
perspectives relying on the analysis of recent advances in
materials, devices and artificial intelligence. We hope this
review would stimulate more collaboration between medi-
cine and materials to facilitate the efficient SARS-CoV-2
detection and relieve the impact of the epidemic to protect
human health, consequently helping people to return to their
normal lives.

SARS-CoV-2 Infection Mechanism
and Diagnostic Methods

Rapid, low-cost and accurate viral detection is regarded as
the most efficient strategy to intercept the COVID-19 infec-
tion. A series of methods or techniques for SARS-CoV-2
detection have been proposed since the outbreak of COVID-
19 pandemic in 2019 (Fig. 1). For instance, RT-PCR for
nucleic acid detection, testing kits for viral antigen and anti-
body detection etc. These methods of COVID-19 diagnosis
generally are devised to detect the targeted substance based
on the specificity of viral genome, antigen and antibody
against SARS-CoV-2 virion. Consequently, to improve the
accuracy, sensitivity and specificity of viral detection, it is
vital to confirm and understand the SARS-CoV-2 structure,
genome, antigen, replication in host cell, infection mecha-
nism and immunoreaction of human body, as well as the
mechanism of various detection assay of SARS-CoV-2
virion.

SARS-CoV-2 Structure, Replication and Infection
Mechanism

In accordance with the diversity of genome sequence [12]
and serological reactions, coronaviruses are divided into
four genera [13, 14], namely, alpha, beta, gamma and delta.
These viruses generally cause severe human respiratory dis-
eases, such as MERS-CoV and SARS-CoV caused outbreak
in the last decade [15]. SARS-CoV-2, one of coronaviruses
is classified as beta-CoV by the World Health Organization
(WHO), which has resulted in COVID-19 pandemic since
2019 [16]. SARS-CoV-2 virion consists of a vesicle and a
large RNA genome. RNA genome with 26-32 kilobases in
length enveloped by a vesicle constructs a unique structure
of SARS-CoV-2 virion, which resembles a solar corona as
shown in Fig. 2a. The specifical structure of SARS-CoV-2
was validated by electron microscope [14, 17, 18] and shown
in Fig. 2b [17]. On the virion surface, four types of pro-
teins were detected, including Trimeric spike (S) protein,
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Envelope (E) protein, Membrane (M) protein and Hemag-
glutinin-Esterase (HE) protein. In the vesicle, Nucleocapsid
(N) protein is bound to the RNA genome of virus and pro-
tects viral genome [14].

The proteins in virion individually play different physio-
logical roles in viral replication. Due to the presence of spike
proteins on the viral surface, the infection of SARS-CoV-2
is significantly improved. In Fig. 2c, when SARS-CoV-2
enters human body through nose or mouth, the S protein
on the outer surface of the virion enables recognize ACE2
receptors on the host cellular membrane. The S protein then
binds to the host receptors, which accelerates the viral and
host cell membrane fusion [14, 18]. Also, HE protein helps
in the attachment and destruction of sialic acid receptors on
the host cellular surface. Subsequently, the SARS-CoV-2
RNA is released into the host cell, and hijacks host ribo-
somes to translate polyproteins, which initiates viral RNA
replication and transcription. More viral genomic RNA and
proteins are then replicated, synthesized, and assembled in
the endoplasmic reticulum and Golgi apparatus to generate
large amount of mature progeny virions in host cell. In the
end, the mature progeny virions are released through exo-
cytosis and initiate a new round of infection [14, 19]. In the
replication of virions, N protein helps virus breakdown the
defense mechanism and deregulate the cellular cycle of host
cell. The E and M proteins are responsible for the assembly
and formation of new virions [14].

After the upper airway infection deriving from the rep-
lication of virions in host cell, the innate immune response
of human body is triggered. In the immune response, IgM
and IgG antibodies are made in succession and become

S Protein
N Protein
E Protein
M Protein
HE Protein

(b)

Fig.2 Structure of SARS-CoV-2 and its replication process:
a Scheme of SARS-CoV-2 structure; b transmission electron micro-
scope images of SARS-CoV-2 virion; ¢ the replicated process of
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detectable after 1-2 weeks of infection. IgM antibody ena-
bles maintain in the blood until the 3rd week of infection and
IgG can remain in the blood to afford long-term immunity
[13, 14]. According to the specificity of spike proteins on
the viral surface, viral genome and the antibody during the
immunity of body, the COVID-19 diagnosis, therefore, can
be performed by detecting the antigen, viral nucleic acid in
bodily secretions and the antibody in blood.

Diagnostic Techniques of COVID-19 and Applications

Chest computed tomography (CT) imaging detection tech-
nique, nucleic acid detection techniques, immunological
detection techniques are the most common COVID-19 diag-
nostic methods [20]. Nucleic acid, antibody and antigen test-
ing are more reliable and accurate than CT, allowing for the
rapid identification of asymptomatic infected people [21].
The National Medical Products Administration (NMPA) has
approved 94 COVID-19 detection reagents as of April 20,
2022, including 34 nucleic acid detection reagents, 31 anti-
body detection reagents, and 29 antigen detection reagents.

Nucleic Acid Detection Techniques

The entire genome sequence of SARS-CoV-2 was rap-
idly obtained thanks to advances in sequencing technology
and published on the NCBI website on January 5, 2020, as
shown in Fig. 3 [22]. Specific target sequences are chosen
and employed in the construction of nucleic acid detection
techniques based on the genomic sequence of SARS-CoV-2.
For clinics, quarantine, rehabilitation, and discharge, nucleic
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acid testing is a useful diagnostic tool [23]. Current nucleic
acid detection methods for SARS-CoV-2 include real-time
quantitative polymerase chain reaction (RT-qPCR) [24],
loop-mediated isothermal amplification (LAMP) [25,
26], and clustered regularly interspaced short palindromic
repeats/Cas associated system (CRISPR/Cas) [27].

(1) RT-gPCR Detection Technique

The RT-qPCR technology, which can amplify
extremely minute amounts of viral target gene
sequences in extraction solution, is the gold standard
for SARS-CoV-2 accurate detection. The following is
the RT-PCR technologic detection principle (as shown
in Fig. 4): SARS-CoV-2 RNA is reversely transcribed
into cDNA after being denatured at high temperatures;

Fig.4 Schematic diagram of (a)
RT-qPCR: a sample collection,
b reverse transcription, ¢ sepa-
ration, d duplication, and e end

of cycle. Reprinted with permis- e —-
sion from Ref. [29], Copyright
2022 NHGRI =
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(c)

Template strands

Low-temperature annealing is used to amplify the
cDNA; Fluorescent dyes (SYBR Green I dye)/probes
(TagMan probe) that bind exclusively to the targeted
segment (cDNA) are introduced during the amplifica-
tion process to monitor cDNA amplification in real
time [28, 29]. When the fluorescence signal surpasses
the predetermined fluorescence threshold the number
of amplification cycles (Ct value) can be used to deter-
mine the presence of the target nucleic acid molecule.
Ct value < 35 is recorded as positive, according to the
National Health Commission of China; no C, value or
C,>35 is labeled as negative.

RT-gPCR detection method incorporates PCR ampli-
fication, product detection, and quantitative analysis
[30]. Furthermore, before amplification, the primers
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and probes of this approach must be coupled with the
target nucleic acid sequence, contributing to a far bet-
ter specificity than traditional PCR [31]. Traditional
PCR open-tube detection causes aerosol pollution and
false-positive results. However, RT-qPCR requires
professional and technical employees to operate, the
equipment and reagents are relatively expensive, and
the detection cost is high, all of which limit its wide-
spread usage in community laboratories.

LAMP Detection Technique

In order to stop the virus from spreading, both com-
munity clinics and hospitals require a rapid testing
technique for COVID-19 diagnosis. The extensively
utilized isothermal amplification technology for SARS-
CoV-2 nucleic acid detection is LAMP combined with
reverse transcription (RT-LAMP). This approach, first
reported by Notomi et al. [32], amplifies the target
nucleic acids using the strand displacement activity of
DNA polymerase and a set of inner and outer primers
(four or six distinct primer sequences). The exponential
amplification of nucleic acid can be achieved within
20-40 min of constant temperature amplification using
strand-displacing DNA polymerase (Bst DNA polymer-
ase) [33]. The presence of target genes can be detected
after the reaction by looking at the precipitation in the
reaction tube with the naked eye, and agarose elec-
trophoresis or the addition of fluorescent dye can be
employed to improve sensitivity and accuracy of detec-
tion [34, 35]. It should be noted that while employing
the LAMP detection method to detect viruses, SARS-
CoV-2 RNA is reversed transcription into cDNA. The
detailed process of LAMP technology is shown in
Fig. 5.

