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Abstract: The COVID-19 pandemic has severely impacted normal human life worldwide. Due to
its rapid community spread and high mortality statistics, the development of prompt diagnostic
tests for a massive number of samples is essential. Currently used traditional methods are often
expensive, time-consuming, laboratory-based, and unable to handle a large number of specimens in
resource-limited settings. Because of its high contagiousness, efficient identification of SARS-CoV-2
carriers is crucial. As the advantages of adopting biosensors for efficient diagnosis of COVID-19
increase, this narrative review summarizes the recent advances and the respective reasons to consider
applying biosensors. Biosensors are the most sensitive, specific, rapid, user-friendly tools having
the potential to deliver point-of-care diagnostics beyond traditional standards. This review provides
a brief introduction to conventional methods used for COVID-19 diagnosis and summarizes their
advantages and disadvantages. It also discusses the pathogenesis of COVID-19, potential diagnostic
biomarkers, and rapid diagnosis using biosensor technology. The current advancements in biosensing
technologies, from academic research to commercial achievements, have been emphasized in recent
publications. We covered a wide range of topics, including biomarker detection, viral genomes, viral
proteins, immune responses to infection, and other potential proinflammatory biomolecules. Major
challenges and prospects for future application in point-of-care settings are also highlighted.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first identified in
China, and has grown into a jeopardizing pandemic [1,2]. SARS-CoV-2 is an enveloped,
positive-sense, single-stranded genomic RNA (26-32 kb) virus. The viral envelope is
mainly composed of three proteins. The spike (S) glycoprotein, found on the surface,
consists of S1 and S2, and holds the receptor-binding domain (RBD) for ACE2 (angiotensin-
converting enzyme 2). The envelope (E) protein is responsible for viral assembly, release,
and pathogenicity [3]. The membrane (M) protein organizes the assembly and shapes the
envelope [4]. It aids in morphogenesis and budding and carries immunogenic properties [5].

SARS-CoV-2 is primarily transmitted in droplets. After entering the respiratory tract,
S-protein’s RBD binds to ACE2 on the epithelium. ACE2 receptors are widely present
in human tissues, especially in the respiratory and gastrointestinal tracts [6]. Cellular
proteases cleave spike proteins from the viral envelope, likely to facilitate membrane fusion
and internalization of the viral genome. Viral RNA and proteins are expressed within
the cytoplasm, allowing virion synthesis and exocytosis. Eventually, the cellular stressors
and the immune response result in the apoptosis of the host cell. This causes immune
dysregulation, driving hypercytokinemia, mucus buildup, and airway hyperplasia [7],
creating the classic clinical presentation of COVID-19—fever, dry cough, dyspnea, and

Biosensors 2022, 12, 898. https:/ /doi.org/10.3390/bios12100898

https:/ /www.mdpi.com/journal /biosensors


https://doi.org/10.3390/bios12100898
https://doi.org/10.3390/bios12100898
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0002-2930-6893
https://orcid.org/0000-0002-8026-9549
https://orcid.org/0000-0002-1372-9883
https://orcid.org/0000-0002-2288-4287
https://orcid.org/0000-0001-7536-910X
https://doi.org/10.3390/bios12100898
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com/article/10.3390/bios12100898?type=check_update&version=1

Biosensors 2022, 12, 898

2 of 25

fatigue. Moreover, SARS-CoV-2 may compromise other tissues such as the heart, kidneys,
liver, eyes, and nervous system. SARS-CoV-2's asymptomatic incubation period is 2-7 days,
whereby infection may spread [8].

Most treatments for SARS-CoV-2 focus on curbing its progression, while others—
such as the antiviral medications Remdesivir (Veklury), Paxlovid, and Molnupiravir—
promote recovery of the milder symptoms. REGN-COV2 (Casirivimab and Imdevimab), a
cocktail of two noncompeting IgG1 antibodies, also shows capacity to lower viral load and
hospitalization [9]. Additionally, dexamethasone is strongly recommended by the National
Institutes of Health (NIH) COVID-19 Treatment Guidelines Panel in hospitalized patients
who require supplemental oxygen or mechanical ventilation. If corticosteroids cannot be
used, baricitinib plus remdesivir may be used in nonintubated patients [9].

One of the cheapest and quickest ways to screen for COVID-19 is by clinical presenta-
tion, such as temperature measurement [10,11]. Measuring temperature is by no means
specific, but its convenience has allowed for its use in public places to aid in the isolation of
sick patients [11]. Imaging has also been used in the diagnosis of COVID-19. It predomi-
nantly shows bilateral, diffuse, peripheral abnormalities, ground glass opacities (GGOs),
and consolidation in CT and X-ray. These signs appear to play a determinant role in patient
prognosis and may signal a more severe disease [12-15]. It is also useful in screening
patients and for follow-up after recovery [12]. However, it has low specificity, shown by
the relatively indistinguishable nature of COVID-19 images compared to SARS-CoV and
MERS [12]. Alternatively, serum analyses can also aid in diagnosis. Patients commonly
present with lymphopenia, leukocytosis, elevated CRP, and signs of coagulopathies, though
enzymes such as LADH, ALT, and AST can also be elevated [16-18]. Although these mark-
ers are nonspecific to inflammatory diseases, they can aid in the management and prognosis
of patients [16,17].

This review aims to shed light on updates regarding the development of biosensors
in the diagnosis of COVID-19, and how they offer potential as a cheaper, faster, and more
convenient diagnostic tool compared to conventional methods.

2. Conventional Methods for Detecting SARS-CoV-2

The most specific means for the diagnosis of SARS-CoV-2 infection is through biomarker
detection [10]. Currently, the gold standard diagnostic method for SARS-CoV-2 is using
enzyme-mediated amplification of specific genomic materials, such as DNA and RNA. The
aim of Reverse Transcription Polymerase Chain Reaction (RT-PCR) is to detect the viral
RNA, in which the RNA is reverse transcribed to complementary DNA (cDNA); then, the
cDNA is amplified and, in qRT-PCR, quantified, as depicted in Figure 1. Commercially
available COVID-19 PCR kits target the conserved regions of RdRp, E, N, or ORF1 genomic
sequences. PCR tests are a highly sensitive, specific, and reliable method for clinical
application. This method can detect as low as 0.689 copies/uL [19]. However, it takes a
long time to obtain the results (one to six hours) in addition to the time taken to transport
samples to the specialized laboratories and delays in the screening, which often occur due
to the massive population of the samples. It is also very costly, requires trained personnel,
and comes with a risk of false negatives [20]. However, the risk of false negatives seems to
be affected by time because of exposure, collection technique, as well as the source of the
sample, where lower respiratory tract samples show higher sensitivity compared to upper
respiratory tract samples [10,21]. As such, clinical presentation, along with laboratory
and chest imaging, may be used for the diagnosis of inpatients with a high clinical index
of suspicion.

Lateral Flow Immunoassays (LFIA) and ELISA have been also used to detect IgM and
IgG antibodies in patient serum, which may be detected even after the infection subsides.
However, SARS-CoV-2 diagnosis from these methods is still challenging due to its complex
mechanisms and low sensitivity and specificity, particularly in samples with low viral load.
Additionally, patients typically take 7 to 11 days to seroconvert after exposure, preventing
the detection of a current infection [22]. Alternatively, the detection of protein has recently
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been conducted through rapid antigen tests (RATs) by use of ELISA or LFA techniques to
detect viral proteins from patient serum [2]. In spite of the low sensitivity of these methods
compared to RT-PCR [18,23,24], their lower cost and ease of use make them appealing for
rapid screening and in places of limited laboratory facilities.

COVID-19 Diagnostic Test through RT-qPCR
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Figure 1. SARS-CoV-2 diagnosis by nucleic acid amplification method, qRT-PCR. (1,2). Nasopha-
ryngeal swabs were taken from the patients. (3). RNA extracted/purified by RNA purification
kit. (4). Extracted RNA is reverse transcribed to complementary DNA and amplification using the
target-specific primers. (5). Quantitative real-time PCR (qRT-PCR) to identify the positive samples.
Conducted to identify positive samples in real-time from the fluorescence of the dsDNA intercalating
dyes such as SYBR green.

Ultimately, there is a need for novel methods for the point of care application. The
proposed techniques must easily detect the virus with limited resources. Biosensors can
overcome the limitation of the current method of diagnosis, and they are straightforward
and convenient to detect the target molecules from COVID-19-infected patient samples.

3. Principles and Application of Biosensors

Biosensors are reliable, sensitive, specific, rapid, user-friendly, low-cost in production,
and can be used at the point of care by anyone without the need for intense training [25].
Biosensors are portable analytical devices containing biological recognition molecules
(antibodies, enzyme aptamers, or nucleic acids) that are integrated with the transducer and
the detector, giving a signal when the target analyte is recognized by the biosensor device.
All the possible targets of SARS-CoV-2 are shown in Figure 2 for fabricating the different
kinds of biosensors based on the target analytes. When the SARS-CoV-2 virus binds to the
angiotensin-converting enzyme-2 (ACE-2) receptor, an immune response is immediately
mediated by IgG and IgM antibodies. These antibodies can be used as clinical biomarkers
for the diagnosis of COVID-19 as an alternative to genomic sequences. They can also be
used for plasma therapy [26,27]. Antibody-based biosensors (immunosensors), nucleic
acid-based biosensors (Genosensors), and whole cell-based biosensors are common sensors
used for the diagnosis of viral particles [28,29]. The recognition receptor selectively binds to
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the specific target from the virus with high affinity, which can be an antibody raised against
certain viral proteins, aptamers selected against the viral proteins, the whole viral particle,
viral antigens, or the complementary DNA against the specific genomic sequence of the
virus. When the bioreceptor interacts with the target analytes, the transducer converts a
series of changes (optical, electrochemical, thermal, mass, or field effect transistor) into a
measurable signal. Finally, the signal amplifier converts the measured signal into a readable
signal, which can quantify the target present in the sample. However, not all the biosensors
are integrated with signal amplifier and signal reader, such as lateral flow assay.

Biosensor Overview
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Figure 2. Schematic diagram and operational principle of biosensors. The sample is introduced to
the biosensor; the bioreceptor interacts with the target molecule. The transducer coupled with the
receptor transfer the respective signal to the amplifier, then the amplified signal is converted into
readable signals.

4. Biomarkers in COVID-19

One of the most common methods of diagnosing COVID-19 is through the detection of
biomarkers. The three primary biomarkers detected in such strategies are proteins, nucleic
acids, and antibodies. Proteins are excellent targets for COVID-19 detection in patients.
For example, the spike protein’s antigenicity is exploited in multiple immunoassay kits
for the detection of IgG and IgM antibodies [2]. The N-protein has been used for RATs
to detect SARS-CoV-2 in patient samples [18]. Figure 3 represents the various possible
biomarkers and other genomic components organized in the SARS-CoV-2 viral particle.
Viral nucleic acid is also a potential biomarker, detected through nucleic acid replication
methods, primarily PCR. It is a sensitive biomarker in the early stage of infections and/or
high viral load, but can present with false negatives in the postinfection stage [10,20,21].

4.1. Nucleic Acid-Based Biosensors

There are several molecular methods—polymerase chain reaction (PCR), quantita-
tive real-time PCR (qRT-PCR), clustered regularly interspaced short palindromic repeats
(CRISPR), reverse transcription loop-mediated isothermal amplification (RT-LAMP), next-
generation sequencing (NGS)—used for the diagnosis of COVID-19. The standard nucleic
acid amplification methods involve RNA extraction from specimen collection by nasal
swab, lysis, purification, amplification, and detection. It is a cumbersome multistep process
needing different reagents for each step [30]. Loop-mediated isothermal amplification
(LAMP) is a widely recognized amplification method that was developed by Notomo et al.
in 2000 [31]. LAMP works by amplification of samples at a fixed temperature through
cycles of two types of elongation reactions [32]. A stepwise representation of LAMP pro-
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cesses is seen in Figure 4. LAMP requires only a single enzyme to be used at a constant
temperature throughout the reaction, reducing the cost of this method and possibly al-
lowing the development of a portable detection method. Four to six primers are used,
and they bind to specific gene regions; this gives LAMP its high specificity compared
to other detection methods. LAMP sensitivity is similar to nested PCR. Moreover, the
process of amplification takes about one hour to complete, which can be reduced to up to
one-third of the original LAMP reaction by the design and use of specific loop primers [33].
Reverse transcription to derive cDNA is possible on SARS-CoV-2 since the nucleic acid in
the virus is RNA. Colorimetric visualization of SARS-CoV-2 using RT-LAMP is possible
with the addition of DNA intercalating object SYBR green dye [34]. In a systematic review
by Pu et al., RI-LAMP showed a sensitivity and specificity of 92% and 99%, respectively,
compared to the 96% sensitivity and 100% specificity of RT-PCR [35]. Furthermore, the dual
color RT-Lamp technique has been developed for detecting the COVID-19 N gene in RNA
samples, isolated from 768 pharyngeal swab specimens, with a sensitivity and specificity
of 97.5% and 99.7%, respectively [36]. Similarly, RT-LAMP-based colorimetric assay was
developed with sensitivity and specificity comparable to qRT-PCR. The LAMP primers
target the RpRd gene amplification. The method is validated in 2120 clinical samples. The
specificity and the sensitivity is 95.74% and 99.7%, respectively [37].

Newly developed methods are compared to RT-PCR in their specificity and sensitivity.
Other methods can have an edge over PCR-based methods in terms of cost and time of
analysis [34]. For example, a multiplex point of care RI-PCR can provide the results by
inserting the nasopharyngeal or oropharyngeal swab directly into the device without a
laboratory setting and well-trained technicians. Seven different target genes of SARS-CoV-2
(rdrpl, rdrp2, E-gene, n-gene, nl, n2, and n3) are analyzed at a sensitivity and specificity
of 94% and 100%, respectively. This method, named Covidnudge, is widely used in UK
hospitals [38]. Moitra et al. described an alternative colorimetric method based on the
gold nanoparticle (AuNPs) optical properties and utilized it for the specific detection of
the SARS-CoV-2 N-gene (nucleocapsid phosphoprotein) within 10 min. The selectivity of
this method was tested in the presence of MERS-CoV viral RNA with a LOD of 0.18 ng/L.
Selective, visual naked-eye detection of the COVID-19 virus without any sophisticated
instruments has been achieved [39]. Another paper described the development of a highly
sensitive one-step droplet digital RT-PCR (RT-ddPCR) multiplex assay for the simultaneous
detection of different genes (N, E, and RdRp) of SARS-CoV-2. Patient-derived mRNA of
the housekeeping gene was used for assay quality control. RI-ddPCR is superior to the
gold standard RT-PCR in the clinical setting due to its high sensitivity, ease of use, and
high throughput multiple target screening [40]. In addition, specific detection of SARS-
CoV-2 RNA by nucleic acid amplification technology has been developed for POCT using
fluorescence signals. Fluorescently labeled molecular beacons are used to identify the
specific region [30].

