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Abstract: The deadly Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) outbreak
has become one of the most challenging pandemics in the last century. Clinical diagnosis reports
a high infection rate within a large population and a rapid mutation rate upon every individual
infection. The polymerase chain reaction has been a powerful and gold standard molecular diagnostic
technique over the past few decades and hence a promising tool to detect the SARS-CoV-2 nucleic
acid sequences. However, it can be costly and involved in complicated processes with a high demand
for on-site tests. This pandemic emphasizes the critical need for designing cost-effective and fast
diagnosis strategies to prevent a potential viral source by ultrasensitive and selective biosensors.
Two-dimensional (2D) transition metal dichalcogenide (TMD) nanocomposites have been developed
with unique physical and chemical properties crucial for building up nucleic acid and protein
biosensors. In this review, we cover various types of 2D TMD biosensors available for virus detection
via the mechanisms of photoluminescence/optical, field-effect transistor, surface plasmon resonance,
and electrochemical signals. We summarize the current state-of-the-art applications of 2D TMD
nanocomposite systems for sensing proteins/nucleic acid from different types of lethal viruses.
Finally, we identify and discuss the advantages and limitations of TMD-based nanocomposites

biosensors for viral recognition.

Keywords: transition metal dichalcogenide; nanocomposites; SARS-CoV-2; biosensors

1. Introduction
1.1. Origin and Discovery of Viruses

In 1892, a Russian botanist, Dmitri Ivanovsky, discovered a non-bacterial pathogen
infecting tobacco plants [1]. This pathogen was later confirmed to be the tobacco mosaic
virus by a microbiologist, Martinus Beijerinck, in 1898 [2]. Nowadays, over 6000 virus
species have been discovered with extremely small in size (~20-400 nm), and the viruses can
only be observed employing electron microscopy. The origins of viruses in the evolutionary
history of life are unclear. It has been postulated that the viruses acquired the ancient
structures preceding the divergence of life forms into Bacteria, Archaea, and Eukarya [3].

Viruses exist in the form of independent particles with no metabolic activities and
consist of (i) genetic materials, including long molecules single- or double-stranded DNA
(ssDNA or dsDNA), or single stranded-RNA (ssRNA) that encode the structural com-
ponents, (ii) protein coats (capsid) and in some cases (iii) outer envelope of lipids [4].
The virus particle morphology ranges from helical, icosahedral, spherical, and even more
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complex structures, which may imply the potential viral behaviour and function [5]. Once
a virus infects a host cell, the virus adopts a mechanism to force the host cell to replicate
thousands of identical copies of the original virus, leading to the death of the host cell by
cytopathic effects [6]. This cycle will be repeated after the replicated viruses infecting new
host cells unless triggering adequate immune cells (adaptive immune system) to encounter
the pathogens. Thus far, viruses can be harmful and potentially lethal to humans.

1.2. The Pandemic

In 1960, coronavirus was first identified to be a family of enveloped, single-stranded,
positive-sense, and highly diverse RNA viruses, including human coronavirus HKU1
(hCoV-HKU1), hCoV-OC43, hCoV-NL63, and hCoV-229E [7]. They were gradually rec-
ognized as a cause of common cold (5-30%), leading to mild and non-fatal symptoms in
humans [8]. However, in 2002, the coronavirus acquired a mutated form that caused the
outbreak of severe acute respiratory syndrome (SARS), mainly identified in Guangdong-
related regions and Hong Kong, China, and 28 different countries and territories [9]. This
outbreak caused over 8000 infections and at least 774 deaths worldwide from 2002 to
2004 (~10% death rate) [10]. In 2012, a similar form of coronavirus causing Middle East
respiratory syndrome (MERS) was first identified, and most infected cases occurred in
Arabian Peninsula [11]. Large outbreaks of MERS also occurred in Southern Korea in 2015
and in Saudi Arabia in 2018. Although the MERS outbreak is not frequently occurred, it has
never ended despite the pandemic scale. Until March 2021, the total confirmed cases were
2574, but the death number was 885 (~34% death rate) [12]. Unfortunately, an exceptionally
huge pandemic—coronavirus disease 2019 (COVID-19) has been caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in late 2019 and was initially discovered
in Wuhan, China, and swiftly spread across the world [13]. It is described as a successor to
SARS-CoV-1 (SARS outbreak in 2002-2004) and has caused more than 113 million COVID-
19 confirmed cases, including 2.5 million deaths worldwide (~2% death rate) documented
in February 2021 [13]. Such pandemic is still ongoing, and SARS-CoV-2 remains highly
infectious through different transmissions due to the mutation-mediated adaptation for
infection of the intermediated civet host as well as interhuman transmission [14]. Hence,
medical personnel and researchers have been inventing different solutions to fight against
pandemics nowadays. Also, many countries have adopted a lockdown policy to prevent
disease outbreaks. Thus far, such pandemic has been negatively influencing both world-
wide public health and the economy. Although several currently available SARS-CoV-2
vaccines show protective efficacy, they may not address the rapid viral mutation rate con-
cerns because the efficacy of the antibody responses induced by the original strain against
the mutation strain is questionable [15]. Therefore, the current cost-effective method for
minimizing the pandemics is to utilize promising diagnostic tools to screen out the infected
patients to isolate another potential viral source and prevent the outbreak.

Despite the aforementioned three documented highly pathogenic and lethal hCoVs,
other chronic/life-threatening human diseases such as hepatitis and cancers caused by
hepatitis B and C virus [16], acquired immunodeficiency syndromes (AIDS) caused by
human immunodeficiency viruses (HIV) [17], Zika fever caused by Zika virus (ZIKV) [18],
and deadly Ebola virus disease (EVD) caused by Ebola viruses [19] remain a significant
challenge to human life every year. More importantly, infected people serve as the main
pathogen carriers for spreading the virus in large populations. The development of par-
ticular viral vaccines remains high cost (unprecedented research efforts), time-consuming
(vast scale clinical trials to address safety concerns), and substantial challenge (efficacy) [7].
Hence, cost-effective and robust biosensors are highly desirable for the rapid detection of
viral infection in patients for early treatment and preventive strategies.

1.3. Conventional Diagnostic Tools on Viral Protein- and Nucleic Acid-Based Biomarkers

Clinically available diagnostic methods for detection of virus and viral diseases by
the techniques of (1) cell culture (infectivity assay) [20], (2) hemagglutination assay (viral
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protein revelation) [21], (3) electron microscopy (viral morphology) [22], (4) enzyme-linked
immunosorbent assay (ELISA, antibody-based protein detection) [23], and (5) polymerase
chain reaction (PCR, nucleic acid-based detection) [24]. Techniques (1) to (3) are low
cost and allow broad-spectrum detection, but (1) it is hard to maintain a good culture
status in a long incubation period, and susceptible to contamination; (2) and (3) have low
sensitivity. (4) has much variety and offers high specificity (specific IgM and IgA antibody)
and sensitivity (cut-off concentration: 50 ng mL~! or 5 IU mL '), but such sensitivity is
dependent on the host antibody response upon infection. (5) has the highest sensitivity
(complementary DNA hybridization) towards nucleic acids as one single copy of DNA can
be amplified to one billion copies (limit of detection (LOD): 100 copies mL~!). However,
PCR is also extremely liable for contamination and requires a highly skilled operator to
control sophisticated instruments. Despite the limitations, these techniques remain the
standard virus detection methods, especially (4) and (5) regarding gold standard methods
to detect viral proteins and nucleic acids, respectively, for clinical diagnosis.

1.3.1. Cell Culture-Based Virus Diagnosis

In 1913, Steinhardt and colleagues successfully cultivated a virus known as vaccinia
on the skin of rabbits, of which the infected tissue was harvested into tubes of ascitic
broth at 37 °C for continuous culture up to 12 days [25]. Subsequently, they transferred
the virus to other tissues, such as the cornea of rabbits (symptom: ulcers) and a calfskin
(symptom: scattered pustules). The virus remained active for over a month, indicating
a good incubation condition for the virus. Nowadays, researchers have been adopting a
method that a monolayer of a selected cell line can be grown on the side of a standard
container, a screw-cap tube glass (16 mm x 125 mm) with the virus-containing cell culture
media and antibiotics to prevent bacteria growth [20]. The selection of a specific cell line
can identify viruses accurately. The cell lines typically are rhesus monkey kidney cells
(RhMK), human foreskin fibroblasts, A549, primary rabbit kidney cells, and MRC-5.

A standard protocol is employed to estimate the proliferation of the virus in the cells
by observing the cell morphological changes (e.g., swelling, shrinking, and syncytium for-
mation), defined as cytopathic effect (CPE), indicating the presence of the virus. However,
the time required for the appearance of CPE can be subject to the virus type, commonly
5-10 days for most cases and 24 h for herpes simplex virus (HSV). On the other hand,
immunofluorescence (IF) diagnosis can be performed to identify viral-infected cells via
monoclonal antibodies against a specific virus, and subsequently, the monoclonal anti-
bodies are sandwiched with fluorescently labeled secondary anti-species antibodies. This
identification method provides a high sensitivity of detecting viruses, such as 93.8% for
adenovirus, 88.9% for cytomegalovirus (CMV), and 100% for HSV [26]. However, it is
not possible to detect all viruses, such as serotypes in the enterovirus family that showed
cross-reaction between monoclonal antibodies and the enteroviral serotypes [27]. More-
over, cell culture-based virus diagnosis can be costly due to the purchase and maintenance
of monolayer cells. Nevertheless, cell culture is considered the gold standard for virus
isolation and identification [28].