Different from the RT-qPCR technique, the advan-
tage of LAMP is that the nucleic acid can be swiftly
amplified at a constant temperature without relying on
a precise temperature cycle system, which considerably
decreases the time of nucleic acid amplification and
enhances detection performance [37]. For the COVID-
19 pandemic diagnosis, Boao Biotechnology Co., Ltd.
licensed “six respiratory virus nucleic acid testing kits
(constant temperature amplification chip method)”
that are based on LAMP technology and can detect six
coronavirus targets. It can not only tell the difference
between normal people and COVID-19 patients, but it
can also tell the difference between mild COVID-19
patients and influenza patients, lowering the possibility
of human-to-human transmission owing to a misdiag-
nosis. Isothermal amplification can only amplify the
target efficiently. The amplified products are identified
and quantified by fluorescent probes and the intensity
of fluorescence. However, the specificity of these prod-
ucts is often affected by the target gene sequence and
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amplification specificity, resulting in inaccurate results
or false-negative results.
CRISPR/Cas System

CRISPR is a potent gene-editing technique that has
shown promise in clinical trials. Therefore, a nucleic
acid detection technique combining CRISPR and iso-
thermal amplification has been devised for the detec-
tion of SARS-CoV-2 virion in molecular diagnostic
procedures [38—40].

Based on the auxiliary activity of the Cas enzyme,
DNA endonuclease-targeted CRISPR trans reporter
(DETECTR) and specific high-sensitivity enzymatic
reporter unlocking (SHERLOCK) and are utilized to
detect SARS-CoV-2 [41, 42]. In the SHERLOCK tech-
nique, RNA is isothermally amplified into DNA using
reverse transcription recombinase polymerase amplifi-
cation (RT-RPA). Subsequently, the amplified product
(DNA) is combined with T7 transcription and trans-
formed into target RNA (as shown in Fig. 6). The target
RNA is recognized and cleaved by the Cas13a-reRNA
complex. The cleaved RNA reporters can be visual-
ized by fluorescence signal or colored on the transverse
lateral-flow strip [43]. DETECTR works in a similar
way as SHERLOCK. Cas12 instead of Cas 13a is used
to identify target DNA that can be identified following
reverse transcription [44]. A detection sensitivity of
10 copies/uL can be achieved for the both CRISP/Cas
techniques and COVID-19 diagnosis can be finished
within 1 h [45].

The CRISPR-based assay has been used in clini-
cal practice in China and elsewhere. The Food and
Drug Administration of the United States (U.S. FDA)
granted emergency approval CRISPR technology for
the COVID-19 diagnosis in May 2020. (The Sherlock
TM CRISPR SARS-CoV-2 Kit) [46]. SARS-CoV-2
DETECTR Reagent Kit devised by Jennifer’s team was
also authorized by the U.S. FDA in August 2020. Hang-
zhou Zhongdao Biotechnology Co., Ltd. has received
marketing approval for the SARS-CoV-2 nucleic acid
detection kits (CRISPR immunochromatography),
which are based on CRISPR technology and recombi-
nant enzyme-mediated chain replacement nucleic acid
amplification technology. Hangzhou Jieyi Biotechnol-
ogy Co., LTD., Zhejiang Province, created a COVID-
19 rapid test kit with CRISPR isothermal test, which
had also been approved for usage. In terms of practi-
cal application, the CRISPR/Cas detection technique
has some limitations. The accuracy of SARS-COV-2
nucleic acid detection is reduced due to point muta-
tions, deletions, and inversions that cause off-target
effects of CRISPR-based platform.



Advanced Fiber Materials (2022) 4:1304-1333

1309

3 ) F30, m—— il
N W N e

Forward internal
5 v primer (FIP)

Bl e By il 5

‘bl ile e

¥ aw .
Backward internal

primer (BIP) 5

Exponential amplification
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Immunological Detection Techniques

Antigen and antibody detection are two types of immuno-
logical detection. Antigen detection is based on the specifi-
cal selection and recognition of monoclonal antibodies to
the antigen proteins of SARS-CoV-2 (e.g., N protein and
S protein) [47]. When viral extraction solution containing
SARS-CoV-2 goes through the testing strip due to capil-
larity, antigen on the surface of virions binds to the col-
loidal gold-labeled antibody on the conjugation pad to form
a labeled antibody-antigen-capture antibody complex (as
shown in Fig. 7). The complex then aggregates on the test
line due to the specifical combination between capture anti-
body and antigen, and then the test line emerges with red
color. Simultaneously, the antibody modified with gold nan-
oparticles also combines with recombinant antigen and the
control line also presents, which is identified as a positive
result [48]. If only the control line is presented, it means no
SARS-CoV-2 virions in the extraction solution and indicates
a negative result.

ers form loop structures, which is helpful for the subsequent rounds
of amplification. Adapted with permission from Ref. [36], Copyright
2015 Elsevier

Antibody testing is a method of detecting antibodies
against SARS-CoV-2 virions produced by human body.
When virus infects human body, it stimulates immune cells
and immune cells to respond to virus by generating corre-
sponding antibodies, which can be divided into two types:
IgM and IgG antibodies [50]. Antibody detection works
in a similar way to antigen detection. Figure 7 shows the
mechanism of rapid antibody detection by testing kits. When
IgM/IgG antibody attaching to the colloidal gold-labeled
antigen on the conjugation pad forms a labeled antigen-
antibody complex, the test line turns colored owing to the
concentration of gold nanoparticles. Meanwhile, the control
line reveals color signal. It indicates an infected case of the
sample owner. If the test line does not exhibit color, it is con-
cluded that the sample does not contain [gM/IgG antibodies,
indicating a negative result. The presence of non-specific
antibodies in normal serum competes with the IgM/IgG anti-
bodies produced following immune stimulation, potentially
leading to a false positive result. Furthermore, false negative
results can occur when virus enters human body and no IgM/

@ Springer



- A

1310 Advanced Fiber Materials (2022) 4:1304-1333
Lateral flow
- +
FI Biotin .|
[ — ]
pum
e -
—_— —— RT-RPA T7 transcription . =
> T > [
[— ]
\
— Cas13a t.arget o=
= DNA detection =@
RNA =06 @=
=®
Fluorescence
readout
Fig.6 Schematic diagram of SHERLOCK. Adapted with permission from Ref. [43], Copyright 2020 Springer Nature
Test line Control line (s 7/ ) Ariatiia
YN 7 e Abs conjugated _ Tline Cline
o e RS to AuNPs (anti-analyte Abs) (anti-lgG Abs)
o= — i i
Flow direction / o B
> kY L4
| \ Flow direction
) e
. A ~ B v
\ / .

l l

Sample
pad

l

Conjugate Membrane Wicking pad

pad

PRy RS

Flow direction

Fig. 7 Schematic conception and dipstick assay of the LFIA test strips. Adapted with permission from Ref. [49], Copyright 2021 MDPI

IgG antibodies or only a low number of [gM/IgG antibodies
are generated in human body (window period).

In addition, enzyme-linked immunosorbent assay
(ELISA) is another immunological detection technique for
the detection of SARS-CoV-2 virus based on the specifi-
cal combination between viral antigen and antibody [51].
ELISA includes three detection methods, namely direct
ELISA, indirect ELISA, and sandwich ELISA. Antigens
or antibodies are used in both direct and indirect ELISA
to identify the SARS-CoV-2 virus. For sandwich ELISA,
two different antibodies (capture antibodies and detec-
tion antibodies) are used to recognize viral antigens. The
detection mechanism of ELISA is as follows: viral antigen
in extraction solution specifically combines with capture
antibody, which is immobilized on the surface of test plate,
and forms an antigen-antibody complex; Subsequently,
the antigen—antibody complex is detected by an additional
tracer antibody, which results in a color change on the plate
and confirms the presence of virion [52, 53]. Virion can be
quantified by the change of color intensity and test results

@ Springer

generally can be afforded within 2-5 h [54]. ELISA technol-
ogy, in comparison to nucleic acid detection methods, can
detect SARS-CoV-2 virion in the early stages of infection
(within 2 weeks).