SARS-CoV-2

Lipid Bilayer

Membrane
/ protein (M)
Envelope
protein (E)

Nucleocapsid ]
protein (N) RNA Viral

Spike Genome

protein (S)

Figure 3. Schematic representation of various genomic parts and their organization in the SARS-CoV-2
viral particle.
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Loop-Mediated Isothermal Amplification (LAMP)
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Figure 4. Schematic representation of loop-mediated isothermal amplification of SARS-CoV-2
RNA amplification.

Another isothermal amplification method is recombinase polymerase amplification
(RPA), which represents a hugely versatile single tube isothermal alternative to PCR for the
development of fast and portable nucleic acid detection assays. The amplification is carried
out at a constant temperature; hence, there is no need for expensive thermal cyclers for
heating and reheating [41]. RPA results are much faster than many diagnostic methods, with
results being generated in as little as 3 min [42]. Once initiated, the amplification reaction
progresses rapidly, so that just beginning with a few target copies of DNA, the highly
specific DNA amplification achieves detectable levels within minutes [41]. RPA is highly
specific, with 100% specificity for the target sequence in most instances. However, RPA has
been described to be dependent on both the quantity and distribution of mismatches in the
sequence of closely related DNA molecules. Hence, it is not possible to differentiate one or
more mismatches varying based on their distribution [43]. RPA’s tolerance to mismatches,
despite limiting its usefulness in sequence-specific primers, can be utilized to improve
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techniques that detect the presence of evolving variant pathogens when distinguishing
from the wild-type target is not needed [44]. Lu et al. demonstrated the diagnosis of
SARS-CoV-2 virus by microfluidic-integrated lateral flow RPA (MI-IF-RPA) successfully
within 30 min. The RPA reagents are mixed in the buffer and the reaction was performed
at 42 °C for 15 min in a thermoblock. After the reaction, the amplified products were
subjected to a lateral flow assay strip conjugated with antibodies for visual detection.
The LOD of this method is 1 copy/uL, with the sensitivity and specificity of 97% and
100%, respectively [45]. In another set of studies, the microfluidic chamber is integrated
with LAMP and RPA for the detection of SARS-CoV-2 and measles virus (MV) in parallel
simultaneously by the fluorescence signal change. This point-of-care testing method
showed 100% clinical specificity and sensitivity for MV and 94.12% specificity and 95.83%
sensitivity for SARS-CoV-2 with the LOD of ten copies within one hour [46].

RPA process employs three core enzymes, a recombinase, a single-stranded DNA-
binding protein (SSB), and a strand-displacing polymerase. Recombinases are capable
of pairing oligonucleotide primers with homologous sequences in duplex DNA. An SSB
binds to the displaced DNA strand and stabilizes the resulting D-loop, preventing the
primers from being displaced. Finally, the strand displacing DNA polymerase begins DNA
synthesis, where the primer is bound to the target DNA.

Recombinase-aided amplification (RAA) is very similar to RPA; it utilizes recombinase,
SSB, and DNA polymerase under isothermal conditions at 37 °C to form a polymer with
primers. Double-stranded DNA unwinds at a sequence homologous to the primer. Strand
replacement occurs between the primer and template with the action of SSB and DNA
polymerase, and amplification of new DNA fragments occurs rapidly in vitro. This reaction
occurs in the presence of SSB and condensation agent polyethylene glycol, and this process
is continuously repeated to achieve the final efficient nucleic acid amplification. The target
gene can be amplified to a detectable level within 5-10 min [47,48]. Zheng et al. developed
an RAA-based method for the detection of COVID-19 which targets the nucleocapsid (N)
gene of SARS-CoV-2. They designed specific primers and probes for reverse transcription
recombinase-aided amplification coupled with lateral flow dipstick (RT-RAA /LFD). The
point-of-care test assay that was designed offered 100% specificity and sensitivity in the
detection of clinical samples compared to RT-qPCR [49]. Real-time reverse transcription
RAA (RT-RAA)-based POCT was developed for the detection of SARS-CoV-2. The primers
are designed to target the highly conserved region, 172 bp in the orflab gene of SARS-
CoV-2, which covers 98% of SARS-CoV-2 strains. This method is tested for SARS-CoV-2
and eight other respiratory RNA viruses, and it showed high specificity and sensitivity to
SARS-CoV-2 compared to other viruses. It can detect as low as 0.00048 copies/uL [50].

Pulse-controlled amplification (PCA) is a genome-based method following the same
general principle as PCR but it is up to ten times faster [51]. PCA does not require RNA
extraction, and the device used for carrying out PCA is lightweight and portable, making
it a suitable POCT for the detection of COVID-19. Zwirgelmaier et al. showed that
simultaneous detection of eight swab samples in under 25 min and with a 100% sensitivity
was performed using a prototype PCA. The sensitivity of this assay is 100%, and it can
detect the viral load of 1600 copies/ L [52].

Clustered regularly interspaced short palindromic repeats (CRISPR) perform gene-
targeting and amplification using enzymatically disabled CRISPR-associated protein 9
(Cas9), associated with a specific single-guide RNA and immobilized on the transistor. This
results in a label-free nucleic acid testing device with an easily measurable output [53].
Gootenberg et al. and Li et al. developed the SHERLOCK [54] and HOLMES [55] method-
ologies, respectively, that allowed for the detection of sequence-specific nucleic acids via
collateral cleavage of the single-stranded nucleic acid probe after amplification [56]. These
methods are programmable, allowing them to be modified for the detection of various
targets [57]. CRISPR-Cas technology can detect specific gene sequences of COVID-19 within
one hour. Furthermore, the LOD is between 10 and 100 copies/pL [58,59]. CRISPR/Cas9-
mediated triple-line lateral flow assay (TL-LFA) integrated with RT-RPA for rapid and
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simultaneous detection of two different gens, envelope (E) and open reading frame lab
(Orflab), in a single strip test. This assay showed a sensitivity of 100 copies per reaction
(25 pL) for the genes obtained from cell-cultured SARS-CoV-2 and SARS-CoV-2 viral RNA
standards. A total of 64 nasopharyngeal swab samples analyzed by CRISPR/Cas9 TL-LFA
showed 100% negative predictive agreement and 97.14% positive predictive agreement [60].

In a wide range of applications, localized surface plasmon resonance (LSPR) has
become a potent optical detection tool for probing label-free biomolecular interaction in real-
time. SPR data provide a straightforward, accurate, and label-free method for quantitative
analysis [61]. Alternatively, a newer method for utilizing light as the energy source that
drives chemical reactions, photo-thermal catalysis, can increase reaction rates and alter
selectivity patterns using the synergistic combination of photo- and thermo-chemical
contributions of sunlight, even in mild operating circumstances. This photothermal effect
is utilized in the detection of COVID-19, as shown by Qui et al. Briefly, nucleic acid
hybridization can facilitate sensitive recognition of specific sequences from SARS-CoV-2
using two-dimensional gold nanoislands (AuNIs) and complementary DNA receptors.
This arrangement of nanoabsorbers allows the plasmonic chip to transduce signals via
in situ hybridization and generate local plasmonic photothermal (PTT) heat for highly
accurate and sensitive detection of SARS-CoV-2 [62].

Electrochemical biosensors are another extremely promising form of biosensors for
highly accurate point-of-care SARS-CoV-2 detection. It is common practice to employ
electrochemical biosensors to identify viruses, proteins, tiny molecule antibodies, and
nucleic acids [63]. The target is recognized in electrochemical sensors (EISs) through either
an antigen-antibody reaction, DNA, RNA, peptide nucleic acid (PNAs) hybridization, or
aptamers-based binding, each of which has great selectivity and sensitivity for the detection
target [64]. Label-free EISs have drawn the most interest amongst them because of their
extreme sensitivity, capacity for quick electrochemical sensing, and characterization of
different analytes, including virus antigens, antibodies, and RNA [65]. Kashefi-Kheyrabadi
et al. have developed nucleic acid amplification-free multiplex electrochemical biosensors
for the rapid detection of SARS-CoV-2. They used a four-way junction, universal DNA
hairpin probe duplexed with the two adopter strands and target RNA. One of the adopter
strands is coupled with the redox mediator (methylene blue or ferrocene) for electrochem-
ical signal sensing. This sensor can detect S and orflab genes simultaneously with the
LOD of 5.0 and 6.8 ag/uL, respectively, within one hour. This is highly specific and can
differentiate closely associated RNA with a single nucleotide addition in the sequence.
The multiplexed sensor can be used in the point of care for real-time testing to diagnose
COVID-19 [66].

Zhao et al. developed a calixarene functionalized graphene oxide electrochemical
sensor for sensitive detection of SARS-CoV-2 RNA without amplification or reverse tran-
scription. Super sandwich-type recognition technology was applied for recognizing the
SARS-CoV-2 RNA, with a LOD of 200 copies/mL [67]. This device can detect as low as
26 fM, with high specificity which can distinguish the single base mismatch in the RNA
sequence [68]. Heo et al. have designed an electrochemical biosensor for the detection of
SARS-CoV-2 RNA via CRISPR/Cas13a transcleavage reaction. This device can detect ORF
and S gene with the LOD of 4.4 x 1072 fg/mL and 8.1 x 1072 fg/mL, respectively. This is
method is validated with RNA spiked in artificial saliva with 96.54-101.2% agreement [69].
Lab-on-a-chip for the simultaneous electrochemical detection of SARS-CoV-2 RNA and an-
tibodies in saliva and plasma have been achieved within two hours. The three-dimensional
printer device automatically extracts, concentrates, and amplifies SARS-CoV-2 RNA from
the saliva directly. This device is integrated with Casl2a-based enzymatic detection of
SARS-CoV-2 RNA via LAMP and ELISA on the electrode conjugated with RBD of spike
S1 protein. This portable, low-cost multiplex electrochemical sensor would be used at the
point of care applications for the diagnosis of COVID-19 [70]. The characteristics of various
NAAT used to diagnose COVID-19 are summarized in Table 1.
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Table 1. Various Biosensors developed for SARS-CoV-2 diagnosis.
SARS-CoV-2 Target Detection Method Readout LOD Assay Time Sen51t1\.71.t¥ Reference
and Specificity
Nucleic acid-based biosensors

SARS-CoV-2 RNA DNA caped Au Nanoparticles Visual 0.18 ng/L 10 - [37]

Rdrpl, rdrp2, E, N (n1, n2 . 94%
and n3) genes RT-PCR Fluorescence - <90 min 100% [36]

o,
SRAS-CoV-2 RNA (N-Gene) Swab-to RT-LAMP Visual - - g; ';050 [39]

. . 95.74%

RdRp gene RT-LAMP Visual - 30 min 99.95% [40]

Microfluidic-integrated lateral flow 979,
SEAS-CoV-2 RNA recombinase polymerase Visual 1 copy/uL 30 min 1 OO"; [45]

amplification (MI-IF-RPA) ?
SARS-CoV-2 RNA Microfluid integrated LAMP-RPA Fluorescence 10 copies 60 min Zifg; [46]

Reverse transcription recombinase-aided 100°%
SARS-CoV-2 N-Gene amplification coupled with lateral flow Visual 1 copy/uL 30 min 100° /0 [49]

dipstick (RT-RAA /LFD) ?

Reverse transcription recombinase-aided . -
SARS-CoV-2 Orflab Gene amplification (RT-RAA) Fluorescence 0.48/L 25 min 100% [50]
CRISPR/Cas9-mediated triple-line lateral
ORF1lab gene flow assay (TL-LFA) integrated Visual 100 copies/25 pL 60 min - [60]
with (RT-RPA)
Viral protein-based biosensors
. . BERA (bioelectric recognition Electric biosensor
S-protein antigen immunoassay) Electrical Signal 1 fg/mL i ) 711
S-protein antigen Electrochemical technique Electrical Signal 19 ng/mL - - [72]
. . . . Sensitive graphene field .

S-protein antigen Graphene field effect transistor (GrFET) offect transistor 0.2pM 2 min - [73]
N-protein antigen Molecularly imprinted polymers (MIPs) Electrical Signal 15 tM - - [74]
N-protein antigen Electrochemical technique Electrical Signal 8 ng/mL - - [72]
N-protein antigen Optical technique Visual <100 copies/mL - - [75]
N-protein antigen Electrochemical Square wave 0.4 pg/mL - [76]

voltammetry
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Table 1. Cont.
SARS-CoV-2 Target Detection Method Readout LOD Assay Time Sens1t1\.71.t¥ Reference
and Specificity
Antibody-based biosensors
. . Label-free paper-based . . .
S-protein antibody clectrochemical biosensor Electrochemical Signal 10.1 ng/mL 13 min - [77]
Antibodies Lateral flow immunoassay (LFIA) Visual - 15 min 9%866:); [78]
Neutralizing antibodies Optic-biolayer interferometry - 10 ng/mL 7.5-13 min - [79]
Neutralizing antibodies 100 ng/mL Visual 100 ng/mL - - [80]
S-protein antibody Fluorophore.con]uga.ted Janus Optical Image and 200 ng/mL 120 min _ [81]
emulsion particle Fluorescence

S-protein antibody Opto-microfluidic sensing device LSPR 0.08 ng/mL 30 min - [82]
S-protein antibody Electrochemical Electrochemical Signal 0.3 fg/mL 20 min - [83]

(differential pulse voltammetry)
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4.2. Biosensors for the Detection of Antigens (Proteins)

Immunoassays are a convenient method for detecting the SARS-CoV-2 virus in the
infectious stage [84]. Since immunoassays can diagnose the antigens in less than an hour
and have detection ranges between fg/mL to ug/mL, they enable effective measurements
of viral proteins such as S-glycoproteins, M-glycoproteins, E-proteins, and N phosphopro-
teins. N-protein is utilized as an early signal since it permits SARS-CoV-2 to be identified
up to one day before symptoms appear [84]. Generally, to identify a biological molecule
(SARS-CoV-2), the target molecule (viral protein) binds to the biosensor. The transducer
with embedded nanostructures then turns the detection into an electrical signal identifiable
by the detector [30]. Since the target protein in affinity sensors is detected on the device’s
surface, the creation of such sensors requires the development of a surface with the right
protein recognition capabilities, such as molecularly imprinted polymers (MIPs) [85]. In
one study, the sensor was a disposable MIP-modified thin-film electrode to detect N-protein
with a limit of detection and quantification of 15 fM and 50 fM, respectively [74]. They
also have the benefit of being less expensive and more stable, and they can be built on
protein-imprinted polymers such as polypyrrole and other electrochemically deposited
polymers. Several signal detection techniques can be applied. MIPs can be built for small
and low molecular weight compounds, making them appropriate for sensor design. Molec-
ularly imprinted polyphenylenediamine-based electrochemical sensors for the detection
of SARS-CoV-2 proteins, specifically the N-protein, have recently been developed using
this technology, demonstrating the effectiveness of MIPs for the detection of some virus
proteins. It should be emphasized that MIP-based sensors can detect even short DNA-based
oligomers, making MIP-based sensors appealing for DNA and possibly RNA fragment
determination [74,85].