1.3.2. Hemagglutination Assay

The hemagglutination assay (HA) and the hemagglutination inhibition assay (HI) were
developed in 1942 by a virologist, George Hirst, to determine the relative concentration of
influenza virus and antibodies employing red blood cell (RBCs) agglutination. [29] The
underlying mechanism utilizes N-acetylneuraminic acid-containing receptors of RBCs
surface binding to the hemagglutinin glycoprotein of the influenza virus surface to form an
agglutinated lattice structure of RBCs and virus particles. Specific pathogen-free chicken
erythrocytes are selected because of their fast settling time and clear settling pattern
compared to other species. The lattice can maintain RBCs suspended distributed in water
that appears as a reddish solution. In contrast, RBCs sink to the bottom of the well if the
virus concentration is too low as little lattice is formed to glue RBCs as a suspended form.
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This method can determine the relative concentration of viruses and also bacterial species,
such as vibrios and staphylococci [30]. Therefore, HA is not an identification assay.

HA can be accompanied by HI to analyze the type and/or subtype of viruses antigeni-
cally [31]. Basically, the HI test involves antibodies, influenza viruses, and RBCs mixed in
the wells of a microtiter plate. The antibodies are isolated from a specific flu virus infecting
an animal that is originally immunologically naive. This animal creates antibodies that are
able to bind to the antigen of the specific virus surface. Therefore, the HI test measures
the affinity between the known antibodies and the unknown viruses from a sample. With
strong affinity, the incubated antibodies can recognize and bind to the incubated virus and
hence inhibit RBCs from hemagglutination. Thus far, the RBCs sink to the bottom, and a
red dot can be observed. Otherwise, the RBCs remain suspended in the solution in case
of low affinity between the antibodies and the virus. Overall, the assays are simple and
inexpensive [32]. The instruments and reagents are generally accessible by the common
laboratory. The assay can provide results within a few hours. Receptor-destroying enzymes
may be added to the samples to prevent non-specific inhibition [33]. However, the assay
requires optimization of incubation times, RBCs concertation, and RBC type for obtaining
reliable results, which are subjective to the individual and the agreement between readers
that may make inconsistency [34].

1.3.3. Electron Microscopy

Electron microscopy (EM), typically transmission or scanning EM (TEM or SEM),
offers a high resolution, unbiased and rapid method to visualize virus-like particles from
clinical specimens, cell culture fluids, and tissue samples at the nanoscale [22]. TEM has
been a front line in the surveillance of viruses that can detect biological threats, especially
during current pandemics [35]. Generally, the fluid needs to be dried on a small and
thin metal grid (~3 mm diameter) for the observation under TEM. Scientists undertake
negative staining to enhance the structural contrast of the viruses. To obtain a successful
visualization, EM requires the virus concentration from a sample with 10° to 10° virus
particles per mL. However, such high viral concentration may require a high blood load
for viruses such as hepatitis B, Ebola, HSV, and other vesicular fluid containing poxvirus.
Moreover, it is hard to distinguish different viruses with similar morphology. Several
methods, such as ultracentrifugation, ultrafiltration, or agar diffusion, can improve the
viral purity before performing TEM [36]. Besides, immunoelectron microscopy is another
strategy to improve EM low viral concentration sensitivity by adding specific antibodies
to cluster viruses into larger particles for easy recognition [37]. Scientists also employ
immunogold-labelling to reveal the position of virus components via incubating viral-
specific antibodies that are subsequently bound by the secondary antibodies labelled
gold nanoparticles [38]. Despite the recent advances in EM technology to detect viruses,
several limitations are concerned. For instance, cell organelles and artifacts can be mistaken
for viruses. Improper shipment process or preservation can distort viruses and cellular
organelles. Hence, sample preparation is critical towards preserving recognizable viruses.

1.3.4. Enzyme-Linked Immunosorbent Assay (ELISA)-Based Detection

An ELISA employs a microplate-based assay technique for detecting and quantifying
proteins (antigen), antibodies, and hormones, which are immobilized as solid-phase and
bonded with specific antibodies from a liquid phase. The bonded antibodies carrying
detection reagents (e.g., HRP, horseradish peroxidase) can generate detection signals
(optical light absorbance at a specific wavelength) using particular enzymes (e.g., OPD,
o-phenylenediamine dihydrochloride) [39]. Thus, the signals intensity corresponding to
the concentration of the analyte can be measured by an ELISA plate reader. There are
many types of ELISA tests, including direct ELISA, sandwich ELISA, competitive ELISA,
and reverse ELISA, but their working mechanisms remain similar. Sandwich ELISA is
2-5 times more sensitive than direct or indirect ELISA and high specificity because of the
usage of two antibodies (one immobilized antibody for capturing the antigen and one
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detection antibody conjugated to a detection reagent for binding the captured antigen) for
recognizing different epitopes of one antigen. Hence, it is the most popular ELISA method.

To detect SARS-CoV-2, the extraction and identification of the proteins are necessary.
Typically, SARS-CoV-2 contains four known structural proteins: surface spike protein
(S protein with two subunits, S1 and S2 forming homotrimers) for viral entry into the
host cells by binding to angiotensin-converting enzyme 2 (ACE2), the small envelope (E)
glycoprotein for the production and maturation of the virus, membrane (M) glycoprotein
for stabilizing the complex between nucleocapsid (N) protein and virus RNA, and N
protein for regulating replication cycle of virus RNA and the response of the infected
cells (Figure 1a) [40]. S and N proteins are the most popular biomarkers and potential
vaccine targets of SARS-CoV-2 due to their high concentration and corresponding roles [41].
To support the development of rapid diagnostic tools, recombinant S and N antigens
and antibodies have been manufactured as the positive controls and detection reagents,
respectively (Table 1). There are several commercially available kit products for probing,
mainly S protein, such as REGN-COV2, 47D11, and AbEpic, although they have not
been approved by the U.S. Food and Drug Administration (FDA). On the other hand,
the presence of antibodies against S and N protein in blood from patients can also be an
indicator of positive infection, and hence ELISA is also available to detect specific IgM/IgG
antibodies in human serum, plasma, or whole blood [42]. It has been suggested that specific
IgM against the viral protein can be detected within 3-7 days after the onset of infections.
Nevertheless, ELISA procedures can be challenging to optimize, and require intensive
labour work and sophisticated techniques. The consumption of two types of antibodies in
sandwich ELISA also increases the cost for each assay.

b

Proteins detection Nucleic acids detection

Membrane protein (M)

~ SSRNA (+)
'6-6 ;tralction
|

Reverse transcription

l

Gold-standard Gold-standard
) L J

Envelope (E} -

Nucleocapsid (N)

I T

Antibody-based detection RT-PCR-based detection

e.g., ELISA

Figure 1. Schematic illustration of structural components of SARS-CoV-2. (a) Protein-based biomarkers for viral detection.
(b) Nucleic acids-based biomarkers for viral detection.

1.3.5. PCR-Based Detection

During the outbreak of COVID-19, RT-PCR or quantitative PCR (qPCR) is the pri-
marily used molecular biology technique to detect the potential infection of patients in
hospitals [43]. Generally, before PCR, the handling procedure involves RNA isolation and
reverse transcription of the RNA into cDNA for better stability (Figure 1b). Subsequently,
PCR is performed by mixing a set concentration of the buffer to maintain pH, dNTPs as the
source of nucleotides, primers of the target gene, cDNA as the template, Taq polymerase
for DNA replication, and SYBR green dye for binding and quantifying double-strand DNA
(dsDNA). The mixture undergoes a series of temperature variation cycles for denaturation,
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annealing, and elongation and ultimately turns the results into cycle threshold (Ct) values.
The relative expression level of the target gene is calculated by comparing the Ct values
of control and experimental samples. After the outbreak of COVID-19, World Health
Organization (WHO) published a standard protocol of RT-PCR for detecting SARS-CoV-2
on 14 January 2020 [43]. Therefore, PCR has been playing an important role during the
pandemic era. More importantly, we have to understand the overall SARS-CoV-2 genome
to identify the target sequence. Many laboratories have sequenced the genomes and shared
them on Global Initiative on Sharing All Influenza Data (GISAID) database [44]. The
revealed genome consists of open read frames (ORFs) lab (two-thirds) for encoding 16
non-structural proteins, four structural proteins (S, M, E, and N), and at least six accessory
proteins (3a, 6, 7a, 7b, 8 and maybe 9-10) as the whole genome (Figure 2). Theoretically,
we can design any pair of primers targeting a specific sequence from the viral genome
(Table 2) [45-48]. The reports of targeting M protein and ORF6-8 have been rare.

Table 1. Summary of commercially available SARS-CoV-2 related S and N recombinant antigen and
antibody production for ELISA assays. Source: https:/ /www.nordicbiosite.com/news/sars-cov-2--2
019-ncov-detection-antibodies-and-antigens (Accessed: 20 April 2021).