CT imaging Detection Technique

CT imaging detection technique is a noninvasive medical
imaging technology used in radiology diagnoses. Inflam-
mation of the lungs is common in COVID-19 patients.
COVID-19 individuals with multiple ground-glass opacity
(GGO) in both lungs can exhibit the imaging features and
can be observed by using a chest CT scan, which possesses
the advantages of being rapid and having high resolution
[55]. As a result, CT has become a significant diagnostic
technique for COVID-19. It was a crucial tool for COVID-19
diagnosis early on the breakout of COVID-19. Even though
CT is a crucial technique for diagnosing COVID-19, it has
several limitations. According to the report by Hope et al.,
the imaging characteristics of pneumonia in COVID-19
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individuals were not disease-specific [56]. It is also possible
deriving from a variety of infectious and non-communicable
disorders. The CT technique can couple with nucleic acid or
other immunological detection methods to improve the accu-
racy of diagnosis. Consequently, it makes sense and provides
reliable results when the highly suspected COVID-19 cases
perform chest CT. Chest CT examination can be an auxiliary
tool for the definite diagnosis of COVID-19.

Visual Detection of COVID-19 in Different Applications

To control the COVID-19 pandemic and prevent the continu-
ous spread of SARS-CoV-2, reliable technologies for the
rapid, simple, inexpensive and accurate point-of-care (POC)
COVID-19 diagnosis are urgently required, especially, the
visual detection of SARS-CoV-2 virions, which would sig-
nificantly simplify the viral detection and shorten the mass
screening cycle. In general, rapid and visual detection assay
of virions involves simple equipment and the results enables
be indicated by visible features or signals, such as, color
change, fluorescent and luminescent output. Currently, vary-
ing approaches of visual detection have been performed in
the rapid screening of nucleic acid, viral antigen and anti-
body [54, 57] as described in the last section. For instance,
CRISPER/Cas based biosensing technology, [gM/IgG-tar-
geted LFIA and chemiluminescence immunoassay (CLIA)
based on colloidal gold immunoassays. These visual detec-
tion techniques have been used to fabricate various diagnos-
tic equipment or tools, including viral antigen and antibody
test kits, intelligent fabrics and chromogenic solution.

/‘“/\\ /g—\\‘
(&0

l Throat swap

=

(1) Viral Antigen and Antibody Test Kits

For rapid and visualizing on-spot mass screening of
SARS-CoV-2 carriers, different commercial test Kits
have been devised based on the LFIA [54]. The LFIA
detects viral antigen [58—62] or antibody [50] by an
immune-chromatographic assay, which is similar to the
commercial pregnancy test. As shown in Fig. 8, capture
antibody against SARS-CoV-2 is immobilized on the
chromatographic strip at the test line and anti-antibody
is fixed at the control line. When viral extraction solu-
tion is added into the sample pad and triggers capil-
lary action along the strip. To begin, the antigen on the
viral surface enables specifically binding to antibody
modified with fluorescent probe or Au nanoparticles
and then forms an antigen-antibody complex at con-
jugated pad. The complex then aggregates at the test
line due to the specific combination between viral anti-
gen and capture antibody. Subsequently, the test line
on the strip emerges red line or presents fluorescent
signal due to the concentration of Au particles or fluo-
rescent probe. Meanwhile, the antibody also combines
with anti-antibody and then the control line presents,
which illustrates a positive result of detection. If only
the control line is displayed, it means a negative result.
However, the suspected case with a positive result fur-
ther needs to perform nucleic acid test by RT-PCR to
make a definite diagnosis.

Similarly, the LFIA is also used for detection of anti-
body against SASR-CoV-2 and viral nucleic acid by
replacing antibody with antigen or complementary gene
sequences. The relative researches have been reported

Positive Negative

Sample Pad

Conjugate Pad

Sample Flow

~ Fluorescent Probe

* SARS-CoV-2

Test line Control line

g SARS-CoV-2 Antibody

Absorﬁent Pad

NC membrane

2 Secondary Antibodies

Fig.8 Scheme of antigen-detection strip. Adapted with permission from Ref. [57], Copyright 2022 Elsevier
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by Zhu et al. for nucleic acid detection [63] and Li et al.
for antibody measurement [50]. Technology of LFIA
provides a rapid, low cost and visual detection assay,
which plays a crucial role in the early mass screening
of SARS-CoV-2 carriers and significantly reduces the
number of infected cases. However, antigen detection
based on LFIA has a lower sensitivity than RT-qPCR,
and the sensitivity and specificity of antigen detection
can only be improved when the viral load of the sam-
ple is extremely high. At present, Guangzhou Wondfo
Biotechnology Co., Ltd. and Beijing Kingwolf Bio-
technology Co., Ltd. have created China’s first Novel
Coronavirus antigen test kits, and COVID-19 diagnosis
can be done within 20 min. When the viral load is high,
the antigen test can quickly find positive cases and aid
in the rapid diagnosis of suspected patients as well as
the mass screening of relevant populations, allowing for
early diagnosis and intervention [64, 65]. Furthermore,
antigen testing can only be done in conjunction with
other tests and cannot be used to diagnose COVID-19
pandemic on its own.
Visual Detection by Intelligent Fabrics

Various CRISPR/Cas biosensors have been designed
for rapid on-site COVID-19 diagnosis [45, 66].
CRISPR/Cas biosensors combine guide RNA (CRISPR
RNA or crRNA) with Cas enzyme[67]. When crRNA
binds to targeted nucleic acid, the Cas enzyme is acti-

@)

vated and then cleaves the quenched ssDNA fluoro-
phore probes, resulting in the emission of a fluorescent
signal. Combining with freeze-dried, cell-free (FDCF)
reactions activated by hydration, a CRISPR-Cas12a
wearable sensor was prepared by Nguyen and cowork-
ers [68]. The CRISPR-Cas12a sensor enabled detect
viral nucleic acid and metabolites, and report the pres-
ence of targeted subjects by color changes, fluorescent
and luminescent outputs (see Fig. 9a). In Fig. 9b, the
CRISPR based sensors were integrated with fibers and
the fibers were used to weave intelligent fabrics. The
intelligent fabrics were able to detect the nucleic acid
of SARS-CoV-2 by emitting fluorescent signal when
aqueous solution containing virions was splashed on
the fabrics. Additionally, a face mask integrated the
CRISP-Cas12a sensor was explored to detect SARS-
CoV-2 for respiratory sample. In Fig. 9c, a large region
on the face mask was made of aerosol as collection
sample pad. A reservoir for hydration was set to trigger
the lateral flow assay (LFA) by pressing the red but-
ton in Fig. 9d. According to the mechanism of CRISP-
Cas12a sensor and LFA (see Fig. 9a), the visual on-
site detection of SARS-CoV-2 can be performed by
observing the strip on the left side of face mask. The
facile design and excellent combination between fab-
rics and viral detection will dramatically improve the
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Fig.9 a Mechanism of CRISP-Cas12a biosensor and the freeze-dried
reactions. SARS-CoV-2 RNA is released from lysis and target gene
amplifies at room temperature and then Casl2a results in the cleav-
age of fluorescent ssSDNA probes. The fluorescent outcome of the
reaction was purified by the LFA and confirmed the positive result of
COVID-19 diagnosis. b The bundle of fibers modified with CRISP-
Casl2a biosensor. ¢ Schematic diagram of the SARS-CoV-2 sensor.
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Puncture of the water reservoir initiated flow through aerosol region
and freeze-dried reactions. Subsequently, viral particles collected
from respiration in aerosol region downstream integrated into a uPAD
device. The visual output is displayed by an LFA strip. d Image of a
face mask integrated a SARS-CoV-2 sensor. Adapted with permission
from ref. [68], Copyright 2021 Springer Nature
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Fig. 10 COVID-19 diagnosis
was performed by chromatic

efficiency of COVID-19 diagnosis and reduce the time
gap between sample collection and result acquisition.
Visual Detection by Chromogenic Solutions