The S-protein can be detected through its functional S1 subunit by a biosensor based
on the bioelectric recognition assay (BERA). This S1 subunit interacts with ACE-2 in host
cells. Bioelectric property changes by the interaction of the S1 functional subunit with
the antibody. This method offers a quick reaction against the SARS-CoV-2 nucleocapsid
protein with LOD of 1 fg/mlL, and no cross-reactivity was noticed [71]. One method for
identifying S- or N-proteins relies on the utilization of secondary antibodies along with
alkaline phosphatase and magnetic beads as immunological labels and immunological
chain support, respectively, resulting in LOD of 19 ng/mL and 8 ng/mL in untreated
saliva respectively, for S- and N-proteins. The analytical features of the electrochemical
immunological test were investigated for S- and N-proteins in the buffer and untreated
saliva [72]. A sensitive graphene field effect transistor (GrFET) is paired with a highly
selective antibody—antigen interaction to build a coronavirus immunosensor that allows
simple and rapid screening/diagnosis of new coronaviruses. These GrFET immunosensors
can promptly (~2 min) identify and effectively capture the SARS-CoV-2 S1 protein in a
real-time, label-free modality with LOD down to 0.2 pM [73]. This sensor was created by
using a 1-pyrenebutyric acid N-hydroxysuccinimide ester to couple an antibody against
SARS-CoV-2 S-protein to graphene from an FET. This method was used to detect the
S-glycoprotein. SARS-CoV-2 was identified by the FET system based on changes in the
channel surface potential and the consequential effect on electrical response. In order to
detect the targets, the gate surface of FETs is covered with a layer that may be changed
using biomolecules [86]. To detect SARS-CoV-2 spike protein S1, graphene FET was coated
with an antibody of SARS-CoV-2 spike S1 subunit protein (CSAb) or (ACE2). Partially
positively charged S1 protein binding to the CSAb/ACE2 receptors on the graphene surface
alters the conductance/resistance of the GrFET sensing platform. Because of its greater
affinity, CSAb-modified GrFET demonstrated improved sensitivity [86,87].

LFIA and chemiluminescence immunoassay (CLIA) are two typical antigen detection
technologies. The LFIA method uses colloidal gold test paper to identify antigens or anti-
bodies; it is accessible, quick, and easy to read, but is only effective for qualitative detection
and lacks sensitivity. The working principle of LFIA is represented in Figure 5. ELISA and
CLIA are both quantitative procedures that use either enzymatic or chemical luminous
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agents to identify antibodies or antigens. Mekonnen et al. found that CLIA, ELISA, and
LFIA have a sensitivity /specificity of 92/99%, 86/99%, and 78/98%, respectively [88].
Optical techniques have also been utilized to identify SARS-CoV-2 proteins, in which
antibodies anchored to AuNPs, enzymes, or colored nanobeads are used. Their reaction
with viral proteins results in changes in absorbance or the detection of a color signal in the
visible spectrum. A complex of the N-protein, the anti-SARS-CoV-2-N antibodies, white
microbeads, a second antibody, and a red nanobead enter the observational zone; the red
color indicates the presence of the antigen (positive), while the white color indicates the
negative. This device has LOD of <100 copies/mL in nasal samples [75]. Additionally,
SARS-CoV-2 protein was recently detected using mass spectroscopy. Before experimenting,
the protein was extracted and digested. SARS-CoV-2 protein was then estimated and
determined while the protein was being fragmented. Nevertheless, this technique has
certain drawbacks: it is time-consuming, requires an expensive apparatus and skilled
workers, and takes about three hours to complete the detection procedure [89]. Sao et al.
developed a field effect transistor-based biosensor (FET) for the detection of SARS-CoV-2
Spike protein. An FET biosensor is coupled with a spike protein-specific antibody on the
graphene sheet. SARS-CoV-2 determination from the sample is used directly without any
preprocessing. This method is more specific, as there is no cross-reactivity with the MERS-
CoV antigen. The FET biosensor could detect the S-protein as low as 1 fg/mL in PBS buffer
and 100 fg/mL in the clinical transport media [90]. An electrochemical immunosensor for
the detection of SARS-CoV-2 N-protein in nasopharyngeal samples was developed using
a label-free square wave voltammetry-based biosensing platform. SARS-CoV-2 nucleo-
capsid protein (N-protein)-specific antibody was conjugated on the screen-printed carbon
electrodes coated with gold nanoparticles. The change in the electrochemical signal of
the immunosensor upon binding the N-protein with the immobilized antibody is used
for the determination of the N-protein present in the sample. The sensor could detect
SARS-CoV-2 N-protein as low as 0.4 pg/mL. SARS-CoV was cross-reacted with the SARS-
CoV-2 biosensor; however, there is no significant interaction with HCoV, MERS-CoV, Flu
A, and Flu B. The sensor was successfully validated with clinical samples; the results
were comparable with the RT-PCR results [76]. Rapid detection of SARS-CoV-2 spike 1
(51) protein using ACE2 receptor-matched pair with commercially available antibodies by
LFIA. This method is highly specific and there is no cross-reactivity with SARS-CoV S1 or
MERS-CoV S1 protein with the LOD of 1.86 x 10° copies/mL of COVID-19 patient clinical
specimens [91]. Shao et al. have developed a SARS-CoV-2 antigen (Ag) FET nanobiosensor
using semiconducting (sc) single-walled carbon nanotube (SWCNT) conjugated with anti-
bodies specific to the S and N antigens. The results are in agreement with NAAT results
with the LOD of 0.55 fg/mL for S-protein and 0.016 fg/mL for N-protein, respectively [92].
Table 1 summarize methods applied for the diagnosis of COVID-19 using SARS-CoV-2
antigen proteins.

Nanomaterial-integrated bioreceptors facilitate the interaction of analytes due to their
nanosized nature and high surface-to-volume ratio. The unique physicochemical, optical,
mechanical, and magnetic properties of the nanomaterials enable the development of
COVID-19 virus detection with improved performances [93]. There are several biosensors
developed for the detection of the SARS-CoV-2 for the point-of-care application [94,95].
Nanomaterials enhance the sensitivity and rapid detection of SARS-CoV-2 biosensors. A
simple in-house build biosensor device (eConSens) has been developed using Fluorine
Doped Tin Oxide (FTO) coupled with gold nanoparticles and nCOVID-19 antibody by
Mahari and coworkers. This device specifically detects the nCOVID-19 spike antigen
(nCOVID-19 Ag) with high sensitivity with a detection limit of 10 fM in standard buffer
and 90 fM in spiked saliva samples within 30 s [96]. Recently, Yang et al. reported AEC-
2 functionalized silver nanotriangle (AgNT) array localized surface plasmon resonance
(LSPR) sensor for SARS-CoV-2 detection. Spike RBD protein and CoV NL63 proteins were
tested and detected with a limit of detection (LOD) of 391 PFU/mL and 625 PFU/mL,
respectively, with a detection time of less than 20 min [97].
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Serologic Diagnostic Test: COVID-19 Detection
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Figure 5. (a) Pictorial representation of lateral flow immunoassay working principle. (b) The assay
setup in the commercial test pad and (c) Interpretation of assay results positive/negative and the
stability of the testing pad.

4.3. Biosensors for the Detection of Antibodies

Antibodies produced in response to viral infections can be utilized for diagnosing
COVID-19. Viral protein load may change in the due course of time, which makes it difficult
to detect SARS-CoV-2 by nucleic acid-based methods, especially in the early and later stages
of infection. A high viral load is present in the first week after the symptoms, which starts
diminishing later over time [98]. However, antibodies developed in response to the viral
proteins would allow a larger time window for detecting SARS-CoV-2 infection. Both IgG
and IgM antibodies can be detected one week after COVID-19 infection. IgM level decreases
within a short time and IgG levels remain the same up to 5 weeks after infection [99]. The
sensitivity of virus detection is 57.2% to 87.5% for IgM and 71.4% to 87.5% for IgG [100].
S-protein RBD showed more antigenicity than N-protein, and the sensitivity of RBD IgM,
IgG, and IgA are 96.8%, 96.8%, and 98.6%, respectively [87]. The most prominent challenge
in this method is the cross-reactivity of SARS-CoV-2 antibodies with antibodies generated
against other coronaviruses such as SARS-CoV, as reported by Lv et al. [101], where there
is a significant cross-reactivity of SARS-CoV against the SARS-CoV-2 S-protein antibodies.
This antibody-based approach can confirm that the patient has been infected by the virus
in the past, which enables us to observe the stages of the infection and identify the people
who have developed immunity against SARS-CoV-2. The antibody detection uses the host
response against the viral infection, specifically, the antibodies produced against the viral
proteins (S, N, E, and M proteins) [85].

A portable and low-cost electrochemical immunosensor for the quantitative detection
of IgG and IgM antibodies against spike SARS-CoV-2 protein in human serum has been
developed. The sensor can detect both antibodies within 13 min, and is highly stable
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for up to 24 weeks at room temperature [77]. A label-free, paper-based, electro-chemical
biosensor for SARS-CoV-2 antibodies detection was developed, in which the S-protein
was immobilized on the electrode. The antibodies specific to S-protein can be recognized
by the electrochemical signal response. The LOD of this method is 10.1 ng/mL, which is
higher than the LOD required for the detection of antigens from nasopharyngeal swab
specimens [102]. However, the sensitivity of the method would be improved further
by using updated technologies for future applications. Yousefi et al. have developed a
reagent-free electrochemical biosensor for the detection of the whole viral particle using the
SARS-CoV-2 spike antibody as a bioreceptor, in which the negatively charged DNA is used
as a spacer between the electrode and the antibody as well as a redox probe. This sensor can
detect the viral particle within 5 min. Moreover, it is highly stable and there is no significant
change in performance after 9 months [103]. Point-of-care lateral flow immunoassay (LFIA)
has been developed for the simultaneous detection of immunoglobulin M, IgM and IgG
antibodies of SARS-CoV-2 from human blood samples within 15 min. In this method,
Au nanoparticles were conjugated with SARS-CoV-2 recombinant protein and rabbit IgG
and spread on the conjugate pad. IgG, IgM, and the control lines were immobilized by
antihuman IgG, antihuman IgM, and antirabbit IgG. A line color change of pink or red
in both test and control lines indicates the presence of the respective antibody, with a
specificity and sensitivity of 90.63% and 88.66%, respectively [78]. Superparamagnetic
nanoparticles (SMNPs) and giant magnetoresistance (GMR)-based LFIA was developed for
the simultaneous detection of both anti-SARS-CoV-2 IgM and IgG [104].

LFIA coupled with a portable spectrometer shows enhanced specificity and sensitivity,
and quantitatively detected COVID-19 antibodies (IgG and IgM). The quantification is
based on optical density rather than visual interpretation. This method could be applied for
the detection of trace amounts of antibodies in the early stage of SARS-CoV-2 infection [105].
Bian et al. have developed fiber optic-biolayer interferometry (FO-BLI)-based biosensors
for the rapid detection of SARS-CoV-2, both neutralizing antibodies (NAbs) and binding
antibodies (BAbs) from human serum. They used 3,3'-diaminobenzidine to improve the
sensor signal to achieve sensitive detection of NAbs and Babs (antireceptor binding domain,
anti-RBD) and antiextracellular domain of spike protein (anti-S-ECD) with a sensitivity of
10 ng/mL in a plain buffer as well as a 100-fold diluted serum. The detection time for the
NAbs and BAbs are 7.5 and 13 min, respectively. This sensor is robust and doesn’t need
sensor surface blocking to prevent the nonspecific adsorption of biomolecules from the
serum. The main advantage of these dip-in sensors is that they are easy to handle and
routine use for the assay [79]. Anti-SARS-CoV-2 antibody levels have been detected using
Janus emulsions or Janus particles as biosensors. Janus emulsions are the combination of
immiscible hydrocarbon and fluorocarbon oils, and they are conjugated to a secondary
antibody of IgG protein and SARS-CoV-2 spike receptor binding domain (RBD), respectively.
When these two types of Janus particles are mixed in the presence of anti-SARS-CoV-2
spike IgG antibody, they are agglutinated by spike IgG antibody, which then binds to the
secondary antibody and the SARS-CoV-2 spike protein RBD. In another set of studies,
fluorescence dye and blocker dye are conjugated in both phases of the Janus particles,
respectively. The blocker dye absorbs both excitation light and the emission from the
fluorescent dye. Thus, in the absence of a SARS-CoV-2 spike IgG antibody, the excitation
and emission light pass through the blocker dye phase; however, in the presence of an
antibody, the orientation of the droplets changes due to agglutination around an anti-SARS-
CoV-2 spike antibody. Both of these Janus droplet methods are used for the qualitative and
quantitative detection of SARS-CoV-2 spike IgG antibodies with LOD of 0.2ug/mL within
two hours [81].