Protein Name Product Name Cat. No. Antigens/Antibodies

SARS-CoV-2 (2019-nCoV)
N-protein Nucleocapsid Protein 40588-V08B Antigens
(His tag)

SARS-CoV-2 (2019-nCoV)
S-protein Spike Protein 40592-VO5H Antigens
(RBD, mFc Tag)

SARS-CoV-2 (2019-nCoV)
S-protein Spike Protein 40589-V08B1 Antigens
(51 + S2 ECD, His tag)

SARS-CoV-2 (2019-nCoV)
S-protein Spike Protein 40591-VO8H Antigens
(51 Subunit, His Tag)

SARS-CoV-2 (2019-nCoV)
S-protein Spike Protein 40590-V08B Antigens
(52 ECD, His tag)

SARS-CoV-2 (2019-nCoV)
N-protein Nucleoprotein/NP 40143-R019 Antibodies
Antibody, Rabbit MAb

SARS-CoV-2 (2019-nCoV)
S-protein Spike Antibody, 40150-R007 Antibodies
Rabbit Mab

SARS-CoV Spike
Antibody

S-protein 40150-D003 Antibodies

5 e ORF1a S N 3
ORF1b 3a 7a 8

Figure 2. Schematic presentation of the SARS-CoV-2 RNA genome (~30 kb) known to date. It encodes
replicase ORF 1lab, structural proteins (S, E, M, and N), and several accessory proteins (3a, 6, 7a, 7b,
and 8). It has been suggested the existence of accessory proteins 9 and 10 [46].
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Table 2. Summary of nucleotide sequences for N, S, E, M, ORFlab, ORF3, ORF6, ORF7, and ORF8 Figure 2. gene
were coloured in red. Source: NCBI, Wuhan seafood market pneumonia virus isolate Wuhan-Hu-1, complete genome
https:/ /www.ncbi.nlm.nih.gov/nuccore/ MN908947 (Accessed: 20 April 2021).

Sequence
Name

Nucleic Acid Sequence

N-protein

AUGUCUGAUAAUGGACCCCAAAAUCAGCGAAAUGCACCCCGCAUUACGUUUGGUGGACCCUCAGAUUC
AACUGGCAGUAACCAGAAUGGAGAACGCAGUGGGGCGCGAUCAAAACAACGUCGGCCCCAAGGUUUAC
CCAAUAAUACUGCGUCUUGGUUCACCGCUCUCACUCAACAUGGCAAGGAAGACCUUAAAUUCCCUCGA
GGACAAGGCGUUCCAAUUAACACCAAUAGCAGUCCAGAUGACCAAAUUGGCUACUACCGAAGAGCUA
CCAGACGAAUUCGUGGUGGUGACGGUAAAAUGAAAGAUCUCAGUCCAAGAUGGUAUUUCUACUACCU
AGGAACUGGGCCAGAAGCUGGACUUCCCUAUGGUGCUAACAAAGACGGCAUCAUAUGGGUUGCAACUG
AGGGAGCCUUGAAUACACCAAAAGAUCACAUUGGCACCCGCAAUCCUGCUAACAAUGCUGCAAUCGUG
CUACAACUUCCUCAAGGAACAACAUUGCCAAAAGGCUUCUACGCAGAAGGGAGCAGAGGCGGCAGUCA
AGCCUCUUCUCGUUCCUCAUCACGUAGUCGCAACAGUUCAAGAAAUUCAACUCCAGGCAGCAGUAGGGG
AACUUCUCCUGCUAGAAUGGCUGGCAAUGGCGGUGAUGCUGCUCUUGCUUUGCUGCUGCUUGACAGAUU
GAACCAGCUUGAGAGCAAAAUGUCUGGUAAAGGCCAACAACAACAAGGCCAAACUGUCACUAAGAAAU
CUGCUGCUGAGGCUUCUAAGAAGCCUCGGCAAAAACGUACUGCCACUAAAGCAUACAAUGUAACACAA
GCUUUCGGCAGACGUGGUCCAGAACAAACCCAAGGAAAUUUUGGGGACCAGGAACUAAUCAGACAAGG
AACUGAUUACAAACAUUGGCCGCAAAUUGCACAAUUUGCCCCCAGCGCUUCAGCGUUCUUCGGAAUGUC
GCGCAUUGGCAUGGAAGUCACACCUUCGGGAACGUGGUUGACCUACACAGGUGCCAUCAAAUUGGAUGA
CAAAGAUCCAAAUUUCAAAGAUCAAGUCAUUUUGCUGAAUAAGCAUAUUGACGCAUACAAAACAUU
CCCACCAACAGAGCCUAAAAAGGACAAAAAGAAGAAGGCUGAUGAAACUCAAGCCUUACCGCAGAGA
CAGAAGAAACAGCAAACUGUGACUCUUCUUCCUGCUGCAGAUUUGGAUGAUUUCUCCAAACAAUUGCA
ACAAUCCAUGAGCAGUGCUGACUCAACUCAGGCCUAA

S-protein

AUGUUUGUUUUUCUUGUUUUAUUGCCACUAGUCUCUAGUCAGUGUGUUAAUCUUACAACCAGAACUC
AAUUACCCCCUGCAUACACUAAUUCUUUCACACGUGGUGUUUAUUACCCUGACAAAGUUUUCAGAUCC
UCAGUUUUACAUUCAACUCAGGACUUGUUCUUACCUUUCUUUUCCAAUGUUACUUGGUUCCAUGCUAU
ACAUGUCUCUGGGACCAAUGGUACUAAGAGGUUUGAUAACCCUGUCCUACCAUUUAAUGAUGGUGUUU
AUUUUGCUUCCACUGAGAAGUCUAACAUAAUAAGAGGCUGGAUUUUUGGUACUACUUUAGAUUCGAA
GACCCAGUCCCUACUUAUUGUUAAUAACGCUACUAAUGUUGUUAUUAAAGUCUGUGAAUUUCAAUUU
UGUAAUGAUCCAUUUUUGGGUGUUUAUUACCACAAAAACAACAAAAGUUGGAUGGAAAGUGAGUUC
AGAGUUUAUUCUAGUGCGAAUAAUUGCACUUUUGAAUAUGUCUCUCAGCCUUUUCUUAUGGACCUUG
AAGGAAAACAGGGUAAUUUCAAAAAUCUUAGGGAAUUUGUGUUUAAGAAUAUUGAUGGUUAUUUUA
AAAUAUAUUCUAAGCACACGCCUAUUAAUUUAGUGCGUGAUCUCCCUCAGGGUUUUUCGGCUUUAGA
ACCAUUGGUAGAUUUGCCAAUAGGUAUUAACAUCACUAGGUUUCAAACUUUACUUGCUUUACAUAG
AAGUUAUUUGACUCCUGGUGAUUCUUCUUCAGGUUGGACAGCUGGUGCUGCAGCUUAUUAUGUGGGUU
AUCUUCAACCUAGGACUUUUCUAUUAAAAUAUAAUGAAAAUGGAACCAUUACAGAUGCUGUAGAC
UGUGCACUUGACCCUCUCUCAGAAACAAAGUGUACGUUGAAAUCCUUCACUGUAGAAAAAGGAAUC
UAUCAAACUUCUAACUUUAGAGUCCAACCAACAGAAUCUAUUGUUAGAUUUCCUAAUAUUACAAA
CUUGUGCCCUUUUGGUGAAGUUUUUAACGCCACCAGAUUUGCAUCUGUUUAUGCUUGGAACAGGAAG
AGAAUCAGCAACUGUGUUGCUGAUUAUUCUGUCCUAUAUAAUUCCGCAUCAUUUUCCACUUUUAAG
UGUUAUGGAGUGUCUCCUACUAAAUUAAAUGAUCUCUGCUUUACUAAUGUCUAUGCAGAUUCAUUU
GUAAUUAGAGGUGAUGAAGUCAGACAAAUCGCUCCAGGGCAAACUGGAAAGAUUGCUGAUUAUAAU
UAUAAAUUACCAGAUGAUUUUACAGGCUGCGUUAUAGCUUGGAAUUCUAACAAUCUUGAUUCUAAG
GUUGGUGGUAAUUAUAAUUACCUGUAUAGAUUGUUUAGGAAGUCUAAUCUCAAACCUUUUGAGAGA
GAUAUUUCAACUGAAAUCUAUCAGGCCGGUAGCACACCUUGUAAUGGUGUUGAAGGUUUUAAUUGU
UACUUUCCUUUACAAUCAUAUGGUUUCCAACCCACUAAUGGUGUUGGUUACCAACCAUACAGAGUA
GUAGUACUUUCUUUUGAACUUCUACAUGCACCAGCAACUGUUUGUGGACCUAAAAAGUCUACUAAU
UUGGUUAAAAACAAAUGUGUCAAUUUCAACUUCAAUGGUUUAACAGGCACAGGUGUUCUUACUGAG
UCUAACAAAAAGUUUCUGCCUUUCCAACAAUUUGGCAGAGACAUUGCUGACACUACUGAUGCUGUC
CGUGAUCCACAGACACUUGAGAUUCUUGACAUUACACCAUGUUCUUUUGGUGGUGUCAGUGUUAUA
ACACCAGGAACAAAUACUUCUAACCAGGUUGCUGUUCUUUAUCAGGAUGUUAACUGCACAGAAGUC
CCUGUUGCUAUUCAUGCAGAUCAACUUACUCCUACUUGGCGUGUUUAUUCUACAGGUUCUAAUGUUU
UUCAAACACGUGCAGGCUGUUUAAUAGGGGCUGAACAUGUCAACAACUCAUAUGAGUGUGACAUAC
CCAUUGGUGCAGGUAUAUGCGCUAGUUAUCAGACUCAGACUAAUUCUCCUCGGCGGGCACGUAGUGU
AGCUAGUCAAUCCAUCAUUGCCUACACUAUGUCACUUGGUGCAGAAAAUUCAGUUGCUUACUCUA
AUAACUCUAUUGCCAUACCCACAAAUUUUACUAUUAGUGUUACCACAGAAAUUCUACCAGUGUC
UAUGACCAAGACAUCAGUAGAUUGUACAAUGUACAUUUGUGGUGAUUCAACUGAAUGCAGCAAU
CUUUUGUUGCAAUAUGGCAGUUUUUGUACACAAUUAAACCGUGCUUUAACUGGAAUAGCUGUUG
AACAAGACAAAAACACCCAAGAAGUUUUUGCACAAGUCAAACAAAUUUACAAAACACCACCAA
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Table 2. Cont.