Another visual detection assay for COVID-19 diag-
nosis depends on the chromatic change of solution,
where the positive result is evaluated by the chromatic
change of solution. The chromatic change of solution is
attributed to the variation of solution features, including
pH value, dispersity and aggregation of particles. The
solution features are altered in different approaches.
For instance, Moitra et al. modified N gene targeted
antisense oligonucleotide (anti-gene) of SARS-CoV-2
on Au nanoparticles [69]. When samples containing
SARS-CoV-2 virions was mixed with the anti-gene,
the viral genomic sequences would bind to the anti-
gene by complementary base pairing. The specific
binding between viral RNA and N gene results in the
agglomeration of Au nanoparticles, and then displays a
color change of solution for COVID-19 diagnosis (see
Fig. 10). In addition, Chow and coworkers reported a
rapid and one-step chromogenic reverse transcriptional
loop-mediated isothermal amplification assay (RT-
LAMP) for the detection of SARS-CoV-2 virions [70].
When the target gene of SARS-CoV-2 presented in the
RT-LAMP solution, the target gene initiated the ampli-
fication of RNA templates, resulting in the significant
decrease of pH value of solution. Due to the decrease
of pH value, the detected solution involved pH indictor
would show chromatic change and COVID-19 assay
was performed according to the color change of solu-

Material Systems and Equipment Applied for Visual
Detection of SARS-CoV-2 Virions

COVID-19 Diagnosis by Colorimetric and Fluorescent
Signals

For the rapid, simple, low-cost and on-site COVID-19 mass
screening, various techniques for SARS-CoV-2 visible
detection have been proposed. The detection is generally
achieved by colorimetric or fluorescent signal. According
to the colorimetric or fluorescence, the diagnostic results
can be identified rapidly and easily by naked eye, and the
techniques can be divided into three categories, including
chromogenic effect (or chromatic change), fluorescent and
chemiluminescent emission.

(1) COVID-19 Diagnosis Based on Chromogenic Effect
Chromogenic effect means the color emergence in
the detection of SARS-CoV-2 due to the aggregation
of Au nanoparticles. Au nanoparticles were considered
to possess unique advantages, such as excellent stabil-
ity, eco-friendly and easy fabrication. Consequently,
Au nanoparticles labeled antibody or viral antigen
has been used for COVID-19 diagnosis and colloidal
gold immunochromatography is developed based on
antibody (antigen) labeled Au nanoparticles. Moreo-
ver, the testing result can be directly read out via the
color change without using instruments. Now, different
brands of test kits are available in the market. Viral
antigens or anti-SARS-CoV-2 human antibody can be

change of solution. Anti-gene
sequence of SARS-CoV-2 was
modified on the surface of

gold nanoparticles. When the
gold nanoparticles were added
into viral extraction solution,
SARS-CoV-2 target gene would
combine with anti-gene result-
ing in the agglomeration of

Au nanoparticles and showing
chromatic change from violet to
blue. Adapted with permission
from Ref. [69], Copyright 2020
American Chemical Society
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Fig. 11 Schematic illustration

detected based on colloidal gold immunochromatogra-
phy.

The mechanism of SARS-CoV-2 antigen rapid test
kit has been introduced in last section of “Viral anti-
gen and antibody test kit” (see Fig. 7). The result of
COVID-19 is identified according to the chromatic
effect of Au nanoparticles at the test line (T-line) and
quality control line (C-line). If the sample contains
SARS-CoV-2 antigen, the antigen-antibody-colloidal
gold sandwich will appear as a visible line (red or pur-
ple) at the T-line. The C-line is coated with goat anti-
mouse antibody, which is combined with colloidal gold
labeled antibody to form the visible C-line (red or pur-
ple). If the C-line does not show any color, the results
are invalid and the patient needs to be tested again. The
test result is always given in a few minutes. In general,
C and T lines with the red or purple color means the
positive result. If the T-line without the red or purple
color and the C-line with the red or purple color means
the negative result (see Fig. 7). The advantage of this
method is real-time result feedback, easy operation
and low-cost. However, the accuracy and specificity
are mild. Thus, it can be used for mass screening.
COVID-19 Diagnosis Based on Fluorescent Signals

RT-PCR has been the gold standard for accurate
detection of SARS-CoV-2. The more common method
for SARS-CoV-2 detection is real-time quantitative
PCR, which is used for detection, characterization,
and quantitative of nucleic acid applications. Fluores-
cent labeling technique gives the signal in real time by
adding a fluorescence reagent to the reaction system.
Thus, the nucleic acid test actually determines the pres-

*

3

ence of viral nucleic acid in the sample by detecting
the accumulation of fluorescent signals. The detail are
as follows (see Fig. 4): the amplification of DNA is
monitored in real time with fluorescent dyes or fluo-
rescently labeled DNA probes. The amplification of
the target gene produces a fluorescent signal that can
be captured by the thermal cycler. If the fluorescence
exceeds a defined threshold, the C, is calculated. C; val-
ues are sometimes used as a proxy for viral load. A low
C, value means more viral RNA in the sample, while
a high Ct value means less viral load. In general, this
method can be beneficial to show the result in a more
safe and efficient style. The advantage of this method
includes high accuracy and specificity. However, high-
cost, time-consuming and equipment-assisted analysis
are its limitations. [54, 57]

COVID-19 Diagnosis Based on Chemiluminescent Sig-
nals

CLIA is a typical assay method that combines immu-
noassay with chemiluminescence technique. It has been
extensively developed in the past decades for its good
specificity and sensitivity. The light is emitted when
an electron transitions from an excited state to ground
state. Hence, the chemiluminescence can avoid inter-
ference from the biological specimen, which is benefit
from the advantage of light emission produced by the
chemical reaction.

Wang and coauthors synthesized a novel type of
chemiluminescent functionalized magnetic nanobe-
ads under mild condition in two steps (Fig. 11) [71].
Specifically, with the help of amino magnetic beads
(MBNH,), ABEI-AuNPs were synthesized by reduc-
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ing HAuCl, with N-(aminobutyl)-N-(ethylisoluminol)
(ABEI). The ABEI-AuNPs were directly grown on
the surface of MB-NH,. Finally, Co** was compos-
ited onto the surface to generate MB @ ABEI-Au/
Co** (MAA/Co?"). The MAA/Co** particles showed
excellent chemiluminescence and magnetic properties.
Moreover, the antibody can easily and directly connect
with Au nanoparticles in the MAA/Co>* nanobeads
via Au-S bond, Au-N bond, and electrostatic adsorp-
tion. Hence, for the rapid diagnosis of COVID-19 by
detecting the N protein in SARS-CoV-2 virions, MAA/
Co** is used as a sensing platform to build a label-free
immunoassay. The immunoassay exhibited excellent
performance, and possessed a good linear correla-
tion between the chemiluminescence intensity and the
logarithm of the concentration of N protein within a
range of 0.1 pg/mL-10 ng/mL. Besides, it showed a
low detection limit of 69 fg/mL and good selectivity
based on the magnetic separation function.

Most of the reported approaches for N protein assays
are immunoassays based on labeling methods, includ-
ing nanomaterial labeling and molecular labeling. Liu
and coworkers developed a novel nanozyme, Co-Fe @
hemin-peroxidase nanozyme, which was modified
with antibody. Using the antibody labeled nanozyme,
a chemiluminescent paper was designed to detect the
spike antigen of SARS-CoV-2 (Fig. 12) [72]. First of
all, the nanozyme chemiluminescence probes were
labeled with S-dAb and dispersed onto the conjugate
pad of test strip. During the lateral flow of the sample,
nanozyme probes specifically combine with S-cAb and

S-RBD to formation of the sandwich complexes. Due
to the high peroxidase activity, the nanozyme probes
enable catalyze luminol substrates to produce chemilu-
minescence signals in the presence of H,0, under alka-
line conditions. This signal can be well recorded with
a smartphone for further analysis. Chemiluminescent
intensity at the T-line and C-line is quantified and the
chemiluminescent ratio of T-line/C-line is calculated.
It is noted that there is a right correlation between the
concentration of S-RBD antigen and the chemilumines-
cent ratio of T-line to C-line. In a word, the Co-Fe @
hemin-peroxidase nanozyme is the vital part of this
chemiluminescence paper, which catalyzes chemilu-
minescence, thereby amplifying the immune signal.
In addition, the detection limit of recombinant spike
antigen of SARS-CoV-2 is 0.1 ng/mL, while the linear
range is 0.2—100 ng/mL.