An ACE-2-based biosensor has been developed for sensitive detection of neutralizing
antibodies at LOD of 100 ng/mL. This method could also be applied to naturally infected
patients and vaccinated persons [80]. A new technology, functional SERS encoded nanopar-
ticles (NPs) (or SERS nanotags), was introduced in the LFIA system to replace the AuNPs
used as the signal reporter in general. In this technology, dual-layers of Raman molecule
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(5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) is loaded inside and outside of the Ag-coated
5iO, NPs (SiO,@Ag NPs) as advanced SERS tags, which enhance the SERS signals, sta-
bility, and the sensitivity of the system. The LOD of this method has improved 800 times
compared to the standard Au nanoparticle-based LFIA for the detection of IgM and IgG.
This makes AnSERS-LFIA is an efficient, rapid, accurate, and sensitive method for the
mass screening of SARS-CoV-2 infections [106]. An opto-microfluidic sensing device was
designed for the detection of anti-S-protein SARS-CoV-2 antibodies based on the localized
surface plasmon resonance (LSPR) principle. This technology is formed by the integration
of Au nanospike-coated glass substrate and the microfluidic chip, connected to a reflection
probe for sensing the SARS-CoV-2 spike antibody in the diluted plasma (1:1000) within
30 min. The LOD of this technology was found to be 0.08 ng/mL, which is below the
clinically recommended value and user-friendly. Therefore, this technology can be used
for the point-of-care application [82,97]. A new time-resolved fluorescence immunoassay
(TRFIA) was developed which can specifically sense the COVID-19 anti-N-protein and
anti-S-protein total antibodies. The recombinant N- and S-proteins were conjugated with
Eu’* chelating agent and coated in a 96-well plate. Antibody-containing samples were
incubated, and the fluorescence was measured. TRFIA analysis is as good as the nucleic
acid assay kit and has much better sensitivity compared to the colloidal gold kit and chemi-
luminescent kit [107]. Using three different biomarkers (IgG, IgM, and antigen), detection
of SARS-CoV-2 on a single platform has been demonstrated using a point-of-care microflu-
idic device by Lin et al. This is an integrated system of homemade fluorescence detection
analyzer, SARS-CoV-2 diagnostic microchips, and multiple immunoassays. As this device
detects three different targets simultaneously, it is more accurate, and specific and can
detect all of the biomarkers within 15 min [108]. A new multiplex, xMAP INTELLIFLEX
DR-SE flow analyzer, used for the simultaneous detection of specific antibodies developed
against SARS-CoV-2 spike (S), receptor binding domain (RBD), and nucleocapsid (N) pro-
teins, was performed using a fluorescent microsphere immunoassay. A highly sensitive
surface-enhanced Raman-scattering-based lateral flow immunoassay (SERS-LFIA) has been
developed for the detection of anti-SARS-CoV-2 IgM/IgG in parallel. Another interesting
multiplex screening test for COVID-19 has been published recently for the quantitative
detection of 10 different biomarkers (six viral nucleic acid genes, two spike protein subunits,
and two antibodies). This label-free nanoplasmonic biosensor can detect the target at as
low as the aM range. The high throughput screening method can quantitatively detect
IgM and IgG antibodies from the SARS-CoV-2-positive patient’s plasma sample with more
than 96% sensitivity and specificity [109]. A graphene field-effect transistor (g-FET)-based
biosensor for the sensitive detection of SARS-CoV-2 antibody was designed in which the
g-FET is immobilized with spike S1 protein. When a specific anti-spike-S1 antibody has
been recognized, the change in the current was converted into quantifying the antibody
present with the LOD of 150 antibodies/100uL. Clinical serum samples can be analyzed
using this biosensor within 2 min [110]. Antibody-based technologies used for the detection
of SARS-CoV-2 have been highlighted in Table 1.

5. Currently Applied Biomarker Detection Methods in COVID-19 Diagnosis

The most common method used for the detection of SARS-CoV-2 is RI-PCR. With high
sensitivity and accuracy, many commercial RT-PCR kits have been developed [111]. Though
this method is more reliable, the need for well-trained technicians, long analysis time, and
high-cost instruments and reagents create limitations that motivate the researchers to search
for alternate methods. Next-generation genome sequencing (NGS), a high-throughput
technology, is frequently used for the detection of SARS-CoV-2. Tens of thousands of
samples can be analyzed in a single run with high accuracy and reliability compared to RT-
PCR [112]. However, it has a long analysis period (~2 days) and an expensive experimental
setup. CRISPR-based genome detection is one of the most accurate and outstanding
technologies for the diagnosis of the SARS-CoV-2 gene. The CRISPR enzyme cuts a part
of the gene and produces either fluorescence or dark signals. The SHERLOCK CRISPR
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SARS-CoV-2 kit has been introduced by USFDA recently to detect a part of (ORFlab, “O”)
gene and the Nucleocapsid (“N”) gene of SARS-CoV-2 (https://www.fda.gov/media/13
7746 /download (accessed 28 July 2022). CRISPR-Cas12-based DETECTR techniques were
applied for the detection of SARS-CoV-2 from respiratory swab specimens with an LOD of
10 copies/uL [113]. In another report, the CRISPR-Cas12a-based fluorescence biosensors
can detect as low as two copies per sample collected by nasal swab [114]. Loop-Mediated
Isothermal Amplification (LAMP) is a widely used technique for SARS-CoV-2 detection
which can be an alternative to the PCR method. Though this is not a very accurate method, it
can be applied to semiquantitative and qualitative analysis. An improved performance was
observed in the reverse transcription loop-mediated isothermal amplification (RT-LAMP)
method. With less operation time, it can work at constant temperature, and the results can
be observed by the naked eye as a color change. The sensitivity of this method is in the range
of a few hundred copies [115,116]. There are many commercially available, government-
approved SARS-CoV-2 diagnostic kits based on potential diagnostic biomarkers such as
viral RNA, proteins, and antibodies that have been elaborately reviewed recently [34].

6. Other Biomarkers for COVID-19 Diagnosis

In addition to viral gene, viral proteins, and antibodies developed against SARS-
CoV-2 infection, there are a variety of clinically important biomarkers for the diagnosis of
COVID-19, such as reactive oxygen species (ROS) cytokines, C-reactive protein, serum amy-
loid A, Lactate dehydrogenase, D-dimer, brain natriuretic peptide (BNP) neuron-specific
enolase (NSE), and others [117,118]. The concentration level of different inflammatory
biomarkers for normal patients and infected patients were compared [119]. Yet, the most
accurate and specific biomarkers must be studied critically for clinical application. Smell
dysfunction is one of the potential biomarkers for the diagnosis of COVID-19. It is reported
that 98% of the patients experience smell dysfunction (58% were anosmic or severely micros-
mic, 27% with moderate microsmia, 13% with mild microsmia, and 2% normismia) [120].
Quantitative smell tests indicate smell dysfunction, which can diagnose COVID-19 at an
early stage and prevent further propagation. The neutrophil-to-lymphocyte (NRL) ratio is
also used as a biomarker for poor prognosis and is a potential predictor of the severity and
mortality in patients diagnosed with COVID-19 [121]. An elevated level of cardiac troponin
is correlated with a poor prognosis. However, further studies have to be conducted for
accurate results [122]. D-dimer has been identified as the first accurate biomarker for altered
coagulation in COVID-19 and prediction of mortality on admission. The d-dimer value for
a healthy person is 0-243 ug/mL, and 1.5 ug/mL is the optimal cutoff value for mortality
on admission [123]. Seriously ill COVID-19 patients showed a significantly low level of
vitamin A compared to mildly ill ones. In total, 0.2 mg/mL of vitamin A indicates the
development of ARDS and high mortality [124]. Fluorescence resonance energy transfer
(FRET) assay was used for quantitative detection of SARS-CoV-2 using a total extracellular
protease’s proteolytic activity on a specific fluorogenic peptide identified from the library
of 115 peptides. The SARS-CoV-2 protease-specific dipeptide is labeled with fluorescence
donor, FITC, acceptor, and DABCYL at both ends, and the FITC fluorescence is quenched
by FRET. In the presence of the SARS-CoV-2 protease, and the peptide cleaved into two
fragments leads to change in the fluorescence signal. The increase in fluorescence is directly
proportional to the protease activity. This method can detect 0.9 CFU/mL with minimal
cross-reactivity with other coronaviruses [125].

7. Atrtificial Intelligence (AI) and Internet of Things (IoT) in COVID-19 Detection

Modern technologies such as medical image processing, disease tracking computa-
tional biology, and medicines and prediction outcomes are used to control/monitor the
COVID-19 spread. Al is used to predict future outbreaks and diagnose infections. Drones
and robots are used to supply food and medicine and sterilize infected public places [126].
A novel method of COVID-19 detection combines two emerging technologies, nanopores
and artificial intelligence, in a platform termed Al-Nanopore. Nanopores are essentially
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pores of nanometers in size held in materials such as silicon. These pores can function as
single-molecule detectors when current is passed through the membrane. Artificial intelli-
gence, on the other hand, is the imitation of human intelligence by computers or machines.
Al combines computer science and datasets that the machine trains to “learn” patterns
and engage in problem-solving. Extending the science of artificial intelligence beyond
what it is traditionally used for, the Al-nanopore platform developed by Taniguchi et al.
is a relatively simple platform that eliminates the need for RNA extraction. The platform
consists of machine learning (ML) software that sits on a server, a portable high-speed and
high-precision current measuring instrument, and scalable, cost-effective semiconducting
nanopore modules. The Al-nanopores are successful in accurately detecting four types of
coronaviruses (HCoV-229E, SARS-CoV, MERS-CoV, and SARS-CoV-2) of comparable size
with a sensitivity of 90% and specificity of 96% in a 5-min assay. Since the Al-nanopore
platform relies on data that is fed by changing the training data from cultured viruses to
PCR-positive/negative specimens, the Al-nanopore platform can be used to detect both
positive and negative specimens again with high sensitivity at high throughput [127].

Fortunati et al. developed another unique setup that involves Wi-Fi (wireless inter-
net connection) enabled IoT (Internet of Things) in a smart and portable electrochemical
immunosensor for the quantification of SARS-CoV-2 spike protein with combined ML
capabilities. The sensor is based on the immobilization of monoclonal antibodies directed
at the SARS-CoV-2 51 subunit on screen-printed electrodes (SPE) functionalized with gold
nanoparticles. The setup combines the ease of using an LFIA strip test with the unique
benefits of electrochemical sensors, such as specificity, sensitivity, and accuracy along with
obtaining a quantitative response not traditionally offered by the LFIA strip tests. The
protocol involves a single-step, one-hour sample incubation on the SPE surface. ML was
used to process data, run analyses, classify samples as positive or negative, and improve the
accuracy of the measurement. This feature makes the setup comparable to traditional meth-
ods (such as RT-PCR) in POC contexts. A dataset of 55 positive and 53 negative samples
was used for training and validation purposes. Different SVM classifiers were evaluated in
order to select the best SVM kernel and optimal hyperparameters that achieve the highest
classification accuracy computed. The test accuracy in terms of true positive/true negative
sample classification using the best classification model was about 97.3%. Furthermore, the
ML algorithm was integrated into cloud-based portable WiFi devices, which makes the
setup smart and portable [128].

8. Challenges and Future Prospective

The early-stage detection of SARS-CoV-2 viral infection would prevent further spread-
ing in a community. The most perilous thing about SARS-CoV-2 is the possibility of being
asymptomatic, which is an obstacle to monitoring the spread of infection and may lead to in-
creased fatality. The low accuracy, presence of complications in the sample preparation and
data analysis, and long processing time are major disadvantages of the current conventional
methods. Therefore, it is important to find rapid, low-cost, and mass diagnostic methods to
control transmission, by single-step detection, without any pre-sample preparation (RNA
extraction) steps and additional signal-enhancing agents. The different diagnostic methods
are summarized in Table 2. Rapid biosensing technology plays a crucial role in minimizing
respiratory viral disease transmission. Most common SARS-CoV-2 biosensors are designed
based on viral components such as viral RNA, N-protein, E-protein, S-protein, M-proteins,
and antibodies (IgM and IgG) [129].
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Table 2. Diagnostic approaches to detect COVID-19.

Biological Component

Diagnostic Approach

Method of Detection

Reaction Time

Advantages

Disadvantages

Imaging for
medical diagnosis

Serological parameters

Viral genome

Viral proteins

X-ray/CT scan

Rapid antibody test
(IgG and IgM)

Nucleic acid
Amplification/Sequencing

Viral (S, N, E, and M) Proteins

Chest

IgG and IgM levels in serum

RNA amplification
(RT-PCR)Genome sequencing
(NGS) RT-LAMP, CRISPER

Lateral flow immunoassay

Optical, electrochemical, and
microfluidic biosensors

1h

20-30 min

5-6h
~2 days
1-2 hrs

20-30 min

2-20 min

More sensitive to the status of the
disease’s infection and organ
damage. Combined with RT-PCR
enhance the sensitivity

Rapid, identification of specific
viral infection

Gold standard for viral detection,
High selectivity and specificity.
High accuracy
High selectivity and specificity

Fast and low cost, no need of
sample pretreatment, moderate
specificity and sensitivity, easy to
execute. Immunity against
the infection

Fast and low cost, no need for
sample pretreatment, multiple
sample analysis, high specificity
and sensitivity, easy to execute. Can
be integrated with any platform

Unable to differentiate between
different viral-mediated pneumonia.
Equipment is expensive, needs
well-trained expert to operate
Less sensitivity and specificity. False
positive. Unstable, not suitable to
storage for long time
Expensive, laborious,
time-consuming, needs trained
technicians. Unable to detect
postinfection stage
Probability for contamination, false
positive. Primer design
is complicated

No information about the early
infection stage. Long time storage at
room temperature is not possible.
Possibility of false positive