Sequence

Name Nucleic Acid Sequence

UUAAAGAUUUUGGUGGUUUUAAUUUUUCACAAAUAUUACCAGAUCCAUCAAAACCAAGCAAGA
GGUCAUUUAUUGAAGAUCUACUUUUCAACAAAGUGACACUUGCAGAUGCUGGCUUCAUCAAACA
AUAUGGUGAUUGCCUUGGUGAUAUUGCUGCUAGAGACCUCAUUUGUGCACAAAAGUUUAACGGCC
UUACUGUUUUGCCACCUUUGCUCACAGAUGAAAUGAUUGCUCAAUACACUUCUGCACUGUUAGC
GGGUACAAUCACUUCUGGUUGGACCUUUGGUGCAGGUGCUGCAUUACAAAUACCAUUUGCUAUGC
AAAUGGCUUAUAGGUUUAAUGGUAUUGGAGUUACACAGAAUGUUCUCUAUGAGAACCAAAAAU
UGAUUGCCAACCAAUUUAAUAGUGCUAUUGGCAAAAUUCAAGACUCACUUUCUUCCACAGCAA
GUGCACUUGGAAAACUUCAAGAUGUGGUCAACCAAAAUGCACAAGCUUUAAACACGCUUGUUA
AACAACUUAGCUCCAAUUUUGGUGCAAUUUCAAGUGUUUUAAAUGAUAUCCUUUCACGUCUUG
ACAAAGUUGAGGCUGAAGUGCAAAUUGAUAGGUUGAUCACAGGCAGACUUCAAAGUUUGCAGA
CAUAUGUGACUCAACAAUUAAUUAGAGCUGCAGAAAUCAGAGCUUCUGCUAAUCUUGCUGCUA
CUAAAAUGUCAGAGUGUGUACUUGGACAAUCAAAAAGAGUUGAUUUUUGUGGAAAGGGCUAUC
AUCUUAUGUCCUUCCCUCAGUCAGCACCUCAUGGUGUAGUCUUCUUGCAUGUGACUUAUGUCCCU
GCACAAGAAAAGAACUUCACAACUGCUCCUGCCAUUUGUCAUGAUGGAAAAGCACACUUUCCUC
GUGAAGGUGUCUUUGUUUCAAAUGGCACACACUGGUUUGUAACACAAAGGAAUUUUUAUGAACC
ACAAAUCAUUACUACAGACAACACAUUUGUGUCUGGUAACUGUGAUGUUGUAAUAGGAAUUGU
CAACAACACAGUUUAUGAUCCUUUGCAACCUGAAUUAGACUCAUUCAAGGAGGAGUUAGAUAA
AUAUUUUAAGAAUCAUACAUCACCAGAUGUUGAUUUAGGUGACAUCUCUGGCAUUAAUGCUUC
AGUUGUAAACAUUCAAAAAGAAAUUGACCGCCUCAAUGAGGUUGCCAAGAAUUUAAAUGAAU
CUCUCAUCGAUCUCCAAGAACUUGGAAAGUAUGAGCAGUAUAUAAAAUGGCCAUGGUACAUUU
GGCUAGGUUUUAUAGCUGGCUUGAUUGCCAUAGUAAUGGUGACAAUUAUGCUUUGCUGUAUGAC
CAGUUGCUGUAGUUGUCUCAAGGGCUGUUGUUCUUGUGGAUCCUGCUGCAAAUUUGAUGAAGACG
ACUCUGAGCCAGUGCUCAAAGGAGUCAAAUUACAUUACACAUAA

AUGUACUCAUUCGUUUCGGAAGAGACAGGUACGUUAAUAGUUAAUAGCGUACUUCUUUUUCUUG
CUUUCGUGGUAUUCUUGCUAGUUACACUAGCCAUCCUUACUGCGCUUCGAUUGUGUGCGUACUGC
UGCAAUAUUGUUAACGUGAGUCUUGUAAAACCUUCUUUUUACGUUUACUCUCGUGUUAAAAAU
CUGAAUUCUUCUAGAGUUCCUGAUCUUCUGGUCUAA

AUGGCAGAUUCCAACGGUACUAUUACCGUUGAAGAGCUUAAAAAGCUCCUUGAACAAUGGAA
CCUAGUAAUAGGUUUCCUAUUCCUUACAUGGAUUUGUCUUCUACAAUUUGCCUAUGCCAACAGG
AAUAGGUUUUUGUAUAUAAUUAAGUUAAUUUUCCUCUGGCUGUUAUGGCCAGUAACUUUAGCU
UGUUUUGUGCUUGCUGCUGUUUACAGAAUAAAUUGGAUCACCGGUGGAAUUGCUAUCGCAAUGG
CUUGUCUUGUAGGCUUGAUGUGGCUCAGCUACUUCAUUGCUUCUUUCAGACUGUUUGCGCGUACG
M-protein ~CGUUCCAUGUGGUCAUUCAAUCCAGAAACUAACAUUCUUCUCAACGUGCCACUCCAUGGCACUA
UUCUGACCAGACCGCUUCUAGAAAGUGAACUCGUAAUCGGAGCUGUGAUCCUUCGUGGACAUCU
UCGUAUUGCUGGACACCAUCUAGGACGCUGUGACAUCAAGGACCUGCCUAAAGAAAUCACUGU
UGCUACAUCACGAACGCUUUCUUAUUACAAAUUGGGAGCUUCGCAGCGUGUAGCAGGUGACUC
AGGUUUUGCUGCAUACAGUCGCUACAGGAUUGGCAACUAUAAAUUAAACACAGACCAUUCCA
GUAGCAGUGACAAUAUUGCUUUGCUUGUACAGUAA

CCCTGTGGGTTTTACACTTAAAAACACAGTCTGTACCGTCTGCGGTATGTGGAAAGGTTATGGCTGT
AGTTGTGATCAACTCCGCGAACCCATGCTTCAGTCAGCTGATGCACAATCGT

E-protein

ORFlab

AUGGAUUUGUUUAUGAGAAUCUUCACAAUUGGAACUGUAACUUUGAAGCAAGGUGAAAUCAAGG
AUGCUACUCCUUCAGAUUUUGUUCGCGCUACUGCAACGAUACCGAUACAAGCCUCACUCCcCcuUuUC
GGAUGGCUUAUUGUUGGCGUUGCACUUCUUGCUGUUUUUCAGAGCGCUUCCAAAAUCAUAACCCUC
AAAAAGAGAUGGCAACUAGCACUCUCCAAGGGUGUUCACUUUGUUUGCAACUUGCUGUUGUUGUU
UGUAACAGUUUACUCACACCUUUUGCUCGUUGCUGCUGGCCUUGAAGCCCCUUUUCUCUAUCUUUA
UGCUUUAGUCUACUUCUUGCAGAGUAUAAACUUUGUAAGAAUAAUAAUGAGGCUUUGGCUUUGCU
OREF3 GGAAAUGCCGUUCCAAAAACCCAUUACUUUAUGAUGCCAACUAUUUUCUUUGCUGGCAUACUAAU
UGUUACGACUAUUGUAUACCUUACAAUAGUGUAACUUCUUCAAUUGUCAUUACUUCAGGUGAUGG
CACAACAAGUCCUAUUUCUGAACAUGACUACCAGAUUGGUGGUUAUACUGAAAAAUGGGAAUCU
GGAGUAAAAGACUGUGUUGUAUUACACAGUUACUUCACUUCAGACUAUUACCAGCUGUACUCAAC
UCAAUUGAGUACAGACACUGGUGUUGAACAUGUUACCUUCUUCAUCUACAAUAAAAUUGUUGAU
GAGCCUGAAGAACAUGUCCAAAUUCACACAAUCGACGGUUCAUCCGGAGUUGUUAAUCCAGUAAU
GGAACCAAUUUAUGAUGAACCGACGACGACUACUAGCGUGCCUUUGUAA
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Table 2. Cont.