Surface-Enhanced Raman Scattering (SERS) Detection
Methods

Raman spectroscopy is a technique used to detect the sig-
nals from vibrational, rotational, and other low-frequency
modes in a system. It is often adopted in chemistry to
obtain structural fingerprints to identify molecules. How-
ever, Raman signals arise from inelastic scattering processes
and the intensity is generally weak, limiting its application
for the detection of low-concentration samples. The phe-
nomenon of Surface-Enhanced Raman Scattering (SERS)
was first reported in 1973 [73]. Subsequently, the report of
single-molecule SERS in 1997 arose a huge interest since
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Fig. 12 Schematic illustration of the nanozyme chemiluminescence paper test for SARS-CoV-2 S-RBD antigen. Adapted with permission from

Ref. [72], Copyright 2021 Elsevier
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it afforded an intensity of Raman signal matching that of a
typical fluorescence [74, 75]. In a standard SERS technique,
when the energy of the laser light matches the excitation
energy of surface plasmon, the electromagnetic field around
the metallic surface is greatly enhanced and thus leads to
the amplification of characteristic Raman signals from the
molecules located in the vicinity of metallic surfaces. SERS
sensing techniques require a specific substrate that is tailored
to the target. The substrate generally consists of plasmonic
metallic nanoparticles, on which a specific ligand can bind
with the target. Raman signals of ligand will change once
the ligand is attached to the target, providing a clear signal of
detection. Due to the high sensitivity, convenient accessibil-
ity and non-destructive detection, SERS has gained popular-
ity in many clinical applications such as disease prognosis,
drug delivery monitoring as well as diseases diagnosis with
real-time therapeutic response [76, 77]. After the break-
out of COVID-19, researchers have been developing vari-
ous SERS-based sensing techniques for rapid detection of
SARS-CoV-2 and important achievements have been made
in different aspects [78-84].

Noble metal nanoparticles are most common sam-
ples used as SERS substrates for the easy preparation and
enhanced electromagnetic effect. Especially, “hot spots” at
the gap between nanoparticles gives an even higher enhance-
ment factor and are widely adopted in practical substrates
[85]. Huang et al. [82] reported a fishing developed Ag-
coated SiO, nanoparticles loading with dual-layers Raman
molecule (DTNB). Then, the nanoparticles were used as
SE mode device (see Fig. 13a) that can show response to
the receptor-binding domain (RBD) of SARS-CoV-2 at the
concentrations low to 0.625 ng/mL in various detection

,";\ \‘ Aptamer

J
/!

Fig. 13 SERS-based detection mechanism for SARS-CoV-2 assay. a
Structure diagram of the fishing mode device (AgAN-Au-AptRBD-
N-M-Au). b Operating mechanism of the anti-SARS-CoV-2 IgM/IgG
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environments. In the device, aptamers and small molecules
were attached to the surface of gold nanoparticles. When
binding to specific RBD, stable hotspots would form and
produce strong SERS signal response in less than 15 min.
The results provide good research foundation for practi-
cally adopting SERS as a useful technique for the protein
detection.

To further improve the accuracy of COVID-19 diagnosis,
Liu et al. [83] RS tags for simultaneous detection of anti-
SARS-CoV-2 IgM/IgG. Operating principle of the real-time
two channel SERS-based lateral flow immunoassay (SERS-
LFIA) strip was shown in Fig. 13b. The detection limit of the
approach described above is 800 times higher than that of the
standard Au-based LFIA method. Recently, Leong et al. [84]
reported a hand-held SERS-based breathalyzer, by which an
individual COVID-19 diagnosis could be accomplished in
5 min with a sensitivity of 95%. Their SERS-based breatha-
lyzer established a robust, discriminant analysis model based
on the vibrational fingerprint changes, which derived from
the interactions between molecular receptors and breath
metabolites. Furthermore, the SERS-based breathalyzer
was capable for performing high throughput classifications.
Their strategy would promote the research and application
of next-generation human breath diagnostic toolkits, which
can be available for mass screening.

In spite of the high specificity, rapid and non-destructive
detection, it is still a great challenge for the SERS techniques
to perform accurate diagnosis because of the relatively low
signal to noise ratio and the complicated change of Raman
signals in multispecies environment. Additionally, the large-
scale commercialization of SERS nanotags is also challeng-
ing because of the high cost to fabricate reproducible SERS

Laser

(b)

»

via the SERS-LFIA strip. a Reproduced with permission from Ref.
[82], Copyright 2020 American Chemical Society; b Reproduced
with permission from Ref. [83], Copyright 2021 Elsevier
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substrates with high sensitivity, thermal and chemical stabil-
ity, reusable features.

Electrochemical Detection Methods

Over the years, with the vigorously booming of nanoma-
terials and continuous emergence of various molecular
biorecognition elements (BRE), electrochemical biosensors
develop rapidly since the birth of glucose electrochemical
sensor in 1962 [86]. In the electrochemical biosensors, solid
electrode is used as the basic electrode, and the recognition
elements or bioactive sensitive unit are fixed on the signal
converter. Biometric reaction occurs when the target appears.
Subsequently, the signal converter transforms the concentra-
tion signal of the target into measurable electrochemical sig-
nals, such as potential, current, impedance or capacitance,
so as to realize the quantitative or qualitative analysis of the
target. At present, electrochemical biosensors have become
one of the most-used techniques for real-time detection of
SARS-CoV-2 in clinical diagnosis [§7—-89]. In addition, the
detection can be finished in a few minutes, which provides a
good foundation to develop COVID-19 POC testing equip-
ment [90]. Here, we introduce the representative progresses
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Fig. 14 Electrochemical biosensors for SARS-CoV-2 detection.
a Graphene based electrochemical platform with AuNPs capped
with ssDNA probes for the detection of SARS-CoV-2 virions. b The
sketch-map of the test chip. ¢ The configuration of a MolEMS g-FET

ss-DNA
cantilever

of electrochemical sensors in COVID-19 diagnosis mainly
deriving from the perspective of material science.

In the past two years, lots of reports about SARS-CoV-2
detection through electrochemical biosensors, self-supported
or fabricated on some kinds of substrates (e.g. paper, glass,
and PDMS) have been done, in which the solid electrodes
such as graphene, carbon, and gold are modified with nano-
materials [91-95]. Alafeef et al. [94] developed an electro-
chemical platform using modified graphene for selective
and ultrasensitive monitoring of SARS-CoV-2 viral RNA.
In the biosensor, specific designed thiol-modified anti-
sense oligonucleotides (ssDNA)-capped gold nanoparticles
(AuNPs) were employed as the sensing matrix (Fig. 14a).
When contacting with SARS-CoV-2 RNA the specific RNA-
DNA hybridization led to the variation of charge/electron
mobility on the graphene surface, resulting in the out volt-
age change of the sensor. The fully integrated sensors suc-
cessfully exhibited specific output signal of SARS-CoV-2 in
less than 5 min using the incubation of RNA samples, and
afforded a sensitivity of 231 copies/uL and a detection limit
of 6.9 copies/pL.

Panat and co-workers [95] reported a 3D printed COVID-
19 rapid test chip (Fig. 14b). The biosensing platform, which

(c)
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chamber AgiAgdl
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and its sensing mechanism. a Reproduced with permission from Ref.
[94], Copyright 2020 American Chemical Society; b reproduced with
permission from ref. [95], Copyright 2021 Wiley-VCH; ¢ reproduced
with permission from Ref. [96], Copyright 2022 Springer Nature
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was prepared by 3D-printing Aerosol Jet (AJ) gold nanopar-
ticles into gold-micropillar array electrode, and followed by
coating with rGO (reduced graphene oxide) nanoflakes. In
the end, the viral antigen was immobilized on the electrode
surface via an amidation reaction. When antibodies were
introduced on the electrode surface by microfluidic device,
they specifically bonded with the antigens accompanied with
a leap of impedance in the electrical circuit. The change
of impedance could be monitored by electrical impedance
spectroscopy (EIS), enabling SARS-CoV-2 to be diagnosed
within seconds. Furthermore, a antibodies-detected sensi-
tivity of 1 x 102 M for spike S1 and 1x 10~'> M for RBD
antigens of SARS-CoV-2 was achieved. Noteworthy, the
sensor can be renewed within a minute simply through using
low-pH chemistry in which eluting the antibodies from the
antigens, and then successive detection with the same sen-
sor is allowed.