Needs more attention to obtain
accurate results. Adsorption of
nonspecific molecules on the
electrode. Autofluorescence from
nonspecific biomolecules.
Miniaturizing, scaling up, and
commercialization is challenging
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Among all methods, the nucleic acid-based detection technique is the gold standard
for COVID-19 diagnosis. However, this method demands the most intensive laboratory
resources, high cost, and long processing time and does not fulfill the demand for a huge
number of samples analyzed in a short time. Compared to nucleic acid-based diagnosis,
viral protein detection and serology tests are suitable in terms of cost, labor, and assay time.
Although these methods meet ASSURED and POC tests, low sensitivity and cross-reactivity
are the major limitations. The major challenges in the antibody-based immunosenors are
the cross-reactivity of the antibodies raised against closely associated antigens such as
SARS-CoV-2 and SARS-CoV. Lv et al. studied antibody responses in 15 serum samples of
patients infected with SARS-CoV-2 and 7 infected with SARS-CoV, and showed frequent
cross-reactivity of SARS-CoV S-protein antibody with SARS-CoV-2 S-protein antibody to
S-protein [101]. Lack of specificity leads to serious issues by false positive and/or false
negative results. The immune response by SARS-CoV-2 can be detected within a week
or later. The time to develop detectable antibodies and viral loads is another concern for
antibody-based detection methods. Moreover, asymptomatic patients infect the neighbor-
hood environment before they are diagnosed [130]. Several optical biosensors (Surface
plasmon resonance, fluorescence, colorimetric) have been reported for the detection of
SARS-CoV-2. However, designing the sensors in the portable form for the point-of-care
application is still challenging. On the other hand, miniaturized electrochemical biosensors
are performing well in terms of sensitivity, accuracy, and selectivity [131]. Development of
wireless micro-/nanoelectrochemical biosensors would be an ideal solution for detection
COVID-19 infection. However, the exclusion of nonspecific adsorption of biomolecules
on the electrode surface is a big task in electrochemical biosensors. Another promising
approach is to develop a miniaturized sensing platform integrated with a PCR-based
amplification system. In this setup, the reagents, programed microfluids, and portable de-
tecting instrument are equipped and the assay results will be reported in a short time [113].
Advancement in the POCT biosensors with multiplexing and high throughput screening
can by-pass the time frame for the sample processing time. Integration of both nucleic
acid and IgG/IgM antibody tests would be more reliable and accurate to know the early
and later stage of COVID-19 infections. Additionally, several other human host biomark-
ers have been reported, such as neutrophil-lymphocyte ratio (NLR), C-reactive protein
(CRP), erythrocyte sedimentation rate (ESR), procalcitonin (PCT), interleukin (IL)-6, D-
dimer, troponin, creatine kinase (CK), aspartate aminotransferase (AST), and disseminated
intravascular coagulation (DIC). Other novel biomarkers can be identified through the accu-
rate analysis of multiple case studies; in particular, homocysteine and angiotensin II could
play a significant role as potential biomarkers [132]. In addition to the existing biosensors,
designing novel biomarkers-based biosensors would be another possibility for the rapid
diagnosis of SARS-CoV-2. Target-specific single-strand oligonucleotides (Aptamer) are
alternatives to antibodies and could be an important candidate for the future perspective
for COVID-19 diagnosis. They can be used as a recognition receptor for the detection
of SARS-CoV-2 and can efficiently block viral infection [133,134]. Biodegradable porous
microneedles might be one of the options for rapid detection of SARS-CoV-2 IgM/IgG in
dermal interstitial fluid (ISF) with minimal invasiveness. The unique characteristics of gold
and carbon nanomaterials would be integrated for the enhancement of the biosensor’s
performance [135]. Though nanomaterial-integrated biosensors have been reported, more
work needs to be conducted in order to improve the accuracy and reduce false positives.
Several biosensors for COVID-19 detection have been reported, and a limited number of
biosensors are available in the market. Optimization of sample preparation, experimental
and storage conditions, assay validity, and output of results is still taking place, and this
poses a major obstacle for commercialization. Biosensors with a long processing time can
be used at POCT, depending upon the demand and the available resources. The obstacles
would be overcome by the continuous effort of researchers to create and optimize ideal
biosensors for COVID-19 diagnosis. Environmental concern is another factor to be consid-
ered. Most biosensors are made of biodegradable and environmentally friendly material.
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As for the nondegradable biosensors, they can be recycled to minimize the negative impact
on the environment.

Author Contributions: Conceptualization, A.Y. Writing—original draft preparation, S.A., K.A.
(Khalid Alnajjar), TM., N.A.E., LS. and T.A. M. Writing—review and editing, K.A. (Khaled Alkattan),
A.Y. and R.C. Supervision, A.Y., K.A. (Khaled Alkattan) and R.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Choi, J.R. Development of Point-of-Care Biosensors for COVID-19. Front. Chem. 2020, 8, 517. [CrossRef] [PubMed]

2. Yiice, M,; Filiztekin, E.; Ozkaya, K.G. COVID-19 Diagnosis—A Review of Current Methods. Biosens. Bioelectron. 2021, 172, 112752.
[CrossRef] [PubMed]

3. Ejazi, S.A.; Ghosh, S.; Ali, N. Antibody Detection Assays for COVID-19 Diagnosis: An Early Overview. Immunol. Cell Biol. 2021,
99, 21-33. [CrossRef] [PubMed]

4. Chen, L.; Zhang, G.; Liu, L.; Li, Z. Emerging Biosensing Technologies for Improved Diagnostics of COVID-19 and Future
Pandemics. Talanta 2021, 225, 121986. [CrossRef]

5. Masters, P.S. Coronavirus Genomic RNA Packaging. Virology 2019, 537, 198-207. [CrossRef]

6. Parihar, A.; Ranjan, P; Sanghi, S.K.; Srivastava, A K.; Khan, R. Point-of-Care Biosensor-Based Diagnosis of COVID-19 Holds
Promise to Combat Current and Future Pandemics. ACS Appl. Bio. Mater. 2020, 3, 7326-7343. [CrossRef]

7. Trougakos, I.P.; Stamatelopoulos, K.; Terpos, E.; Tsitsilonis, O.E.; Aivalioti, E.; Paraskevis, D.; Kastritis, E.; Pavlakis, G.N.;
Dimopoulos, M.A. Insights to SARS-CoV-2 Life Cycle, Pathophysiology, and Rationalized Treatments That Target COVID-19
Clinical Complications. . Biomed. Sci. 2021, 28, 9. [CrossRef]

8.  Chan, J.E-W,; Yuan, S.; Kok, K.-H.; To, KK.-W.; Chu, H.; Yang, J.; Xing, F; Liu, J.; Yip, C.C.-Y.; Poon, RW.-S. A Familial Cluster of
Pneumonia Associated with the 2019 Novel Coronavirus Indicating Person-to-Person Transmission: A Study of a Family Cluster.
Lancet 2020, 395, 514-523. [CrossRef]

9.  Cascella, M.; Rajnik, M.; Aleem, A.; Dulebohn, S.C.; Di Napoli, R. Features, Evaluation, and Treatment of Coronavirus (COVID-19).
Statpearls Internet 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK554776/ (accessed on 10 September 2022).

10. Wiersinga, W.J.; Rhodes, A.; Cheng, A.C.; Peacock, S.J.; Prescott, H.C. Pathophysiology, Transmission, Diagnosis, and Treatment
of Coronavirus Disease 2019 (COVID-19): A Review. JAMA 2020, 324, 782-793. [CrossRef]

11.  Bwire, G.M.; Paulo, L.S. Coronavirus Disease-2019: Is Fever an Adequate Screening for the Returning Travelers? Trop. Med. Health
2020, 48, 14. [CrossRef]

12. Shi, H.; Han, X,; Jiang, N.; Cao, Y.; Alwalid, O.; Gu, J.; Fan, Y.; Zheng, C. Radiological Findings from 81 Patients with COVID-19
Pneumonia in Wuhan, China: A Descriptive Study. Lancet Infect. Dis. 2020, 20, 425-434. [CrossRef]

13.  Ye, Z.; Zhang, Y.; Wang, Y.; Huang, Z.; Song, B.; Chest, C.T. Manifestations of New Coronavirus Disease 2019 (COVID-19):
A Pictorial Review. Eur. Radiol. 2020, 30, 4381-4389. [CrossRef]

14. Jacobi, A.; Chung, M.; Bernheim, A.; Eber, C. Portable Chest X-Ray in Coronavirus Disease-19 (COVID-19): A Pictorial Review.
Clin. Imaging 2020, 64, 35-42. [CrossRef]

15. Kumar, R.; Nagpal, S.; Kaushik, S.; Mendiratta, S. COVID-19 Diagnostic Approaches: Different Roads to the Same Destination.
Virusdisease 2020, 31, 97-105. [CrossRef]

16. Lippi, G.; Plebani, M. Laboratory Abnormalities in Patients with COVID-2019 Infection. Clin. Chem. Lab. Med. CCLM 2020,
58,1131-1134. [CrossRef]

17.  Ruan, Q.; Yang, K.; Wang, W.; Jiang, L.; Song, J. Clinical Predictors of Mortality Due to COVID-19 Based on an Analysis of Data of
150 Patients from Wuhan, China. Intensive Care Med. 2020, 46, 846-848. [CrossRef]

18. Chaimayo, C.; Kaewnaphan, B.; Tanlieng, N.; Athipanyasilp, N.; Sirijatuphat, R.; Chayakulkeeree, M.; Angkasekwinai, N.;
Sutthent, R.; Puangpunngam, N.; Tharmviboonsri, T. Rapid SARS-CoV-2 Antigen Detection Assay in Comparison with Real-Time
RT-PCR Assay for Laboratory Diagnosis of COVID-19 in Thailand. Virol. . 2020, 17, 1-7. [CrossRef]

19. Pfefferle, S.; Reucher, S.; Norz, D.; Litgehetmann, M. Evaluation of a Quantitative RT-PCR Assay for the Detection of the
Emerging Coronavirus SARS-CoV-2 Using a High Throughput System. Eurosurveillance 2020, 25, 2000152. [CrossRef]

20. Hou, H.; Wang, T.; Zhang, B.; Luo, Y.; Mao, L.; Wang, F.; Wu, S.; Sun, Z. Detection of IgM and IgG Antibodies in Patients with

Coronavirus Disease 2019. Clin. Transl. Immunol. 2020, 9, €1136. [CrossRef]


http://doi.org/10.3389/fchem.2020.00517
http://www.ncbi.nlm.nih.gov/pubmed/32574316
http://doi.org/10.1016/j.bios.2020.112752
http://www.ncbi.nlm.nih.gov/pubmed/33126180
http://doi.org/10.1111/imcb.12397
http://www.ncbi.nlm.nih.gov/pubmed/32864735
http://doi.org/10.1016/j.talanta.2020.121986
http://doi.org/10.1016/j.virol.2019.08.031
http://doi.org/10.1021/acsabm.0c01083
http://doi.org/10.1186/s12929-020-00703-5
http://doi.org/10.1016/S0140-6736(20)30154-9
https://www.ncbi.nlm.nih.gov/books/NBK554776/
http://doi.org/10.1001/jama.2020.12839
http://doi.org/10.1186/s41182-020-00201-2
http://doi.org/10.1016/S1473-3099(20)30086-4
http://doi.org/10.1007/s00330-020-06801-0
http://doi.org/10.1016/j.clinimag.2020.04.001
http://doi.org/10.1007/s13337-020-00599-7
http://doi.org/10.1515/cclm-2020-0198
http://doi.org/10.1007/s00134-020-05991-x
http://doi.org/10.1186/s12985-020-01452-5
http://doi.org/10.2807/1560-7917.ES.2020.25.9.2000152
http://doi.org/10.1002/cti2.1136

Biosensors 2022, 12, 898 21 of 25

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Smyrlaki, I.; Ekman, M.; Lentini, A.; Rufino de Sousa, N.; Papanicolaou, N.; Vondracek, M.; Aarum, J.; Safari, H.; Muradrasoli, S.;
Rothfuchs, A.G. Massive and Rapid COVID-19 Testing Is Feasible by Extraction-Free SARS-CoV-2 RT-PCR. Nat. Commun. 2020,
11, 4812. [CrossRef]

Anka, A.U,; Tahir, M.I.; Abubakar, S.D.; Alsabbagh, M.; Zian, Z.; Hamedifar, H.; Sabzevari, A.; Azizi, G. Coronavirus Disease 2019
(COVID-19): An Overview of the Inmunopathology, Serological Diagnosis and Management. Scand. J. Immunol. 2021, 93, €12998.
[CrossRef]

Yamayoshi, S.; Sakai-Tagawa, Y.; Koga, M.; Akasaka, O.; Nakachi, I.; Koh, H.; Maeda, K.; Adachi, E.; Saito, M.; Nagai, H.
Comparison of Rapid Antigen Tests for COVID-19. Viruses 2020, 12, 1420. [CrossRef]

Mak, G.C.; Cheng, PK; Lau, S.S.; Wong, K.K,; Lau, C.; Lam, E.T.; Chan, R.C.; Tsang, D.N. Evaluation of Rapid Antigen Test for
Detection of SARS-CoV-2 Virus. J. Clin. Virol. 2020, 129, 104500. [CrossRef]

Mobed, A.; Sepehri Shafigh, E. Biosensors Promising Bio-Device for Pandemic Screening “COVID-19”. Microchem. ]. 2021,
164, 106094. [CrossRef]

Chen, L,; Xiong, J.; Bao, L.; Shi, Y. Convalescent Plasma as a Potential Therapy for COVID-19. Lancet Infect. Dis. 2020, 20, 398-400.
[CrossRef]

Zhang, ].; Xie, B.; Hashimoto, K. Current Status of Potential Therapeutic Candidates for the COVID-19 Crisis. Brain. Behav. Immun.
2020, 87, 59-73. [CrossRef]

Verma, N.; Patel, D.; Pandya, A. Emerging Diagnostic Tools for Detection of COVID-19 and Perspective. Biomed. Microdevices
2020, 22, 83. [CrossRef]

Antiochia, R. Nanobiosensors as New Diagnostic Tools for SARS, MERS and COVID-19: From Past to Perspectives. Microchim.
Acta 2020, 187, 639. [CrossRef]

Fernandes, R.S.; de Oliveira Silva, J.; Gomes, K.B.; Azevedo, R.B.; Townsend, D.M.; de Paula Sabino, A.; de Barros, A.L.B. Recent
Advances in Point of Care Testing for COVID-19 Detection. Biomed. Pharmacother. 2022, 153, 113538. [CrossRef]

Notomi, T.; Okayama, H.; Masubuchi, H.; Yonekawa, T.; Watanabe, K.; Amino, N.; Hase, T. Loop-Mediated Isothermal
Amplification of DNA. Nucleic Acids Res. 2000, 28, e63. [CrossRef]