Sequence
Name

Nucleic Acid Sequence

ORF6

UUAAUCAAUCUCCAUUGGUUGCUCUUCAUCUAAUUGAGAAUAUUUAUUCUCAGUUAGUGACUUAG
AUAAAUUUUUAAUUAUGAGGUUUAUGAUGUAAUCAAGAUUCCAAAUGGAAACUUUAAAAGUCCU
CAUAAUAAUUAGUAAUAUCUCUGCUAUAGUAACCUGAAAGUCAACGAGAUGAAACAU

ORF7

AUGAAAAUUAUUCUUUUCUUGGCACUGAUAACACUCGCUACUUGUGAGCUUUAUCACUACCAAGAG
UGUGUUAGAGGUACAACAGUACUUUUAAAAGAACCUUGCUCUUCUGGAACAUACGAGGGCAAUUCA
CCAUUUCAUCCUCUAGCUGAUAACAAAUUUGCACUGACUUGCUUUAGCACUCAAUUUGCUUUUGCU
UGUCCUGACGGCGUAAAACACGUCUAUCAGUUACGUGCCAGAUCAGUUUCACCUAAACUGUUCAUC
AGACAAGAGGAAGUUCAAGAACUUUACUCUCCAAUUUUUCUUAUUGUUGCGGCAAUAGUGUUUAU
AACACUUUGCUUCACACUCAAAAGAAAGACAGAAUGA

ORF8

AUGAAAUUUCUUGUUUUCUUAGGAAUCAUCACAACUGUAGCUGCAUUUCACCAAGAAUGUAGUUUA
CAGUCAUGUACUCAACAUCAACCAUAUGUAGUUGAUGACCCGUGUCCUAUUCACUUCUAUUCUAAA
UGGUAUAUUAGAGUAGGAGCUAGAAAAUCAGCACCUUUAAUUGAAUUGUGCGUGGAUGAGGCUGGU
UCUAAAUCACCCAUUCAGUACAUCGAUAUCGGUAAUUAUACAGUUUCCUGUUUACCUUUUACAAU
UAAUUGCCAGGAACCUAAAUUGGGUAGUCUUGUAGUGCGUUGUUCGUUCUAUGAAGACUUUUUAGA
GUAUCAUGACGUUCGUGUUGUUUUAGAUUUCAUCUAA

The as-mentioned PCR handling procedures require high equipped laboratory and
skilled labour that lower detecting efficiency and capacity per each run. Thus, several
other PCR derivative methods, including reverse transcription loop-mediated isothermal
amplification (RI-LAMP) and clustered regularly interspaced short palindromic repeats
(CRISPR)-based assay, are currently flourishing. It has been shown that RT-LAMP can
amplify nucleic acid under isothermal conditions in the range of 65 °C that does not require
high-cost equipment, and RT-LAMP assay showed a lower LOD (~80 copies mL~!) than
general RT-PCR (~100 copies mL~!) [49-52]. In contrast, it is less sensitive than PCR to
inhibitor in the case of complex samples, including blood and serum, as RT-LAMP utilizes
Bst DNA polymerase rather than Taq polymerase. CRISPR-based assay (e.g., Cas 12) has
been introduced as a novel and highly sensitive tool with low-resource settings requirement
for detecting the SARS-CoV-2 [53]. The claimed LOD of CRISPR-Cas12-based assay for
probing the virus was 10 copies/puL. Nevertheless, the CRISPR-based kits are still in the
developmental stage that needs further clinical validation.

1.3.6. Recently Advanced Biosensors as Alternative Viral Detection Methods

Numerous advanced biosensors have been recently developed for the early recogni-
tion of viral diseases in humans. The sensors should be minimally invasive, fast performing,
highly sensitive, low-cost, user-friendly, and highly accessible for their raw materials. Re-
cently developed nanomaterials provide distinctive characteristics, such as small size,
large surface area, and unique physical/optical properties for versatile applications, in-
cluding biomarkers detection. Amongst the nanomaterials harnessed as biosensors, two-
dimensional (2D) nanocomposites are promising platforms as nanosensors for probing
viruses due to their high surface area, good biocompatibility, and simple structure, and,
more importantly, the unique electronic/optoelectronic/electrochemical properties for easy
functionalization [54]. Hence, these excellent properties render them a prominent position
in the next-generation nanotechnologies for viral recognition. To the best of our knowledge,
limited literature reviews provide comprehensive discussions of applying 2D transition
metal dichalcogenide (TMD) nanocomposites for viral sensing and detection, especially
before and during the COVID-19 pandemic. As this pandemic is still ongoing and the
fluctuation of the infection cases is not stable, the social distance and the work-from-home
regulation policy of different workplaces are of great restrictions to researchers for continu-
ing the research, such as developing TMD-related biosensors [55]. In this review, we present
an overview of recent biosensors that utilize emerging 2D TMD-based materials and their
derivatives responsible for screening lethal viruses before the outbreak (before December
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2019) and during the outbreak. We introduce the structures, physiochemical properties,
functionalization, and biosensors designs of the 2D TMD nanocomposites. Finally, we
discuss the advantages and limitations of those nanocomposites for virus detection.

2. Two-Dimensional Nanocomposites

Carbon-based nanomaterials such as graphene and its derivatives have been exten-
sively developed and investigated due to their exceptional physical and chemical properties.
Several excellent recent reviews and articles have highlighted the critical roles and the
demonstrations of utilizing graphene-based materials in detecting human viruses before
and during the pandemic [56,57]. On the other hand, the application of alternative 2D lay-
ered nanocomposites such as transition metal dichalcogenides (TMD, e.g., M0S;, WS, and
MoSe;) and metal oxides (MOx—e.g., MoO3 and WO3) are low cost with attractive physical
and chemical properties as novel optical/electronic/chemical biosensors (Figure 3). These
superior properties permit them on various sensing mechanisms, including optical sensa-
tion through chemiluminescence, surface plasmon resonance (SPR), and electrochemistry
for a field-effect transistor (FET, voltage-current under gating control) by p-n junctions for
detecting specific biomolecules and gases [54,58,59]. For instance, 2D Mn oxides-based
materials exhibit a powerful catalytic property that has been employed as nanoenzymes for
catalyzing the hydrolysis of biomolecules via peroxidase-like activity, thereby producing
electrochemical/electrochemiluminescence signals as the detection readouts [60-62]. While
metal oxides may play a more critical role in chemical catalysis and fuel cells, TMDs can
be a significant part of sensor developments [63,64]. However, very limited reviews have
discussed the potential application of TMD-based biosensors for probing proteins and
nucleic acids of viruses. In the following sections, we explore and discuss the properties
and functionalization of TMDs that are useful for engineering highly sensitive and effective
viral sensors.

Bioreceptors
Antibody, nucleic acid, protein, aptamer, peptide, etc

N our de
aical vap Pog;
o Yo,

Analytes %_ Signals
Virus, antibody, protein, — S —+ Electrical, optical, chemical, etc
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Figure 3. Schematic illustration of general strategies for fabricating 2D materials, mainly transitions
metal dichalcogenides (TMDs), carbon-based materials, and metal oxides as biosensors engaged with
bio-receptors to detect various analytes and generate signals corresponding to the concentration of
analytes.

2.1. Transition Metal Dichalcogenides (TMDs) on Biosensing
2.1.1. Types of Elements as the Critical Parameters for Biocompatible Sensors

TMDs monolayers are atomically thin (~6 to 7 A) semiconductors consisting of type
MX,, where M is a transition metal atom from IVB-VIB (Ti, Zr, Hf, V, Nb, Ta, Mo, Tc, W, Re,
Co, Ni, Rh, I, Pt or Pd) and X is a chalcogen atom (S, Se or Te). Hence, they are considered
analogs of graphene with a layered structure [65]. Importantly, the bandgap is a critical
characteristic of TMDs that influences transistor on/off ratio and chemical stability and
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durability in ambient conditions. Graphene is a zero-bandgap semiconductor, leading to a
low on/off ratio limit in FET. Generally, TMD elements with smaller atomic numbers show
larger bandgap, and chalcogen elements greatly influence this bandgap (e.g., WSey: 1.6 €V,
MoSe;: 1.6 eV, MoS;: 1.8 eV, and WS,: 2.1 eV). The overall structure and methodology of
TMDs preparation have been summarized in detail in previous reviews [58,66].

Cytotoxicity of TMDs is a great concern for biosensing in vitro and in vivo on a
large scale when considering extensive labour work for screening SARS-CoV-2 infection
cases. Specifically, Teo et al. showed the graphene with the highest toxicity on human
lung carcinoma epithelial cells (A549), followed by WSe;, MoS,, and WS, [67]. They
concluded that MoS, and WS, induced very low cytotoxicity to the cells compared to the
other 2D materials and the biocompatibility of S was better than that of Se in terms of
chalcogen. Besides, it has been suggested Te showing latent toxicity (e.g., neurotoxicity and
cytoskeleton disruption) to humans [68]. Therefore, S is the best candidate as the chalcogen
combination with M.