Field-effect transistors (FETSs) are a kind of signal ampli-
fication device, in which a tiny change of input signal will
induce a pronounced change of output current. Liquid-gated
FETs and electrochemical transistors, using liquid and elec-
trolyte solution as gate electrode respectively, can also serve
as electrochemical biosensors. Recently, both liquid-gated
graphene FETs and organic electrochemical transistors
(OECTs) exhibited rapid, ultrasensitive or/and ultrapre-
cise performance in the detection of SARS-CoV-2 through
different sensing response mechanisms [96, 97]. Wei and
co-workers [96] reported series of liquid-gated graphene
FETs (g-FETs) integrated with interface sensing design by
multitarget DNA probes or antigens. Among them, a typi-
cal case was the construction and application of molecular
electromechanical system (MolEMS), which was a DNA
self-assembly system. In the DNA system, a flexible single-
stranded DNA (ss-DNA) bounded with an aptamer probe
cantilever was grafted to a stiff tetrahedral double-stranded
DNA (ds-DNA) structure. Under electrostatic activation, the
g-FET device modified with MolEMS (Fig. 14c) performed
an ultrasensitive, specific and direct detection of SARS-
CoV-2 RNA with a concentration limit below ~0.02 cop-
ies/uL. The detection of SARS-CoV-2 could be done within
four minutes without RNA extraction. The limit of detection
(LoD) was much lower than that of a typical RT-qPCR assay
(0.2—1 copies/uL).

Although electrochemical analysis displays the advan-
tages of rapid detection and high sensitivity, enabling the
possibility of on-site and POC testing in various sites includ-
ing airports, local clinics, hospitals and even at home, there
are still many challenges that need to be further considered
and improved for large-scale industrial applications: First,
how to avoid the influence of external factors such as tem-
perature, light, electromagnetism and basic solution on the
signal response; Second, factors such as short shelf life and
lower conductivity of nanomaterials used on sensor surfaces

@ Springer

limit the biosensors performances. Last but not the least, sta-
bility, reliability and consistency of core sensor components
should be focused, and standardized manufacturing process
of sensor chips need to be established.

MS-Based COVID-19 Diagnostic Methods

Mass Spectrometry (MS) is a versatile characterization
method that has been broadly applied in laboratory analysis.
Possessing high sensitivity and excellent specificity, MS can
not only identify a large variety of compounds, but also pro-
vide detailed information about molecular weight and struc-
ture. With the improvement of complementary instrumenta-
tions in recent years, MS can be used for the detection and
quantification of relevant biomolecules in the dynamics of
organisms, including proteins, carbohydrates, nucleic acids,
and lipids [98]. Now, MS has been used for the identifica-
tion of SARS-CoV-2 and analysis of infection phases with
high flux and high accuracy [99]. Compared with PCR and
LFIA, the sampling of MS is none or less invasive. Besides
that, MS for COVID-19 diagnosis is rapid and can be done
within 10 min. Also, MS eliminates the possibility of false-
negative responses caused by insufficient sensitivity of other
approaches. With the outbreak of COVID-19 pandemic at
the end of 2019, the emergent need for the rapid and accurate
detection of SARS-CoV-2 has accelerated the improvement
of MS-based alternative diagnostic methods.

Like other diagnostic approaches, MS-based ones identify
COVID-19 infections by detecting SARS-CoV-2 pathogens
directly or by pathogen-induced biomolecular changes in
human bodies. The typical workflow of MS-based omic
methods is illustrated in Fig. 15 [100]. Specimens are col-
lected from nasopharyngeal and oropharyngeal swabs,
urines, blood, etc., and pretreated with a virus deactivation
process. Different omic methods, including proteomics,
glycomics, lipidomics and metabolomics, generally require
pretreatment to extract relevant components. Subsequently,
the extracted components are injected into liquid or gas
chromatography (LC/GC) complemented with MS, which
enables the detection of the target biomolecules in complex
specimens. With multivariate statistical analysis, the bio-
molecules are identified and quantified by comparing MS
spectral.

In addition, soft ionization techniques are quite reliable
in characterization of biomolecules when they are incorpo-
rated with MS, and the techniques are practicable for the test
of SARS-CoV-2. The typical ionizations are matrix-assisted
laser desorption/ionization (MALDI) [101, 102] and electro-
spray ionization (ESI) [103, 104]. Both of the two techniques
initiate the fragmentizing of macromolecules in gas phase
by pulsed laser or high voltage sources. Due to their low
efficiency of fragmentation, MALDI and ESI afford a ana-
lytical order of magnitude of 10® molecular weight, which
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covers most of biopolymers including proteins [105], pep-
tides [106], carbohydrates [107], and nucleic acids [108].
At present, MALDI-MS and ESI-MS have been applied for
clinical diagnosis of bacterial and viral infections. In viral
detection, the two techniques now are the crucial comple-
mentary methods for the routine diagnostic tools, and extend
the detection from the gene of just known viruses to known/
unknown pathogens. The U.S. FDA issued an emergency
use authorization for SARS-CoV-2 RNA detection based
on PCR and MALDI-MS in September 2020, which was the
first MS-based method approved for emergent COVID-19
diagnosis [109]. In another research, ESI-MS was coupled
with PCR to identify viruses for respiratory specimens. The
introduction of MS techniques into PCR can significantly
decrease the possibility of false-positive responses [110].

As indicated above, the MS-based methods are still an
indirect detection for SARS-CoV-2 assay, and cannot sub-
stitute the current diagnostic methods, such as PCR or LFIA.
Indeed, MS requires a high-cost instruments, and is not easy
to operate compared with other common clinical test meth-
ods. In addition, analytical results provided by MS are more
complex than PCR or LFIA detection. It means more efforts
and time are needed for the analysis of MS results, resulting
in the inadaptability of MS-based techniques for rapid public
COVID-19 diagnosis.

To adapt to the detection of public health emergencies,
more efforts have been made to develop a portable and fast
MS-based method and great progress has been achieved.
Recently, a novel MS-based instrument for COVID-19 diag-
nosis was reported. A instrument, InspectIR COVID-19

Breathalyzer, based on gas chromatography-mass spec-
trometry (GC-MS), could separate and identify five vola-
tile organic compounds (markers) related to SARS-CoV-2
virion in exhaled breath specimens [111]. Once the target
compounds were detected, an unconfirmed positive response
was got and then the target compounds could be verified by
molecular identification for a definite diagnosis. In a test of
2409 specimens, the Breathalyzer afforded a sensitivity of
91.2% and specificity of 99.3%. This was the first COVID-
19 diagnostic technique for breath samples and can evalu-
ate about 160 specimens per day. The U.S. FDA issued an
EUA for the MS-base technique on April 14, 2022, not U.S.
FDA cleared yet, and the details about this instrument and its
inventors have not been disclosed. Once approved for gen-
eral use, 100 sets per week of the Breathalyzer are expected
to be manufactured to meet the emergent requirement for the
mass screening of COVID-19 diagnosis.

Nanofluidic Detection Methods

Nanofluidic devices based on biological nanopore tech-
niques are powerful tools for the detection and analysis of
biological molecules, especially for the long-chain biomol-
ecules, such as proteins, peptides, and nucleic acids [112].
In the nanofluidic device, a thin membrane loaded with lipid
bilayers and biological nanopores is located in the middle
of the device to separate the buffer solutions into two wells,
which are connected via bio-nanopores. When applying a
voltage from one well to the other one ionic current flow
via nanopores and generates a primary current signal across
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the membrane, which is measured by a high-resolution
ammeter. Meanwhile, the applied voltage also drives the
charged and long-chain biomolecules electrophoretically
to “swim” through the nanopores. Therefore, some fraction
of the across-membrane ionic current is intercepted by the
biomolecules, and affected by the composition, charge, and
sequence of the translocating biomolecule [113]. Recording
the ionic current alteration can directly read and decode the
sequence of residues, including amino acids in proteins or
bases in DNA [114]. Thus, the nanofluidic analysis shows a
promising potential for the identification and sequence read-
ing of specific biological macromolecules without any rep-
lications. However, due to the fragile feature and instability
of the nanofluidic devices, the technique has not been used
for the COVID-19 diagnosis. To accelerate the application
of nanofluidic devices or techniques, more efforts should
be made on the improvements of nanopore sensitivity, the
signal-noise ratio of electrochemical instruments, and stabil-
ity of the platform materials.

Sound-Based Diagnosis of COVID-19

The development and application of rapid, affordable, and
readily available testing methods is critical to effectively
interrupt the spread of SARS-CoV-2 virus. The standard RT-
PCR method, which tests nasopharyngeal and throat swab
samples, requires chemical reagents and specialized analysts,
and the testing process is invasive, resource-dependent and
time consuming. Another commonly used antigen testing for
COVID-19 diagnosis, although time-saving, still requires
chemical reagents. SARS-CoV-2 virus has been shown to
affect the respiratory system of the infected patients, chang-
ing the sound of coughing, breathing and speaking. The
sound produced by our body can be used as a biomarker
for early diagnosis of disease [115]. The patients infected
with COVID-19, including those who are symptomatic and

Spectrogram

® O

Extra Features

Cough Collection
from Web App

asymptomatic can be quickly screened out by the different
sounds from healthy people. Therefore, sound-based testing
for COVID-19 pandemic has been developed into a highly
efficient and easy-to-implement method.