Mori, Y.; Notomi, T. Loop-Mediated Isothermal Amplification (LAMP): A Rapid, Accurate, and Cost-Effective Diagnostic Method
for Infectious Diseases. J. Infect. Chemother. 2009, 15, 62—69. [CrossRef] [PubMed]

Nagamine, K.; Hase, T.; Notomi, T. Accelerated Reaction by Loop-Mediated Isothermal Amplification Using Loop Primers. Mol.
Cell. Probes 2002, 16, 223-229. [CrossRef] [PubMed]

Filchakova, O.; Dossym, D.; Ilyas, A.; Kuanysheva, T.; Abdizhamil, A.; Bukasov, R. Review of COVID-19 Testing and Diagnostic
Methods. Talanta 2022, 244, 123409. [CrossRef] [PubMed]

Pu, R; Liu, S.; Ren, X;; Shi, D.; Ba, Y.; Huo, Y.; Zhang, W.; Ma, L.; Liu, Y.; Yang, Y.; et al. The Screening Value of RT-LAMP and
RT-PCR in the Diagnosis of COVID-19: Systematic Review and Meta-Analysis. J. Virol. Methods 2022, 300, 114392. [CrossRef]
Dao Thi, V.L.; Herbst, K.; Boerner, K.; Meurer, M.; Kremer, L.P; Kirrmaier, D.; Freistaedter, A.; Papagiannidis, D.; Galmozzi, C.;
Stanifer, M.L; et al. A Colorimetric RT-LAMP Assay and LAMP-Sequencing for Detecting SARS-CoV-2 RNA in Clinical Samples.
Sci. Transl. Med. 2020, 12, eabc7075. [CrossRef]

Nawattanapaiboon, K.; Pasomsub, E.; Prombun, P.; Wongbunmak, A.; Jenjitwanich, A.; Mahasupachai, P; Vetcho, P.; Chayrach, C,;
Manatjaroenlap, N.; Samphaongern, C. Colorimetric Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP)
as a Visual Diagnostic Platform for the Detection of the Emerging Coronavirus SARS-CoV-2. Analyst 2021, 146, 471-477. [CrossRef]
Gibani, M.M.; Toumazou, C.; Sohbati, M.; Sahoo, R.; Karvela, M.; Hon, T.-K.; De Mateo, S.; Burdett, A.; Leung, K.E,; Barnett, J.
Assessing a Novel, Lab-Free, Point-of-Care Test for SARS-CoV-2 (CovidNudge): A Diagnostic Accuracy Study. Lancet Microbe
2020, 1, e300-e307. [CrossRef]

Moitra, P.; Alafeef, M.; Dighe, K.; Frieman, M.B.; Pan, D. Selective Naked-Eye Detection of SARS-CoV-2 Mediated by N Gene
Targeted Antisense Oligonucleotide Capped Plasmonic Nanoparticles. ACS Nano 2020, 14, 7617-7627. [CrossRef]

Sun, Y; Ding, C.; Chen, Q.; Xie, J.; Yu, J.; Shi, Y,; Jiang, C.; Zhang, Z.; He, H.; Ge, Y. Digital PCR Assay for the Effective Detection
of COVID-19 Patients with SARS-CoV-2 Low Viral Load. J. Virol. Methods 2021, 295, 114185. [CrossRef]

Lobato, .LM.; O’Sullivan, C.K. Recombinase Polymerase Amplification: Basics, Applications and Recent Advances. TrAC Trends
Anal. Chem. 2018, 98, 19-35. [CrossRef]

Xia, X.; Yu, Y.; Weidmann, M.; Pan, Y; Yan, S.; Wang, Y. Rapid Detection of Shrimp White Spot Syndrome Virus by Real Time,
Isothermal Recombinase Polymerase Amplification Assay. PLoS ONE 2014, 9, e104667. [CrossRef]

Daher, R.K,; Stewart, G.; Boissinot, M.; Boudreau, D.K.; Bergeron, M.G. Influence of Sequence Mismatches on the Specificity of
Recombinase Polymerase Amplification Technology. Mol. Cell. Probes 2015, 29, 116-121. [CrossRef]

Boyle, D.S.; Lehman, D.A.; Lillis, L.; Peterson, D.; Singhal, M.; Armes, N.; Parker, M.; Piepenburg, O.; Overbaugh, J. Rapid Detec-
tion of HIV-1 Proviral DNA for Early Infant Diagnosis Using Recombinase Polymerase Amplification. mBio 2013, 4, e00135-13.
[CrossRef]

Liu, D.; Shen, H.; Zhang, Y.; Shen, D.; Zhu, M.; Song, Y.; Zhu, Z.; Yang, C. A Microfluidic-Integrated Lateral Flow Recombinase
Polymerase Amplification (MI-IF-RPA) Assay for Rapid COVID-19 Detection. Lab. Chip 2021, 21, 2019-2026. [CrossRef]

Huang, Q.; Shan, X.; Cao, R; Jin, X.; Lin, X.; He, Q.; Zhu, Y.; Fu, R.; Du, W,; Lv, W. Microfluidic Chip with Two-Stage Isothermal
Amplification Method for Highly Sensitive Parallel Detection of SARS-CoV-2 and Measles Virus. Micromachines 2021, 12, 1582.
[CrossRef]


http://doi.org/10.1038/s41467-020-18611-5
http://doi.org/10.1111/sji.12998
http://doi.org/10.3390/v12121420
http://doi.org/10.1016/j.jcv.2020.104500
http://doi.org/10.1016/j.microc.2021.106094
http://doi.org/10.1016/S1473-3099(20)30141-9
http://doi.org/10.1016/j.bbi.2020.04.046
http://doi.org/10.1007/s10544-020-00534-z
http://doi.org/10.1007/s00604-020-04615-x
http://doi.org/10.1016/j.biopha.2022.113538
http://doi.org/10.1093/nar/28.12.e63
http://doi.org/10.1007/s10156-009-0669-9
http://www.ncbi.nlm.nih.gov/pubmed/19396514
http://doi.org/10.1006/mcpr.2002.0415
http://www.ncbi.nlm.nih.gov/pubmed/12144774
http://doi.org/10.1016/j.talanta.2022.123409
http://www.ncbi.nlm.nih.gov/pubmed/35390680
http://doi.org/10.1016/j.jviromet.2021.114392
http://doi.org/10.1126/scitranslmed.abc7075
http://doi.org/10.1039/D0AN01775B
http://doi.org/10.1016/S2666-5247(20)30121-X
http://doi.org/10.1021/acsnano.0c03822
http://doi.org/10.1016/j.jviromet.2021.114185
http://doi.org/10.1016/j.trac.2017.10.015
http://doi.org/10.1371/journal.pone.0104667
http://doi.org/10.1016/j.mcp.2014.11.005
http://doi.org/10.1128/mBio.00135-13
http://doi.org/10.1039/D0LC01222J
http://doi.org/10.3390/mi12121582

Biosensors 2022, 12, 898 22 of 25

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Shen, X.; Qiu, F; Shen, L.-P;; Yan, T.; Zhao, M.; Qj, J.-J.; Chen, C.; Zhao, L.; Wang, L.; Feng, Z.; et al. A Rapid and Sensitive
Recombinase Aided Amplification Assay to Detect Hepatitis B Virus without DNA Extraction. BMC Infect. Dis. 2019, 19, 229.
[CrossRef]

Chen, C.; Li, X;; Li, G.; Zhao, L.; Duan, S.; Yan, T.; Feng, Z.; Ma, X. Use of a Rapid Reverse-Transcription Recombinase Aided
Amplification Assay for Respiratory Syncytial Virus Detection. Diagn. Microbiol. Infect. Dis. 2018, 90, 90-95. [CrossRef]

Zheng, Y.-Z.; Chen, ]J.-T,; Li, J.; Wu, X.-J.; Wen, ].-Z; Liu, X.-Z.; Lin, L.-Y,; Liang, X.-Y.; Huang, H.-Y,; Zha, G.-C. Reverse
Transcription Recombinase-Aided Amplification Assay with Lateral Flow Dipstick Assay for Rapid Detection of 2019 Novel
Coronavirus. Front. Cell. Infect. Microbiol. 2021, 11, 613304. [CrossRef]

Li, F; He, P; Xiong, D.; Lou, Y.; Pu, Q.; Zhang, H.; Zhang, H.; Yu, J. A Reverse Transcription Recombinase-Aided Amplification
Method for Rapid and Point-of-Care Detection of SARS-CoV-2, Including Variants. Viruses 2021, 13, 1875. [CrossRef]

Miiller, K.; Dafien, S.; Holowachuk, S.; Zwirglmaier, K.; Stehr, J.; Buersgens, E; Ullerich, L.; Stoecker, K. Pulse-Controlled
Amplification—a New Powerful Tool for Front-Line Diagnostics. MedRxiv 2020. [CrossRef]

Zwirglmaier, K.; Weyh, M.; Krueger, C.; Ehmann, R.; Mueller, K.; Woelfel, R.; Stoecker, K. Rapid Detection of SARS-CoV-2 by
Pulse-Controlled Amplification (PCA). J. Virol. Methods 2021, 290, 114083. [CrossRef] [PubMed]

Hajian, R.; Balderston, S.; Tran, T.; DeBoer, T.; Etienne, J.; Sandhu, M.; Wauford, N.A.; Chung, J.-Y.; Nokes, J.; Athaiya, M.
Detection of Unamplified Target Genes via CRISPR-Cas9 Immobilized on a Graphene Field-Effect Transistor. Nat. Biomed. Eng.
2019, 3, 427-437. [CrossRef] [PubMed]

Gootenberg, ].S.; Abudayyeh, O.O.; Lee, ].W.; Essletzbichler, P.; Dy, A.]J; Joung, J.; Verdine, V.; Donghia, N.; Daringer, N.M.;
Freije, C.A. Nucleic Acid Detection with CRISPR-Cas13a/C2c2. Science 2017, 356, 438—442. [CrossRef] [PubMed]

Li, S.-Y;; Cheng, Q.-X.; Wang, J.-M.; Li, X.-Y.; Zhang, Z.-L.; Gao, S.; Cao, R.-B.; Zhao, G.-P.; Wang, J. CRISPR-Cas12a-Assisted
Nucleic Acid Detection. Cell Discov. 2018, 4, 20. [CrossRef]

Chen, ].S.; Ma, E.; Harrington, L.B.; Da Costa, M.; Tian, X.; Palefsky, ].M.; Doudna, J.A. CRISPR-Cas12a Target Binding Unleashes
Indiscriminate Single-Stranded DNase Activity. Science 2018, 360, 436—439. [CrossRef]

Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual-RNA-Guided DNA
Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816-821. [CrossRef]

Zhang, F.; Abudayyeh, O.0.; Gootenberg, ].S. A Protocol for Detection of COVID-19 Using CRISPR Diagnostics. Protoc. Detect.
COVID-19 Using CRISPR Diagn. 2020, 8.

Pradhan, A.; Lahare, P,; Sinha, P; Singh, N.; Gupta, B.; Kuca, K.; Ghosh, K.K.; Krejcar, O. Biosensors as Nano-Analytical Tools for
COVID-19 Detection. Sensors 2021, 21, 7823. [CrossRef]

Xiong, E; Jiang, L.; Tian, T.; Hu, M.; Yue, H.; Huang, M.; Lin, W,; Jiang, Y.; Zhu, D.; Zhou, X. Simultaneous Dual-gene Diagnosis
of SARS-CoV-2 Based on CRISPR/Cas9-mediated Lateral Flow Assay. Angew. Chem. Int. Ed. 2021, 60, 5307-5315. [CrossRef]
Pockrand, I.; Swalen, J.; Gordon, J.; Philpott, M. Surface Plasmon Spectroscopy of Organic Monolayer Assemblies. Surf. Sci. 1978,
74,237-244. [CrossRef]

Qiu, G; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, ]. Dual-Functional Plasmonic Photothermal Biosensors for Highly
Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano 2020, 14, 5268-5277. [CrossRef]

Dai, Y; Liu, C.C. Recent Advances on Electrochemical Biosensing Strategies toward Universal Point-of-care Systems. Angeuw.
Chem. 2019, 131, 12483-12496. [CrossRef]

Labib, M.; Sargent, E.H.; Kelley, S.O. Electrochemical Methods for the Analysis of Clinically Relevant Biomolecules. Chem. Rev.
2016, 116, 9001-9090. [CrossRef]

Zhang, H.; Miller, B.L. Inmunosensor-Based Label-Free and Multiplex Detection of Influenza Viruses: State of the Art. Biosens.
Bioelectron. 2019, 141, 111476. [CrossRef]

Kashefi-Kheyrabadi, L.; Nguyen, H.V,; Go, A.; Baek, C.; Jang, N.; Lee, ].M.; Cho, N.-H.; Min, J.; Lee, M.-H. Rapid, Multiplexed,
and Nucleic Acid Amplification-Free Detection of SARS-CoV-2 RNA Using an Electrochemical Biosensor. Biosens. Bioelectron.
2022, 195, 113649. [CrossRef]

Zhao, H.; Liu, F; Xie, W.; Zhou, T.-C.; OuYang, J.; Jin, L.; Li, H.; Zhao, C.-Y.; Zhang, L.; Wei, ].; et al. Ultrasensitive Supersandwich-
Type Electrochemical Sensor for SARS-CoV-2 from the Infected COVID-19 Patients Using a Smartphone. Sens. Actuators B Chem.
2021, 327, 128899. [CrossRef]

Peng, Y.; Pan, Y;; Sun, Z.; Li, J.; Yi, Y.; Yang, J.; Li, G. An Electrochemical Biosensor for Sensitive Analysis of the SARS-CoV-2 RNA.
Biosens. Bioelectron. 2021, 186, 113309. [CrossRef]

Heo, W,; Lee, K; Park, S.; Hyun, K.-A.; Jung, H.-I. Electrochemical Biosensor for Nucleic Acid Amplification-Free and Sensitive
Detection of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) RNA via CRISPR/Cas13a Trans-Cleavage Reaction.
Biosens. Bioelectron. 2022, 201, 113960. [CrossRef]