In terms of photoluminescence-based biosensors, TMDs are also excellent fluorescence
quenchers via electron/charge transfer (ET) to “turn off” fluorophores at the initial state
without the target [69]. For instance, TMDs provide a high 2D surface area for single-strand
DNA (ssDNA) to adsorb on their surface via van der Waals force theoretically, thereby
efficiently quenching the adsorbed fluorophores-bearing ssDNA. This mechanism permits
the “turn on” of the fluorescence when ssDNA hybridizes with the target nucleic acid
sequence, forming double-stranded DNA that has a weak interaction with the TMDs and
detaches from the TMDs platforms. Although MoS, and WS, showed a similar extent
of quenching efficiency (Qe) towards FAM-labeled probes (71% and 75%, respectively),
MoS; exhibited a stronger affinity for the nucleic acids than that of WS, [70]. This affinity
determines detection capacity (reservoir of probing reagent). In short, the choice of elements
in TMDs decides the performance of TMD-based biosensors.

2.1.2. Polymorph Types and Morphologies of TMDs Alter Sensor Performance

Polymorphs are phases that influence the bonding and configurations in TMDs crys-
tals. Typically, there are three polymorphs of TMDs: single-layered trigonal (1T), double-
layered hexagonal (2H), and triple-layered rhombohedral (3R). Nevertheless, TMD often
forms 1T (metallic/semi-metallic) and 2H (semi-conductive with visible-range bandgap)
when exfoliated into a single layer [71]. Both phases of TMF possess their own charac-
teristics. For example, Lan et al. demonstrated phase-dependent fluorescence quenching
efficiency (Qe) of MoS; nanosheets that 1T phase MoS; exhibited much higher fluores-
cence Qe (98%) than those in 2H phase MoS, (2%) at a similar concentration (4.65 g mL~1)
through the enhanced metallic conductivity for the improved ET-mediated fluorescent
quenching [72]. Therefore, 1T phase MoS, is suitable for designing biosensing based on
fluorescence quenching [73]. In contrast, the bandgap of 2H phase MoS; is adjustable.
When the number of layers in MoS; crystal increases from monolayer to bulk, the lowest
conduction band near the I' point shifts to lower energy [74]. This increased number of
layers in MoS, crystals change them from indirect to direct semiconductors (Figure 4).
Therefore, the properties of 2H phase TMDs are suitable for designing electronic devices,
such as FET and solution-gated transistor (SGT) biosensors [75]. 1T phase and 2H phase
TMDs nearly have opposite physiochemical properties. Recent emerging TMDs-based
approach biosensors have been achieving a dynamic and reversible “phase transition” (e.g.,
the transition between monoclinic (1T) and 2H) by external stimuli such as the electrostatic-
doping method [76] and strain-induction [77]. Thus far, this transition implies the possible
coexisting of different types of biosensors (e.g., FET, SGT, fluorescence, etc.) for probing
different types of biomarkers such as protein and nucleic acids.
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Figure 4. The bandgap of 2H-MoS, nanosheets with respect to the layer number; the dot-dashed

line represents the corresponding value for the bulk. The figure is reprinted with permission from
Ref. [74]. Copyright Royal Society of Chemistry. (2019).

Laterally or vertically aligned geometries TMDs exhibit different physicochemical
properties from conventional TMDs. Based on the size, shape, and geometries of TMDs,
they can be classified into the followings: (1) nanodots (NDs), (2) nanosheets (NSs, lateral
size < 100 nm), (3) nanoflakes/films (NFs, lateral size > 100 nm), (4) nanorods (NRs) and
(5) nanofibers (NFs). These different geometries can create heterojunctions, which may
overcome the low optical cross-section of MoS; for enhanced absorption and improved
photo-detectivity [78,79]. For instance, small sizes of NSs and NDs provide high active
surface area and depletion layer at the material interfaces, and hence they are suitable for
electrochemical, fluorescent, chemiluminescent, and colorimetric biosensors.

2.1.3. TMDs-Based Disease-Related Proteins Biosensors

Direct detection of virus (~100 nm) and bacteria (several micrometers) may require
less sensitive platforms due to the large physical size. It has been demonstrated the usage
of silicon nanowire to detect a single virus and graphene to detect a single bacterium, based
on the FET mechanism [80,81]. Nevertheless, the operation of viral /bacterial-containing
samples may be dangerous to general labours and not appropriate at a low biosafety level
area. On the other hand, the handling of their extracted components from the samples, such
as structural proteins, which have a much smaller size (<10 nm) and require biosensors
with higher sensitivity than detecting whole viruses/bacteria. Micro/nanodevice-based
FET platforms are generally a promising tool for detecting single molecules through the
gating effect to achieve high sensitivity. The creation of bandgap in carbon nanotubes or
graphene needs complex processing and is usually low yield that hampers the application
of carbon materials-based FET [82]. In contrast, TMDs-based FET (e.g., MoSy) is highly ad-
vantageous for scaling the FET biosensor device with a low-power operation because of the
as-mentioned properties. A summary of TMD-based biosensors via various mechanisms
to detect disease-related proteins has been enlisted in Table 3.
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Table 3. Recent 2D TMD-based materials and related mechanisms for probing disease-related proteins and their sensing

performances.
Materials Mechanism Analytes Pe.t ection LOD Response Time Ref. & Year
Limit Range
Flex;ﬁiffo% FET Ebola VP40 fM-pM level M level 15 min [83] 2019
DNA-MoS, Fluorescence Thrombin 0.5-100 nM 300 pM 10 min [84] 2014
nanosheets
. _1_
Flexible MoS, FET Prosta’Fe cancer 1 pg mL . 1 1pg mL-1 ~real-time [85] 2017
sheets antigens pg mL
Few-layered Prostate cancer 10-5-75ng 1 g .
MoS, sheets FET antigens L1 10-5 ng mL 20-30 min [86] 2016
Multilayer 2h
y FET MMP-9 1 pM-10 nM 1pM (incubation [87] 2019
MOSZ .
time)
Gfl?r’l}t‘jrrf Epithelial cell 2h
d Fluorescence adhesion 3-54 nM 450 pM (incubation [88] 2017
dots/MoS; .
molecules time)
nanosheets
Au/MoS;/Au . 0.1 pg mL~1-10 1
multilayer Electrochemical HIV gp120 ng mL~1 0.066 pg mL N/A [89] 2019
. . 0.5pg 1h
MoS5,@Cu,0 Electrochemical Hepatltls' B mL~1-200 ng 0.15 pg mL~1 (incubation [90] 2018
Pt surface antigen 1 .
mL time)
Au@Pd/MoS,@ 0.1 pg 15h
multiwalled Electrochemical Hepat}tls Be mL~1-500 pg 26 fg mL ™! . (total. [91] 2018
carbon antigen mL-1 incubation
nanotubes time)
Vi 30 min
. . 0.1-1000 ng q . .
MoS,-rGO Electrochemical  polysaccharide mL-1 100 pg mL (incubation [92] 2018
antigen time)
B -1
0'0;‘; ;rﬁ Z;; 1.67 ng mL~1
. : for standard;
MoS,- Electrochemical ~ Dcngue NSL - infection; 0.01-2 - g oy 1 ~25 min [93] 2018
AuNP/ITO antigen pg mL™" in .
for spiked
secondary samples
infection P
Kinase .
MoS, sheets FET Cdk5/p25 pM—-uM level 38 pM ~5 min [94] 2019
. Carcinoembryonic  0.001-80 ng 1 1 h (incubation
Ag/MoS, /rGO  Electrochemical antigen mL-1 0.3 pg mL time) [95] 2020
0-301.67 nM for Phase
S protein or S protein; sensitivity:
Tei‘;fé‘se}{el\ft‘;sz Optical/SPR SARS-CoV-2 0-67.8762 nM 8.4069 x 104 N/A [96] 2020
specimen for SARS-CoV-2 degree/RIU
specimen (npio = 0.0012)
Aptamer-
cellulose Electrochemical Troponin I 10 fM-1 nM 10 M N/A [97] 2021

acetate-MoS;

For instance, Yoo et al. fabricated a highly sensitive MoS, sheets-based flexible biochip
to detect prostate-specific antigen (PSA), which is a widely adopted biomarker of prostate
cancer [85]. The MoS, FET biosensor allowed a high affinity for the physisorption of PSA
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antibodies and hence measured the variation of on/off-current levels upon the binding of
PSA with anti-PSA antibodies. This device exhibited high-performance electrical properties
and mechanical durability under different mechanical stress with LOD at 1 pg mL™},
which is several orders of magnitude more sensitive than the clinical cut-off concentration
(~4 ng mL~1). More importantly, such device exhibited real-time monitoring of the off-
current level over various PSA concentrations and maintained the stabilized off-current
level for 2-3 min, with or without bending stress (bending radius: 10 mm). Their findings
demonstrated the use of the MoS; FET biosensor as a powerful tool for real-time point-of-
care (POC) diagnostics of disease-related proteins.

2H phase TMDs can also be applied to an electrochemical strategy for detecting pro-
teins. However, the preparation of large sheet size, high yield, and high-quality 2H-MoS,
has been a great challenge as the previous synthetic methods relying on micromechanical
cleavage, chemical intercalation, and ultrasound-promoted shear exfoliation limitedly yield
(<40%) single-layer MoS, sheets [98-100]. Zhang et al. developed an array of the biosensor
by restacking 2H-MoS; flakes into a thin film on the flexible polyimide support via cathodic
exfoliation in the organic electrolyte to detect VP40 matrix protein from the Ebola virus
down to picomolar levels (Figure 5a) [83]. They showed that the synthetic process avoided
surface oxidation to preserve MoS, sheets with an intact crystalline structure and structure
integrity with high yield (~70%) and large size (~50 um) (Figure 5b). By incorporating
receptors (VP40 antibodies) onto this platform, the device was able to change current
after VP40 proteins binding with the immobilized antibodies from 5.72 pM to 57.2 nM.
Also, the antibody-antigen complex could be dissociated by incubating with glycine-based
regenerated buffer to VP40 detection repeatedly (Figure 5c—f). These findings outline the
excellent performance of the MoS, sheets-based biosensor for precise and rapid detection
of the presence of viral proteins, particularly useful for probing SARS-CoV-2 proteins in
the current pandemic.