The first step in sound-based COVID-19 detection is
acoustic data collection. The sound data is usually collected
through crowdsourcing. The participants record their cough
and breath sounds using devices, such as mobile phones and
computers, and then upload them to a sound database. Sev-
eral sound datasets have been developed, including Cam-
bridge [116], NoCoCoDa [117], Coswara [118], COUGH-
VID [119], Virufy [120], and they have been widely used to
validate the feasibility of using sound for COVID-19 detec-
tion [121, 122]. The collected data need to be analyzed and
classified to determine whether someone has been infected
with COVID-19 virus (Fig. 16). Pahar et al. developed seven
classifiers based on machine learning to diagnose COVID-
19 cases from cough sounds using Coswara dataset, and
found that the Resnet50 architecture can distinguish the
cough between a COVID-19 infected patient and a healthy
person with an AUC (area under the curve) of 0.98 on the
Coswara dataset, indicating that COVID-19 screening based
on automatic classification of cough sounds is feasible [123].

Artificial intelligence (AI) has been widely used in the
health sector, and deep learning and machine learning (ML)
techniques also have been extensively applied for COVID-19
diagnosis (Fig. 17) [124]. Son et al. developed a diagnos-
tic method of COVID-19 based on the COUGHVID cough
dataset and Al cough test to distinguish the cough sound of
COVID-19 patients from those of healthy people [125]. An
Al deep learning model was trained on the features extracted
from the cough sound data, endowing the diagnostic method
up to 93% sensitivity and 94% specificity. A novel stack-
ing approach with deep learning CNN (convolutional neu-
ral network) models was further proposed to improve the
model performance [122]. The detection of COVID-19 for

Al Model

Probability
of COVID-19

Fig. 16 Schematic showing the COVID-19 diagnostic method based on a crowdsourced cough sound database and artificial intelligence cough
test. Reproduced with permission from Ref. [120], Copyright 2020 University of California
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symptomatic and asymptomatic patients was achieved by
using the spectrogram images of cough and breath sound,
and the spectrograms from cough sound are more reliable
than the spectrograms breath sound.

While there are many advantages to using sound to detect
COVID-19, there are still some problems with this approach.
Since cough is also a symptom of more than 30 other dis-
eases, distinguishing cough sound caused by COVID-19
from that of other diseases remains a huge challenge. Imran
et al. addressed this problem by investigating the differences
between the pathomorphological changes in the respiratory
system caused by COVID-19 infection and those caused
by other diseases [115]. The APP they developed based on
Al-powered screening solution and CNN classifiers can dif-
ferentiate the COVID-19 associated cough from the coughs
caused by pertussis and bronchitis, as well as non-contagious
coughs. The impact of COVID-19 on the respiratory system
is significantly different from other diseases, and cough can
be used as a test marker for the diagnosis of COVID-19.

For sound-based COVID-19 testing, the following aspects
need to be addressed in the future: (1) The sample sizes
of the existing datasets for COVID-19 testing are relatively
small, building crowdsourced datasets based on big data
is a must for accurate detection. (2) Al-based algorithms
for extracting sound features should be further developed,
and classifiers based on deep neural networks should be
more focused. (3) More attention should be paid to study

moxtality

risk

virus

ai system

~ l;i*fé“' “ @ predigtion

the sound characteristics of COVID-19 patients at different
disease stages and establish a dataset, so as to determine
the disease progression of patients by analyzing the sound.

Applications of Smartphones in Visual Detection
of COVID-19

Recently, POC testing techniques including lateral flow
technologies [127, 128], paper-based microfluidic chips
[129, 130], isothermal nucleic acid amplification devices
[131, 132], etc, have been developed for visual detection of
COVID-19. The popularization of mobile communications
has greatly increased the efficiency of acquisition, process-
ing and transmission of test data. Smartphones, as a kind of
ubiquitous portable devices played an increasingly important
role in visual detection of viruses due to their high-resolu-
tion cameras, powerful data processing and storage capabili-
ties. Various smartphone-based visual detection techniques,
such as optical biosensors, electrochemical biosensors, sur-
face acoustic wave biosensors have been developed [133,
134]. In addition, the corresponding smartphone apps have
also been developed to record, process and transmit the test
data [135, 136].

(1) Smartphone-Based Electrochemical Biosensors

Because of the advantages of simplicity, reliability
and low cost, electrochemical technology has been
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Fig. 17 Keywords network relationships related to COVID-19 research. Reproduced with permission from Ref. [126], Copyright 2022 Springer
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widely used in quantitative detection of pathogens. In
particular, electrochemical methods are very suitable
for miniaturized and handheld devices, so smartphone-
based electrochemical biosensors have attracted more
and more attention.

Zhao et al. used electrochemical method in conjunc-
tion with smartphone to detect the SARS-CoV-2 virus
for the first time (Fig. 18a) [137]. Their device is based
on the supersandwich-type recognition strategy and
does not require nucleic acid amplification and reverse
transcription for detecting the RNA of COVID-19
virus. The biosensors exhibited high specificity, selec-
tivity and low detection limit, and showed a higher
detectable ratio than the RT-qPCR method in actual
clinical assays.

Beduk et al. realized rapid POC COVID-19 diagno-
sis using a smartphone-based electrochemical biosen-
sor (Fig. 18b) [138]. A miniaturized electrochemical

@)

immunosensor was first developed based on laser-
scribed graphene (LSG) and three-dimensional (3D)
gold nanostructures (AuNS). The LSG/AuNS electrode
was then integrated into a reconfigurable multi-meas-
urement polypotentiostat POC device, which had a dual
connector and was able to connect to a smartphone via
micro-USB port. The device showed a detection limit
of 2.9 ng/mL and demonstrated its applicability to clin-
ical testing by successfully diagnosing 23 blood serum
samples from COVID-19 patients.
Smartphone-Based Optical Biosensors
Smartphone-based optical biosensors are simple in
design and low in cost, enabling qualitative analysis of
test results with the naked eye or quantitative analysis
with an optical detector. The devices can use a smart-
phone to calculate the relative concentration of the ana-
lyte based on the color intensity of the samples being
tested. Because the camera in smartphones can distin-
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Fig. 18 Smartphone-based biosensors for COVID-19 virus visual
detection. a Schematic showing the smartphone-based electrochemi-
cal biosensors based on the supersandwich-type recognition strategy
for RNA detection of COVID-19 virus [137]. b Digital image of a
portable smartphone-based biosensor based on miniaturized elec-
trochemical immunosensor made of laser-scribed graphene (LSG)
and three-dimensional gold nanostructures (AuNS) for rapid POC
COVID-19 diagnosis [138]. ¢ Images acquired from a smartphone
camera showing the improved signal-to-noise ratio due to the pres-
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ence of modified agarose beads illuminated by a 450 nm laser diode
[139]. d Digital image showing a smartphone camera was used to
capture the capillary flow video of the tested samples. a Reproduced
with permission from Ref. [137], Copyright 2021 Elsevier. b is repro-
duced with permission from Ref. [138], Copyright 2021 American
Chemical Society. ¢ Reproduced with permission from ref. [139],
Copyright 2021 Royal Chemical Society. d Reproduced with permis-
sion from Ref. [129], Copyright 2022 Elsevier
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guish color tone variations, smartphone-based biosen-
sors can visually detect and analyze viruses based on
the absorption or reflection intensity of the analyte.

Adrover-Jaume et al. developed a smartphone-
based colorimetric biosensors for detecting the IL-6
(a prognosis biomarker of COVID-19) level in blood
and respiratory samples from the patients infected
with COVID-19 [140]. The biosensors exhibit a low
detection limit, wide dynamic semi-quantitative test-
ing range, and low matrix interference, which combine
with the low requirements of the mobile APP to the
photographic conditions, making them a promising
tool for the decentralized management of COVID-19
patients.