Najjar, D.; Rainbow, J.; Sharma Timilsina, S.; Jolly, P.; de Puig, H.; Yafia, M.; Durr, N.; Sallum, H.; Alter, G.; Li, J.Z,; et al. A
Lab-on-a-Chip for the Concurrent Electrochemical Detection of SARS-CoV-2 RNA and Anti-SARS-CoV-2 Antibodies in Saliva
and Plasma. Nat. Biomed. Eng. 2022, 6, 968-978. [CrossRef]

Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, S. Development of a Portable, Ultra-Rapid and Ultra-Sensitive Cell-Based
Biosensor for the Direct Detection of the SARS-CoV-2 S1 Spike Protein Antigen. Sensors 2020, 20, 3121. [CrossRef]


http://doi.org/10.1186/s12879-019-3814-9
http://doi.org/10.1016/j.diagmicrobio.2017.10.005
http://doi.org/10.3389/fcimb.2021.613304
http://doi.org/10.3390/v13091875
http://doi.org/10.1101/2020.07.01.20144097
http://doi.org/10.1016/j.jviromet.2021.114083
http://www.ncbi.nlm.nih.gov/pubmed/33515664
http://doi.org/10.1038/s41551-019-0371-x
http://www.ncbi.nlm.nih.gov/pubmed/31097816
http://doi.org/10.1126/science.aam9321
http://www.ncbi.nlm.nih.gov/pubmed/28408723
http://doi.org/10.1038/s41421-018-0028-z
http://doi.org/10.1126/science.aar6245
http://doi.org/10.1126/science.1225829
http://doi.org/10.3390/s21237823
http://doi.org/10.1002/anie.202014506
http://doi.org/10.1016/0039-6028(78)90283-2
http://doi.org/10.1021/acsnano.0c02439
http://doi.org/10.1002/ange.201901879
http://doi.org/10.1021/acs.chemrev.6b00220
http://doi.org/10.1016/j.bios.2019.111476
http://doi.org/10.1016/j.bios.2021.113649
http://doi.org/10.1016/j.snb.2020.128899
http://doi.org/10.1016/j.bios.2021.113309
http://doi.org/10.1016/j.bios.2021.113960
http://doi.org/10.1038/s41551-022-00919-w
http://doi.org/10.3390/s20113121

Biosensors 2022, 12, 898 23 of 25

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

Fabiani, L.; Saroglia, M.; Galata, G.; De Santis, R.; Fillo, S.; Luca, V.; Faggioni, G.; D’Amore, N.; Regalbuto, E.; Salvatori, P.
Magnetic Beads Combined with Carbon Black-Based Screen-Printed Electrodes for COVID-19: A Reliable and Miniaturized
Electrochemical Immunosensor for SARS-CoV-2 Detection in Saliva. Biosens. Bioelectron. 2021, 171, 112686. [CrossRef]

Zhang, X.; Qi, Q.; Jing, Q.; Ao, S.; Zhang, Z.; Ding, M.; Wu, M.; Liu, K.; Wang, W.; Ling, Y. Electrical Probing of COVID-19 Spike
Protein Receptor Binding Domain via a Graphene Field-Effect Transistor. arXiv 2020, arXiv200312529.

Raziq, A.; Kidakova, A.; Boroznjak, R.; Reut, J.; Opik, A.; Syritski, V. Development of a Portable MIP-Based Electrochemical
Sensor for Detection of SARS-CoV-2 Antigen. Biosens. Bioelectron. 2021, 178, 113029. [CrossRef]

Xu, ].; Suo, W.; Goulev, Y.; Sun, L.; Kerr, L.; Paulsson, J.; Zhang, Y.; Lao, T. Handheld Microfluidic Filtration Platform Enables
Rapid, Low-Cost, and Robust Self-Testing of SARS-CoV-2 Virus. Small 2021, 17, 2104009. [CrossRef]

Eissa, S.; Alhadrami, H.A.; Al-Mozaini, M.; Hassan, A.M.; Zourob, M. Voltammetric-Based Immunosensor for the Detection of
SARS-CoV-2 Nucleocapsid Antigen. Microchim. Acta 2021, 188, 199. [CrossRef]

Peng, R.; Pan, Y.; Li, Z.; Qin, Z.; Rini, ].M.; Liu, X. SPEEDS: A Portable Serological Testing Platform for Rapid Electrochemical
Detection of SARS-CoV-2 Antibodies. Biosens. Bioelectron. 2022, 197, 113762. [CrossRef]

Li, Z; Yi, Y,; Luo, X,; Xiong, N.; Liu, Y.; Li, S.; Sun, R.; Wang, Y.; Hu, B.; Chen, W. Development and Clinical Application of a
Rapid IgM-IgG Combined Antibody Test for SARS-CoV-2 Infection Diagnosis. J. Med. Virol. 2020, 92, 1518-1524. [CrossRef]
Bian, S.; Shang, M.; Sawan, M. Rapid Biosensing SARS-CoV-2 Antibodies in Vaccinated Healthy Donors. Biosens. Bioelectron. 2022,
204, 114054. [CrossRef]

Lee, J.-H.; Lee, Y.; Lee, S.K.; Kim, J.; Lee, C.-S.; Kim, N.H.; Kim, H.G. Versatile Role of ACE2-Based Biosensors for Detection of
SARS-CoV-2 Variants and Neutralizing Antibodies. Biosens. Bioelectron. 2022, 203, 114034. [CrossRef]

Li, J.; Concellén, A.; Yoshinaga, K.; Nelson, Z.; He, Q.; Swager, T.M. Janus Emulsion Biosensors for Anti-SARS-CoV-2 Spike
Antibody. ACS Cent. Sci. 2021, 7, 1166-1175. [CrossRef] [PubMed]

Funari, R.; Chu, K.-Y.;; Shen, A.Q. Detection of Antibodies against SARS-CoV-2 Spike Protein by Gold Nanospikes in an
Opto-Microfluidic Chip. Biosens. Bioelectron. 2020, 169, 112578. [CrossRef] [PubMed]

Rahmati, Z.; Roushani, M.; Hosseini, H.; Choobin, H. An Electrochemical Immunosensor Using SARS-CoV-2 Spike Protein-Nickel
Hydroxide Nanoparticles Bio-Conjugate Modified SPCE for Ultrasensitive Detection of SARS-CoV-2 Antibodies. Microchem. ].
2021, 170, 106718. [CrossRef] [PubMed]

Flores-Contreras, E.A.; Gonzalez-Gonzélez, R.B.; Rodriguez-Sanchez, I.P.; Yee-de Leon, ].E; Igbal, H.M.; Gonzélez-Gonzalez, E.
Microfluidics-Based Biosensing Platforms: Emerging Frontiers in Point-of-Care Testing SARS-CoV-2 and Seroprevalence.
Biosensors 2022, 12, 179. [CrossRef] [PubMed]

Drobysh, M.; Ramanaviciene, A.; Viter, R.; Ramanavicius, A. Affinity Sensors for the Diagnosis of COVID-19. Micromachines 2021,
12, 390. [CrossRef]

Xu, L,; Li, D.; Ramadan, S.; Li, Y.; Klein, N. Facile Biosensors for Rapid Detection of COVID-19. Biosens. Bioelectron. 2020,
170, 112673. [CrossRef]

Khaksarinejad, R.; Arabpour, Z.; RezaKhani, L.; Parvizpour, F; Rasmi, Y. Biomarker Based Biosensors: An Opportunity for
Diagnosis of COVID-19. Rev. Med. Virol. 2022, 32, €2356. [CrossRef]

Mekonnen, D.; Mengist, HM.; Derbie, A.; Nibret, E.; Munshea, A.; He, H.; Li, B.; Jin, T. Diagnostic Accuracy of Serological Tests
and Kinetics of Severe Acute Respiratory Syndrome Coronavirus 2 Antibody: A Systematic Review and Meta-analysis. Rev. Med.
Virol. 2021, 31, €2181. [CrossRef]

Ihling, C.; Tanzler, D.; Hagemann, S.; Kehlen, A.; Huttelmaier, S.; Arlt, C.; Sinz, A. Mass Spectrometric Identification of
SARS-CoV-2 Proteins from Gargle Solution Samples of COVID-19 Patients. J. Proteome Res. 2020, 19, 4389-4392. [CrossRef]

Seo, G.; Lee, G.; Kim, M.].; Baek, S.-H.; Choi, M.; Ku, K.B,; Lee, C.-S.; Jun, S.; Park, D.; Kim, H.G. Rapid Detection of COVID-19
Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based Biosensor. ACS
Nano 2020, 14, 5135-5142. [CrossRef]

Lee, J.-H.; Choi, M.; Jung, Y.; Lee, S.K,; Lee, C.-S.; Kim, J.; Kim, J.; Kim, N.H.; Kim, B.-T.; Kim, H.G. A Novel Rapid Detection for
SARS-CoV-2 Spike 1 Antigens Using Human Angiotensin Converting Enzyme 2 (ACE2). Biosens. Bioelectron. 2021, 171, 112715.
[CrossRef]

Shao, W.; Shurin, M.R.; Wheeler, S.E.; He, X.; Star, A. Rapid Detection of SARS-CoV-2 Antigens Using High-Purity Semiconducting
Single-Walled Carbon Nanotube-Based Field-Effect Transistors. ACS Appl. Mater. Interfaces 2021, 13, 10321-10327. [CrossRef]
Tiwari, A.K.; Mishra, A.; Pandey, G.; Gupta, M.K.; Pandey, P.C. Nanotechnology: A Potential Weapon to Fight against COVID-19.
Part. Part. Syst. Charact. 2022, 39, 2100159. [CrossRef]

Samson, R.; Navale, G.R.; Dharne, M.S. Biosensors: Frontiers in Rapid Detection of COVID-19. 3 Biotech 2020, 10, 385. [CrossRef]
Mollarasouli, F.; Zare-Shehneh, N.; Ghaedi, M. A Review on Corona Virus Disease 2019 (COVID-19): Current Progress, Clinical
Features and Bioanalytical Diagnostic Methods. Microchim. Acta 2022, 189, 103. [CrossRef]

Mahari, S.; Roberts, A.; Shahdeo, D.; Gandhi, S. ECovSens-Ultrasensitive Novel In-House Built Printed Circuit Board Based
Electrochemical Device for Rapid Detection of NCovid-19 Antigen, a Spike Protein Domain 1 of SARS-CoV-2. BioRxiv 2020.
[CrossRef]

Yang, Y.; Murray, J.; Haverstick, J.; Tripp, R.A.; Zhao, Y. Silver Nanotriangle Array Based LSPR Sensor for Rapid Coronavirus
Detection. Sens. Actuators B Chem. 2022, 359, 131604. [CrossRef]


http://doi.org/10.1016/j.bios.2020.112686
http://doi.org/10.1016/j.bios.2021.113029
http://doi.org/10.1002/smll.202104009
http://doi.org/10.1007/s00604-021-04867-1
http://doi.org/10.1016/j.bios.2021.113762
http://doi.org/10.1002/jmv.25727
http://doi.org/10.1016/j.bios.2022.114054
http://doi.org/10.1016/j.bios.2022.114034
http://doi.org/10.1021/acscentsci.1c00173
http://www.ncbi.nlm.nih.gov/pubmed/34341770
http://doi.org/10.1016/j.bios.2020.112578
http://www.ncbi.nlm.nih.gov/pubmed/32911317
http://doi.org/10.1016/j.microc.2021.106718
http://www.ncbi.nlm.nih.gov/pubmed/34381282
http://doi.org/10.3390/bios12030179
http://www.ncbi.nlm.nih.gov/pubmed/35323449
http://doi.org/10.3390/mi12040390
http://doi.org/10.1016/j.bios.2020.112673
http://doi.org/10.1002/rmv.2356
http://doi.org/10.1002/rmv.2181
http://doi.org/10.1021/acs.jproteome.0c00280
http://doi.org/10.1021/acsnano.0c02823
http://doi.org/10.1016/j.bios.2020.112715
http://doi.org/10.1021/acsami.0c22589
http://doi.org/10.1002/ppsc.202100159
http://doi.org/10.1007/s13205-020-02369-0
http://doi.org/10.1007/s00604-022-05167-y
http://doi.org/10.1101/2020.04.24.059204
http://doi.org/10.1016/j.snb.2022.131604

Biosensors 2022, 12, 898 24 of 25

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

To, KK.-W.; Tsang, O.T.-Y.; Leung, W.-S.; Tam, A.R.; Wu, T.-C.; Lung, D.C,; Yip, C.C.-Y;; Cai, J.-P.; Chan, ]. M.-C.; Chik, T.S.-H.
Temporal Profiles of Viral Load in Posterior Oropharyngeal Saliva Samples and Serum Antibody Responses during Infection by
SARS-CoV-2: An Observational Cohort Study. Lancet Infect. Dis. 2020, 20, 565-574. [CrossRef]

Mattioli, I.A.; Hassan, A.; Oliveira, O.N., Jr.; Crespilho, EN. On the Challenges for the Diagnosis of SARS-CoV-2 Based on a
Review of Current Methodologies. ACS Sens. 2020, 5, 3655-3677. [CrossRef] [PubMed]

Xiang, F; Wang, X.; He, X.; Peng, Z.; Yang, B.; Zhang, ].; Zhou, Q.; Ye, H,; Ma, Y.; Li, H. Antibody Detection and Dynamic
Characteristics in Patients with Coronavirus Disease 2019. Clin. Infect. Dis. 2020, 71, 1930-1934. [CrossRef]

Lv, H.; Wu, N.C; Tsang, O.T.-Y; Yuan, M,; Perera, R.A.; Leung, W.S.; So, R.T.; Chan, ] M.C,; Yip, G.K; Chik, T.S.H. Cross-Reactive
Antibody Response between SARS-CoV-2 and SARS-CoV Infections. Cell Rep. 2020, 31, 107725. [CrossRef]

Yakoh, A.; Pimpitak, U.; Rengpipat, S.; Hirankarn, N.; Chailapakul, O.; Chaiyo, S. Based Electrochemical Biosensor for Diagnosing
COVID-19: Detection of SARS-CoV-2 Antibodies and Antigen. Biosens. Bioelectron. 2021, 176, 112912. [CrossRef] [PubMed]
Yousefi, H.; Mahmud, A.; Chang, D.; Das, J.; Gomis, S.; Chen, ].B.; Wang, H.; Been, T.; Yip, L.; Coomes, E.; et al. Detection
of SARS-CoV-2 Viral Particles Using Direct, Reagent-Free Electrochemical Sensing. J. Am. Chem. Soc. 2021, 143, 1722-1727.
[CrossRef] [PubMed]