J. Compos. Sci. 2021, 5, 190 15 of 28

¢ 10° z
sample #1 sample #1 _§
JaL S S
10'7 © VP40 no
25| antibody } J
< = p
=10° ] =20} ’ i
1.5} ”? -9
a 0 T il
10 1 1032 -8~ "":'5_":""6 ______ seline |
w0l 1 o5fv=2v i T
05 1.0 1.5 20 mu 1o‘ 10° 10° 10* 10°
e VIV f Target protem I m
o sample #2 | 25} sample#z |
, eSS VP40 VP40
g l X r OO ).-_L_,LU‘U'
o ;JJU"L‘ =
< LR oo
;; /5o il ——572pM | =
o ——572pM | =
|,
10° 4 — —572pM 1
— —572nM
[ 57.2nM

05 00 05 10 15 20 25
a’a‘&‘&‘s?a‘é’f%&’
VIV é\, é,?étyéyb;p,
&

Figure 5. Electrochemically exfoliated MoS, for stacking MoS; flakes on the polyimide substrate
to detect Ebola virus VP40 matrix protein. (a) Biofunctionalization of the MoS, nanoflakes for
capturing VP40. (b) Fabrication of flexible MoS, biochip with VP40 sensors. (c) Electric current
measurements after the incubation of various VP40 concentrations on a sensor with a high amount
of flakes. (d) Calibration of the response and comparison with control sensors (no antibody and
non-specific antigen). (e) Repeated electric current measurements after the incubation of various
VP40 concentrations on a sensor with a low amount of flakes. (f) The device could be reused to probe
VP40 after antibody-antigen dissociation, and repetition of the tendency result remained similar after
analyte incubation. Figures are re-arranged and reprinted with permission from Ref. [83]. Copyright
Wiley-VCH. (2019).

DNA aptamers that recognize a protein can be generated by systematic evolution of
ligands by exponential enrichment (SELEX) from random-sequence nucleic acid pools [101].
By the usage of aptamers, the probing component of the biosensor can be simplified
with less bulkiness. Recent work showed the application of graphene quantum dots
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(GQDs)-labelled aptamer physically adsorbed on MoS, nanosheets for detecting epithelial
cell adhesion molecules (EpCAM), which are glycosylated membrane proteins typically
expression on the surface of circulating tumour cells (Figure 6a) [88]. The fluorescent
signals of GQDs were quenched by MoS, nanosheets via FRET and recovered when
approaching EpCAMs due to the detachment of GQDs-aptamers from MoS, nanosheets.
More importantly, their findings showed that the platform was able to sense both individual
EpCAM proteins (Figure 6b,c) and intact membrane proteins from MCF-7, a breast cancer
cell line. Instead of immobilizing antibodies, TMD-based materials can be integrated with
nucleic acid materials as a low-cost and effective protein sensor.
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Figure 6. Harnessing aptamer-bearing graphene quantum dots (GQDs-PEG-aptamer) coupling
onto MoS; nanosheets (GQDs-PEG-aptamer/MoS,) as a FRET biosensor for epithelial cell adhesion
molecule (EpCAM) detection. (a) Schematic illustration of the sensing mechanism of GQDs-PEG-
aptamer/MoS, FRET nanosensor. (b) Photoluminescence (PL) intensity and emission spectra GQD
with absorption spectra of MoS;. (c) Fluorescence recovery spectra and peak fluorescence signal of
the FRET biosensor against various EpCAM concentrations. Figures are re-arranged and reprinted
with permission from Ref. [88]. Copyright Elsevier Ltd. (2017).

In 2020 of the COVID-19 period, Peng X. et al. demonstrated a near-infrared (INIR)
plasmonic biosensor employed for specific detection of SARS-CoV-2 and its spike glyco-
protein [96]. This platform was constructed by mutual Van der Waals stacking consecutive
layers of rutile prism, BK7 glass, indium tin oxide (ITO) film, 2D tellurene nanosheets,
and MoS;—COOH (from the bottom to the top layers). Conventionally, metal films have
significant drawbacks such as easy oxidation (Ag film), easy aggregation (Au film), or
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band-to-band transitions (Au film), while ITO films can overcome these drawbacks and
can support SPR in the NIR region. Moreover, ITO thin film is usually coated onto a thin
BK7 glass slide for enhancing biosensing performance. Together with the excitable SPR
enhancement in tellurene-MoS,—~COOH by NIR (p- or s-polarized incident light at 1550 nm),
the whole heterostructures optimized SPR signal for describing the binding interactions
between the -COOH and the -NH2 from ACE2 protein or S protein of the SARS-CoV-2.
This binding varied the refractive index of the platform that affects the perturbation for
enhanced electromagnetic field, which can be evaluated by measuring reflectivity, redshift
in SPR angle, and the change in differential phase between p-polarized and s-polarized
light. The author utilized the obtained differential phase for determining the concentration
of S protein or SARS-CoV-2 specimen, which showed linear relationships with the change
in differential phase (from 0 nM to 301.67 nM for S protein and 0 nM to 67.8762 nM for
SARS-CoV-2 specimen). This optical-SPR approach shows great promise for detecting
practical biological samples, one-step rapid detection, and low labour cost, compared to
traditional ELISA methods for examining SARS-CoV-2-related proteins.

2.1.4. TMDs-Based Disease-Related Nucleic Acids Biosensors

One of the conventional methods to probe the target nucleic acid sequence (DNA or
RNA) is to utilize quenched fluorescent probe-bearing ssDNA by a specific quencher, typi-
cally via electron transfer (ET) or fluorescence resonance energy transfer (FRET) [102,103].
The absorption spectrum of the quencher (Q) must overlap with the fluorescence spectrum
of the reporter (R) with an effective quenching distance (10 to 100 A range) between donor
and acceptor. The close distance can be conventionally achieved by linkage of R and Q to
both ends of a hairpin DNA that can hybridize with complementary strand DNA forming
dsDNA and uncoil the hairpin DNA to extend the distance for diminishing the quenching
efficiency to recover the desired fluorescent signal from R. Alternatively, the fluorescent
probe-bearing ssDNA can be physically coupled onto 2D materials such as graphene oxide
(GO) via m-r interactions (and also hydrogen bonds) between the ssDNA and graphene or
MoS, via van der Waals’ force. The 2D materials can closely quench the fluorescence by
FRET [104]. Under the FRET principle, GO showed the highest DNA sensitivity compared
to TMDs nanosheets (MoS, and WS;) due to different DNA desorption capacities among
these nanosheets. However, their LODs against a specific cDNA sequence were similar
(several nano-molarity levels).

Before the emergence of COVID-19, different types of efficient TMDs-based biosensors
have been designed to achieve rapid response in the presence of specific nucleic acids of
virus diseases (e.g., HIV, Ebola virus) [83,105]. These 2D nanosheets-based biosensors offer
a simple detection process for probing specific nucleic acids sequences without complicated
platform design and equipment (Table 4). One of the well-known examples demonstrated
by Zhang et al. showed the application of single-layer TMD nanosheets (MoS,, TiS,, and
TaS,) for rapid, sensitive, and multiplexed detection of influenza A virus DNA (subtypes:
HIN1 and H5N1) [106]. The multiplexity was based on adsorbing dye-labelled ssDNA
(FAM-labelled H1INT1 targeting ssDNA and Texas red-labelled H5N1 targeting ssDNA)
onto the nanosheets (Figure 7a). Hence, the recovery of fluorescent intensity at a particular
wavelength indicated the presence and the concentration of the target sequence after
incubating with a DNA-containing sample. Their work claimed that TaS;-based detection
showed the highest sensitivity against HIN1 ssDNA (LOD: 50 pM) compared to MoS,
(LOD: 100 pM) and TiS, (LOD: 200 pM) due to their respective quenching abilities and
affinities with the ssDNA and dsDNA (Figure 7b—d). More importantly, the platform was
able to target DNA within 5 min (for each TMD nanosheets). This study illustrated the new
insight into the design of TMDs-based multiplexed sensors for viral nucleic acid detection.
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Table 4. Recent 2D TMD-based materials and related mechanisms for probing disease-related nucleic acids and their sensing

performances.
Materials Mechanism Analytes Linear Range LOD Ref. & Year
. Chikungunya
MoS; sheets Electrochemical virus DNA 0.1 nM-100 uM 3.4nM [107] 2018
AUNP/MoS, sheets FET Fetal cell-free DNA 0\ p g pv 100 aM [108] 2019
fragments
MoS, /THT-MB Fluorescence miRNA 0.1 nM-100 nM 59 pM [109] 2019
FAM-labelled ssDNA Influenza A virus 0.2,0.1, and
MoS,, TiS,, and TaS, Fluorescence (HIN1 and H5N1) 0-5nM 0.05 r}M, [106] 2015
nanosheets respectively
PANI-MoS, Electrochemical Caghﬂpwer 1 fM-1 uM 2 fM [110] 2016
mosaic virus 35S
PANI-MoS,-Pt Electrochemical Calf-thymus DNA 1 fM-1 uM 1M [111] 2018
-1 _
MoS,-thionin Electrochemical dsDNA 0.09 ng mL,l 0.09 ng mL~! [112] 2014
1.9 ng mL
. . . . . 1 aM-1 M
MoS, /graphene film Electrical/optical Oligonucleotides (non-linear) 1aM [113] 2014
MoS; nanosheet- HIV-1, HIV-2,
modified dendrimer Fluorescence ORFlab, and N N/A 50 pM [114] 2020
droplet microarray protein gene
Zn0O (NPs) doped FET Hepatitis B virus 0.5 pM-50 uM 1fM [115] 2021