Fluorescence sensing is also a widely used optical
detection technique, which has high sensitivity, good
anti-interference, simple operation and fast signal
acquisition speed [141]. Soares et al. designed a POC
SARS-CoV-2 virus detection platform by combining
LAMP, centrifugal microfluidics and smartphone-
based fluorescence signal detection [139]. In this plat-
form, modified agarose beads were used to remove the
intrinsic background of primer dimers, and the fluo-
rescence signal resolution was significantly improved
(Fig. 18c). The platform can be used to detect viral
RNA directly from nasopharyngeal swab samples,
and the sensitivity and specificity were evaluated by
analyzing 162 nasopharyngeal swab samples from the
patients infected with SARS-CoV-2 virus. Although
the sensitivity of this platform is not as good as that of
PCR-based methods, the low cost allows it to be used
more frequently on the field.

Other Smartphone-Based Sensors

In addition to electrochemistry and optics, several
smartphone-based sensors have been developed based
on other principles, such as acoustic wave biosensors,
thermal sensors, and microfluidic sensors. Recently, a
smartphone-based sensitive detection for SARS-CoV-2
virus through saliva tests has been developed to avoid
the discomfort of nasopharyngeal swab tests [129].
The assay was performed using a smartphone, a paper
microfluidic chip and an antibody-conjugated particle
suspension. A Python script was developed and used
to automatically measure the flow profile by a smart-
phone camera (Fig. 18d). The method demonstrated a
low detection limit and high specificity, and achieved
an overall accuracy of 89%.

In summary, series of conventional and novel detec-
tion methods have been proposed and applied for
COVID-19 diagnosis as summarized in Table 1. The
detection methods present different advantages and
disadvantages deriving from the diversity of sensing
mechanism and testing instruments. For example, RT-

PCR method is comparatively accurate but time-con-
suming and labor demanding, while antigen/antibody
test kit is easy and fast but suffers from inadequate cel-
lular materials or errors in detection. Therefore, it is
still challenging to develop a novel approach for the
rapid, low-cost, point-of-care, accurate and visual mass
screening of SARS-CoV-2. More attentions should be
paid on the design and fabrication of materials, which
should be used in the extraction of virions, the specific
combination with viral antigen or antibody, the tran-
scription and amplification of target genetic sequences,
etc.

Common Challenges and Prospect

The rapid and visual detection techniques of SASR-CoV-2
virions have been devised based on the specific combination
between antigen [59, 60, 62, 142] and antibody [50]. For
instance, the commercial antigen test kits have been widely
used in COVID-19 diagnosis in the world [61, 143]. How-
ever, the accuracy and specificity of the rapid detection tech-
niques [58, 60, 144] are still lower than that of the nucleic
acid test of RT-PCR performed in clinical laboratories due to
the invalidation of antibody or antigen, the lack of standard
sample collections [145] etc. Currently, nucleic acid test of
RT-PCR is regarded as the golden standard for the COVID-
19 diagnosis and provides the final medical result. Although
PCR techniques possess excellent accuracy for SARS-CoV-2
assay, false-positive result also takes place occasionally in
clinical detection. The false-positive results are attributed
to the difference in the extracted efficiency of virions, the
transportation of samples, the time gap between sample col-
lections and detections, the approaches of sample collections
and the diversity of different viral extraction solution [146].
Therefore, the accuracy of nucleic acid test is still a chal-
lenge for the COVID-19 diagnosis.

In spite of specificity and sensitivity of PCR techniques
and antigen detection by test kits, the materials of swab and
virial extraction solution are another two challenges for
COVID-19 diagnosis. The materials used for the fabrication
of nasopharyngeal swab are limited to polyester and dacron
[146]. Also, the virial extraction solutions produced by dif-
ferent factories display obvious diversity in the extracted
efficiency of virions, and standard to evaluate the viral
extraction is lacking.

Rapid diagnosis has become an essential aspect of social
involvement as a result of the COVID-19 pandemic’s severe
impact on human life. CT imaging, RT-qPCR, and anti-
body/antigen technology are mostly used in the diagnosis
of COVID-19. RT-qPCR assays, in particular, are commonly
used in schools and workplaces to identify infected indi-
viduals and reduce COVID-19 transmission. The RT-qPCR
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Table 1 (continued)
Diagnostic methods
Acoustic detection

testing method for COVID-19 diagnosis, on the other hand,
is costly and time-consuming, and it cannot fully meet the
enormous demand for the test. In the future, a faster and
more easy-readable detection technology has the potential
to become the quasi-gold standard for COVID-19 or next-
generation virus diagnosis, however, there are still signifi-
cant practical constraints.

Common Challenges

In general, based on the commercialized and reported
emerging visualized detection approaches, we summarize
four common challenges from materials aspects (Fig. 19):

(1) Lacking new concepts in visual detection materials At
present, commercial visual detection methods based
on biochemical analysis heavily rely on colloidal gold
technology (SPR), which is challenged in stability,
accuracy, and especially cost control.

(2) Limited to liquid-phase tests The current commercial
visualization detection technology adopts the liquid
sampling approach, but concerning the solid surface,
air/aerosols in public environments (train stations,
shopping malls, airports, etc.), there still lacks a viable
technique to achieve the visual detection for solid sur-
face and gas phase, which is crucial for controlling the
spread of the pandemic in the first place.

COMMON CHALLENGES

Limitation

to liquid-phase
enrichment
technology

Detection
technique D EI &

© Colorimetric/fluorescence detection
o Surface-enhanced Raman scattering
(SERS)-based detection
© Electrochemical sensing detection
© MS-based detection
© Other detection

Dispose of

detection
materials

Fig. 19 The common challenges in the development of COVID-19
diagnostic techniques
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PROSPECTS FOR VISUAL DETECTION

Integrated detection and
5 data collection

O o Rapid-respond
30 Lov-c

Recyclization of visualize
' detection materials

Fig.20 Prospects of the COVID-19 diagnostic methods

(3) Disposal of detection materials Till now, billions of test
kits have been used for COVID-19 diagnosis world-
wide and a huge amount of viral extracting solution,
test strips, and nasopharyngeal swabs were used in viral
screening assay [58, 147]. The disposable test kits are
mainly composed of polymer materials and inorganic
buffer. After detection, the test kits cannot be reused
for further detection and therefore causes serious pol-
lution and might generate health hazard. However, very
few researches have focused on the recycling and the
degradation of related polymer materials used in the
detection of the SARS-CoV-2 virus. The enrichment
and recycle of gold nanoparticles [148, 149], especially
from the polymer waste should be studied. The reliabil-
ity of biodegradable polymer materials (such as PGA
poly(glycolic acid); PLA poly(lactic acid); PCL poly-
caprolactone; cellulose; and starch; etc.) should also be
tested and hopefully put to real applications. [150, 151]

(4) Difficult to meet the diversity of application scenar-
ios Although various techniques have been explored
for COVID-19 diagnosis, each of the techniques is
only limited to one type of sample or single site. For
instance, it is a great challenge to use one technique for
the real-time detection of the SARS-CoV-2 virus for
swap samples from patients, surface or aerosol samples
nearby the crowds in the airport, train, market, etc.

Prospects

Developing alternative methods that can provide specific,
sensitive, portable, fast-respond, and low-cost detection
without complicated sample preparation is always essential
for fighting against the epidemic. Here we propose some key
factors that need to be considered to broaden the commercial
applications (Fig. 20):

@ Springer

(1) Reliability improvement on the working material New
materials capable of enhancing the specificity and
detection limit of the current immunoassay are of
great importance. Meanwhile, improving the stability
of materials is also crucial for the usage under different
circumstances including special temperatures, humid-
ity, and concentration of the samples.

(2) Integrated detection and data collection Integrate the
detection, data collection, and data report to realize
the real-time, online, and remote crowd-control, thus
would potentially shut down the virus transmission
[152, 153].

(3) Wearable devices The design and integration of wear-
able detectors would fulfill the real-time, personal
detection [154]. There are already pioneering trials on
self-protection gears such as masks and protective suits
that can display real-time detection results.

(4) Recyclization of detection materials The plastics, fibers,
and membranes used in detection tool kits ought to be
composed of degradable material or recyclable materi-
als as much as possible [155]. Standard regulations for
material recycling should be made to help realize the
full life cycle of the detection materials.

Meanwhile, considering the highly transmissible nature
of the COVID-19 in the environment, the development
of self-sanitizing protective equipment, antiviral surface
coating, or non-toxic aerosols with detection properties
would surely be powerful tools for disburden clinical tests
and isolating people from the direct contact [156], there-
fore reducing the risk of infection.
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