Bayin, Q.; Huang, L.; Ren, C.; Fu, Y.; Ma, X; Guo, J. Anti-SARS-CoV-2 IgG and IgM Detection with a GMR Based LFIA System.
Talanta 2021, 227, 122207. [CrossRef] [PubMed]

Chen, P-Y.;; Ko, C.-H.; Wang, C.J.; Chen, C.-W.,; Chiu, W.-H.; Hong, C.; Cheng, H.-M.; Wang, 1.-J. The Early Detection of
Immunoglobulins via Optical-Based Lateral Flow Immunoassay Platform in COVID-19 Pandemic. PLoS ONE 2021, 16, e0254486.
[CrossRef]

Liu, H,; Dai, E.; Xiao, R.; Zhou, Z.; Zhang, M.; Bai, Z.; Shao, Y.; Qi, K; Tu, J.; Wang, C.; et al. Development of a SERS-Based Lateral
Flow Immunoassay for Rapid and Ultra-Sensitive Detection of Anti-SARS-CoV-2 IgM/IgG in Clinical Samples. Sens. Actuators B
Chem. 2021, 329, 129196. [CrossRef]

Xu, Y.; Chen, C.; Lai, H.; He, Y.; Guo, G.; Feng, ].; Li, L. Determination of Human COVID-19 Total Antibodies in Serum Using a
Time-Resolved Fluorescence Immunoassay. Biotechnol. Appl. Biochem. 2022, 69, 1474-1481. [CrossRef]

Lin, Q.; Wen, D.; Wu, J.; Liu, L.; Wu, W,; Fang, X.; Kong, J. Microfluidic Immunoassays for Sensitive and Simultaneous Detection
of IgG/IgM/Antigen of SARS-CoV-2 within 15 Min. Anal. Chem. 2020, 92, 9454-9458. [CrossRef]

Masterson, A.N.; Muhoberac, B.B.; Gopinadhan, A.; Wilde, D.J.; Deiss, FT.; John, C.C.; Sardar, R. Multiplexed and High-
Throughput Label-Free Detection of RNA /Spike Protein/IgG/IgM Biomarkers of SARS-CoV-2 Infection Utilizing Nanoplasmonic
Biosensors. Anal. Chem. 2021, 93, 8754-8763. [CrossRef]

Kang, H.; Wang, X.; Guo, M,; Dai, C.; Chen, R; Yang, L.; Wu, Y,; Ying, T.; Zhu, Z.; Wei, D.; et al. Ultrasensitive Detection of
SARS-CoV-2 Antibody by Graphene Field-Effect Transistors. Nano Lett. 2021, 21, 7897-7904. [CrossRef]

Udugama, B.; Kadhiresan, P.; Kozlowski, H.N.; Malekjahani, A.; Osborne, M.; Li, V.Y.; Chen, H.; Mubareka, S.; Gubbay, ].B.; Chan,
W.C. Diagnosing COVID-19: The Disease and Tools for Detection. ACS Nano 2020, 14, 3822-3835. [CrossRef]

Aynaud, M.-M.; Hernandez, ] .J.; Barutcu, S.; Braunschweig, U.; Chan, K.; Pearson, J.D.; Trcka, D.; Prosser, S.L.; Kim, J.; Barrios-
Rodiles, M.; et al. A Multiplexed, next Generation Sequencing Platform for High-Throughput Detection of SARS-CoV-2. Nat.
Commun. 2021, 12, 1405. [CrossRef]

Broughton, ].P.; Deng, X.; Yu, G.; Fasching, C.L.; Servellita, V.; Singh, J.; Miao, X.; Streithorst, J.A.; Granados, A.; Sotomayor-
Gonzalez, A. CRISPR-Cas12-Based Detection of SARS-CoV-2. Nat. Biotechnol. 2020, 38, 870-874. [CrossRef]

Huang, Z.; Tian, D.; Liu, Y,; Lin, Z.; Lyon, C.J.; Lai, W.; Fusco, D.; Drouin, A.; Yin, X.; Hu, T. Ultra-Sensitive and High-Throughput
CRISPR-p Owered COVID-19 Diagnosis. Biosens. Bioelectron. 2020, 164, 112316. [CrossRef]

He, Y; Xie, T.; Tong, Y. Rapid and Highly Sensitive One-Tube Colorimetric RT-LAMP Assay for Visual Detection of SARS-CoV-2
RNA. Biosens. Bioelectron. 2021, 187, 113330. [CrossRef]

Huang, WE.; Lim, B.; Hsu, C.; Xiong, D.; Wu, W.; Yu, Y,; Jia, H.; Wang, Y.; Zeng, Y.; Ji, M. RT-LAMP for Rapid Diagnosis of
Coronavirus SARS-CoV-2. Microb. Biotechnol. 2020, 13, 950-961. [CrossRef]

Kermali, M.; Khalsa, R.K; Pillai, K.; Ismail, Z.; Harky, A. The Role of Biomarkers in Diagnosis of COVID-19—A Systematic
Review. Life Sci. 2020, 254, 117788. [CrossRef]

Battaglini, D.; Lopes-Pacheco, M.; Castro-Faria-Neto, H.C.; Pelosi, P.; Rocco, P.R. Laboratory Biomarkers for Diagnosis and
Prognosis in COVID-19. Front. Immunol. 2022, 13, 857573. [CrossRef]

Etienne, E.E.; Nunna, B.B.; Talukder, N.; Wang, Y.; Lee, E.S. COVID-19 Biomarkers and Advanced Sensing Technologies for
Point-of-Care (POC) Diagnosis. Bioengineering 2021, 8, 98. [CrossRef]

Moein, S.T.; Hashemian, S.M.; Mansourafshar, B.; Khorram-Tousi, A.; Tabarsi, P.; Doty, R.L. Smell Dysfunction: A Biomarker for
COVID-19; Wiley Online Library: Hoboken, NJ, USA, 2020; Volume 10, pp. 944-950.

Ulloque-Badaracco, J.R.; Ivan Salas-Tello, W.; Al-kassab-Cérdova, A.; Alarcon-Braga, E.A.; Benites-Zapata, V.A.; Maguifia, ].L.;
Hernandez, A.V. Prognostic Value of Neutrophil-to-lymphocyte Ratio in COVID-19 Patients: A Systematic Review and Meta-
analysis. Int. ]. Clin. Pract. 2021, 75, €14596. [CrossRef]

De Marzo, V.; Di Biagio, A.; Della Bona, R.; Vena, A.; Arboscello, E.; Emirjona, H.; Mora, S.; Giacomini, M.; Da Rin, G.; Pelosi, P.
Prevalence and Prognostic Value of Cardiac Troponin in Elderly Patients Hospitalized for COVID-19. ]. Geriatr. Cardiol. JGC 2021,
18, 338.


http://doi.org/10.1016/S1473-3099(20)30196-1
http://doi.org/10.1021/acssensors.0c01382
http://www.ncbi.nlm.nih.gov/pubmed/33267587
http://doi.org/10.1093/cid/ciaa461
http://doi.org/10.1016/j.celrep.2020.107725
http://doi.org/10.1016/j.bios.2020.112912
http://www.ncbi.nlm.nih.gov/pubmed/33358057
http://doi.org/10.1021/jacs.0c10810
http://www.ncbi.nlm.nih.gov/pubmed/33481575
http://doi.org/10.1016/j.talanta.2021.122207
http://www.ncbi.nlm.nih.gov/pubmed/33714475
http://doi.org/10.1371/journal.pone.0254486
http://doi.org/10.1016/j.snb.2020.129196
http://doi.org/10.1002/bab.2219
http://doi.org/10.1021/acs.analchem.0c01635
http://doi.org/10.1021/acs.analchem.0c05300
http://doi.org/10.1021/acs.nanolett.1c00837
http://doi.org/10.1021/acsnano.0c02624
http://doi.org/10.1038/s41467-021-21653-y
http://doi.org/10.1038/s41587-020-0513-4
http://doi.org/10.1016/j.bios.2020.112316
http://doi.org/10.1016/j.bios.2021.113330
http://doi.org/10.1111/1751-7915.13586
http://doi.org/10.1016/j.lfs.2020.117788
http://doi.org/10.3389/fimmu.2022.857573
http://doi.org/10.3390/bioengineering8070098
http://doi.org/10.1111/ijcp.14596

Biosensors 2022, 12, 898 25 of 25

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Poudel, A.; Poudel, Y.; Adhikari, A.; Aryal, B.B.; Dangol, D.; Bajracharya, T.; Maharjan, A.; Gautam, R. D-Dimer as a Biomarker for
Assessment of COVID-19 Prognosis: D-Dimer Levels on Admission and Its Role in Predicting Disease Outcome in Hospitalized
Patients with COVID-19. PLoS ONE 2021, 16, €0256744. [CrossRef] [PubMed]

Tepasse, P.-R.; Vollenberg, R.; Fobker, M.; Kabar, I.; Schmidt, H.; Meier, ].A.; Nowacki, T.; Hiising-Kabar, A. Vitamin A Plasma
Levels in COVID-19 Patients: A Prospective Multicenter Study and Hypothesis. Nutrients 2021, 13, 2173. [CrossRef] [PubMed]
Alhadrami, H.A.; Hassan, A.M.; Chinnappan, R.; Al-Hadrami, H.; Abdulaal, W.H.; Azhar, E.I.; Zourob, M. Peptide Substrate
Screening for the Diagnosis of SARS-CoV-2 Using Fluorescence Resonance Energy Transfer (FRET) Assay. Microchim. Acta 2021,
188, 137. [CrossRef] [PubMed]

Kumar, A.; Gupta, PK,; Srivastava, A. A Review of Modern Technologies for Tackling COVID-19 Pandemic. Diabetes Metab. Syndr.
Clin. Res. Rev. 2020, 14, 569-573. [CrossRef]

Taniguchi, M.; Minami, S.; Ono, C.; Hamajima, R.; Morimura, A.; Hamaguchi, S.; Akeda, Y.; Kanai, Y.; Kobayashi, T.; Kamitani, W.
Combining Machine Learning and Nanopore Construction Creates an Artificial Intelligence Nanopore for Coronavirus Detection.
Nat. Commun. 2021, 12, 3726. [CrossRef]

Fortunati, S.; Giliberti, C.; Giannetto, M.; Bolchi, A.; Ferrari, D.; Donofrio, G.; Bianchi, V.; Boni, A.; De Munari, I.; Careri, M. Rapid
Quantification of SARS-Cov-2 Spike Protein Enhanced with a Machine Learning Technique Integrated in a Smart and Portable
Immunosensor. Biosensors 2022, 12, 426. [CrossRef]

Joshi, N.; Shukla, S.; Narayan, R.J. Novel Photonic Methods for Diagnosis of SARS-CoV-2 Infection. Transl. Biophotonics 2022,
4,€202200001. [CrossRef]

Pan, Y,; Long, L.; Zhang, D.; Yuan, T.; Cui, S.; Yang, P.; Wang, Q.; Ren, S. Potential False-Negative Nucleic Acid Testing Results for
Severe Acute Respiratory Syndrome Coronavirus 2 from Thermal Inactivation of Samples with Low Viral Loads. Clin. Chem.
2020, 66, 794-801. [CrossRef]

Eissa, S. Diagnostic Biosensors for Coronaviruses and Recent Developments. In Advanced Biosensors for Virus; Academic Press:
Cambridge, MA, USA, 2022; pp. 261-278. [CrossRef]

Ponti, G.; Maccaferri, M.; Ruini, C.; Tomasi, A.; Ozben, T. Biomarkers Associated with COVID-19 Disease Progression. Crit. Rev.
Clin. Lab. Sci. 2020, 57, 389-399. [CrossRef]

Valero, J.; Civit, L.; Dupont, D.M.; Selnihhin, D.; Reinert, L.S.; Idorn, M.; Israels, B.A.; Bednarz, A.M.; Bus, C.; Asbach, B. A
Serum-Stable RNA Aptamer Specific for SARS-CoV-2 Neutralizes Viral Entry. Proc. Natl. Acad. Sci. USA 2021, 118, €2112942118.
[CrossRef]

Dzuvor, C.K,; Tettey, E.L.; Danquah, M.K. Aptamers as Promising Nanotheranostic Tools in the COVID-19 Pandemic Era. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2022, 14, e1785. [CrossRef]

Naikoo, G.A.; Arshad, F; Hassan, I.U.; Awan, T.,; Salim, H.; Pedram, M.Z.; Ahmed, W.; Patel, V.; Karakoti, A.S.; Vinu, A.
Nanomaterials-based Sensors for the Detection of COVID-19: A Review. Bioeng. Transl. Med. 2022, 7, e10305. [CrossRef]


http://doi.org/10.1371/journal.pone.0256744
http://www.ncbi.nlm.nih.gov/pubmed/34437642
http://doi.org/10.3390/nu13072173
http://www.ncbi.nlm.nih.gov/pubmed/34202697
http://doi.org/10.1007/s00604-021-04766-5
http://www.ncbi.nlm.nih.gov/pubmed/33763734
http://doi.org/10.1016/j.dsx.2020.05.008
http://doi.org/10.1038/s41467-021-24001-2
http://doi.org/10.3390/bios12060426
http://doi.org/10.1002/tbio.202200001
http://doi.org/10.1093/clinchem/hvaa091
http://doi.org/10.1016/B978-0-12-824494-4.00008-4
http://doi.org/10.1080/10408363.2020.1770685
http://doi.org/10.1073/pnas.2112942118
http://doi.org/10.1002/wnan.1785
http://doi.org/10.1002/btm2.10305

	Introduction 
	Conventional Methods for Detecting SARS-CoV-2 
	Principles and Application of Biosensors 
	Biomarkers in COVID-19 
	Nucleic Acid-Based Biosensors 
	Biosensors for the Detection of Antigens (Proteins) 
	Biosensors for the Detection of Antibodies 

	Currently Applied Biomarker Detection Methods in COVID-19 Diagnosis 
	Other Biomarkers for COVID-19 Diagnosis 
	Artificial Intelligence (AI) and Internet of Things (IoT) in COVID-19 Detection 
	Challenges and Future Prospective 
	References