MOSZ

InIA gen of Listeria 100 fM to 50 nM 67.0 fM and

MoS,- thionine-carbon .
2 Electrochemical and ORFlab of and 1 pM to 1 nM, 1.01 pM, [116] 2021
nanodots ; i
SARS-CoV-2 respectively respectively
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Figure 7. Multiplexed detection of H5SN1 subtypes (T1 and T2) DNA by single-layer TMD nanosheets
via FRET mechanism. (a) Schematic illustration of the sensing mechanism by multiplexed fluorescent
DNA detection. Fluorescent spectra and intensity of (b) MoS;, (c) TiS,, and (d) TaS,, respectively.
Figures are re-arranged and reprinted with permission from Ref. [106]. Copyright Wiley-VCH. (2014).

Electrochemical biosensors are another promising approach for detecting nucleic
acid. Yang et al. developed a label-free, and self-signal amplification platform for sensing
cauliflower mosaic virus 355 (CaMV355) DNA based on nanocomposites of MoS, and
conductive polymers, polyaniline (PANI, Figure 8) [110]. By integrating PANI (organic
polymer) into MoS; (inorganic materials), the electronic conductivity of the whole com-
posite was much improved with a low electron transfer resistance (Ret). Moreover, the
rich 7t structure PANI platform allowed strong immobilization of probing DNA sequence
through 7-rt* interaction that increased Re. The hybridization of the target DNA with
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the immobilized ssDNA did not detach the whole dsDNA but increased its Ret, thereby
successfully sensing CaMV35S. The increase of MoS, dosage (optimum dosage at 0.054 g)
enhanced the sensitivity and linearity of the platform by influencing the DNA absorption
capacity. Ultimately, the linear range and LOD of this platform were 1 fM to 1 uM and 2 fM,
respectively. These findings demonstrated the importance of TMD-polymer nanocomposite
as an electrochemical indicator of viral nucleic acid sequence.
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Figure 8. Schematic illustration of conductive polymer polyaniline (PANI)-MoS; nanocomposites
through facile oxidation polymerization aniline monomer on the thin-layer MoS, matrix for electro-
chemically sensing cauliflower mosaic virus 35S DNA. The effect of DNA sensitivity of this platform
is based on the dosage of MoS, with PANI The figure is adopted and reprinted with permission
from Ref. [110]. Copyright Wiley-VCH. (2016).

During the outbreak of the COVID-19 pandemic in 2020, our research team has re-
ported MoS; nanosheet-modified dendrimer droplet microarray (DMA) for simultaneously
rapid and sensitive detection of five viral genes, HIV-1, HIV-2, ORFlab, and N genes of
SARS-CoV-2 and M gene of Influenza A (Figure 9) [114]. MoS; nanosheets were conjugated
onto cysteamine-containing DMA (MoS,-DMA), serving as acceptors substrate, and subse-
quently interacted with multiple fluorescent dye-labeled oligonucleotide probes serving
as donors for FRET assays. Together, the microarray could be designed as an array N X
M, where N is the number of fluorescence colors and M is the number of sensing sections.
Our results showed that those viral target genes were able to hybridize with the fluores-
cently labelled oligonucleotides, thereby triggering the “turn-on” of the fluorescence signal.
Importantly, our platform only required a small sample size (<150 nL) for simultaneous
detection of HIV-1 and HIV-2 nucleic acids with a LOD of 50 pM within 1 h. The fluorescent
signal of each microarray was captured by a digital camera at various time points. This mi-
croarray viral biosensor provides a high-throughput screening platform for simultaneous
monitoring of multiplexed viral nucleic acids screening, such as the SARS-CoV-2 viruses,
from a small sample size.
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Figure 9. MoS;-DMA FRET sensing platform for the detection of HIV-1 and HIV-2 genes; COVID-19
ORFlab and N genes; M genes of influenza A. Figure is reprinted with permission from Ref. [114].
Copyright American Chemical Society. (2020).

In 2021, Lorenzo E. et al. developed an electrochemical biosensor applied to detect
DNA sequences from the InIA gen of Listeria monocytogenes or the open reading frame
(ORF1lab) of the SARS-CoV-2 (Figure 10) [116]. This biosensor consisted of thiolated
single-stranded oligonucleotides (Probe-SH) conjugating to 2H-polytype MoS; sheets that
were immobilized on carbon screen-printed electrode (CSPE) electrodes as the sensation
platform. After the platform incubating with samples containing target nucleic acids for
hybridizing with the Probe-SH, they added Thi-CNDs as the hybridization redox indicator.
This accumulation of Thi-CNDs on the dsDNA layer formed on the electrode surface
exhibited enhanced electrochemical signal measured by differential pulse voltammograms
(DPV), and the signals linearly increased from 100 fM to 50 nM (LOD: 67.0 fM) for detecting
Listeria monocytogenes or from 1.00 pM to 1.00 nM (LOD: 1.01 pM) for detecting SARS-CoV-2
virus nucleic acids. Notably, the authors attempted to detect real Listeria monocytogenes
whole genomic DNA samples and found that the results correlated well with the results
from a specific sequence from a gen. This latest study indicated the potential application
of TMD materials to fabricate electrochemical biosensors to sense SARS-CoV-2 and is
amenable to any pathogen for which the DNA has been sequenced.

2.1.5. Metal/Carbon-TMDs Nanocomposites Optimize Biosensor Performance

Transition metal oxides (TMO), such as cuprous oxide (CuyO) nanocrystals, have been
recognized as a great molecular sensor component because of their high electrochemical
and redox activity, environmentally friendly elements, and good electrocatalytic perfor-
mance such as reducing HyO; [117-119]. The performance of Cu,O-based sensors, such as
immunosensor against particular proteins, depends on the electrocatalytic performances to
reduce HyO,. This catalytic activity can be assisted by integrating Cu,O with noble metal
NPs such as platinum (Pt) NPs that further enhance the electrocatalytic properties of the
composites [120]. However, the photolysis stability of Cu,O under light exposure and a hu-
mid environment has been the main issue that restricts its versatile applications, including
biosensing in the long term [121]. To improve CuyO biosensor stability, previous studies
attempted to combine CuyO nanocrystals with TMD materials such as MoS; nanoflakes for
enhanced electronic transmission capability, catalytic performance, and dispersibility for
sustained applications.
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Figure 10. Schematic diagram of a DNA-MoS; platform and thionine-carbon nanodots for detecting

the nucleic acids of ORFlab in SARS-CoV-2 and DNA of Listeria monocytogenes. The figure is
reprinted with permission from Ref. [116]. Copyright Elsevier Ltd. (2021).

Accordingly, Au/graphene/MoS, nanohybrid heterostructures are considered as a
huge potential for developing various types of outstanding biosensors [122]. Gold nanopar-
ticles (AuNPs) possess large surface areas, good colloidal stability, and biocompatibility,
providing a good pathway for electron transfer and enhance the immobilized amount
of useful biomolecules or functional groups [123-128]. Recently, Li et al. designed a
nanocomposite consisting of two different layers as sandwiching ELISA-based immunosen-
sors for detecting hepatitis B virus (HBV) antigens [87]. Basically, the first layer was the
composite of porous graphene oxide/Au (pGO/Au) provided a large surface area for
efficiently immobilizing antibodies (HBV antigen primary antibody (Aby)), fast electron
transportation, and good biocompatibility [129]. The second layer was the composite of
MoS; nanoflakes with Pt NPs and Cu,O nanocrystals (MoS,@Cu,O-Pt) with HBV antigen
secondary antibody (Ab,) that showed excellent electron transfer efficiency on the elec-
trode surface and reduction efficiency of H,O; for enhancing the immunosensor sensitivity.
Therefore, Ab;-bearing pGO/Au matrix firstly captured HBV antigens, which were then
sandwiched by Ab;-bearing MoS,@Cu,O-Pt nanocomposites. Different concentrations
of HBV antigens sandwiched by the MoS,@Cu,O-Pt varied the platform electrocatalytic
activity degree for reducing H,O, (forming H; and O;) and led to the change of electronic
current response. H,O, reduction increased equivalent circuit resistance and lowered
the transfer current. Such platform demonstrated a broad range of detection levels from
0.5 pg mL~! to 200 ng mL~!, with LOD at 0.15 pg mL~! (signal-to-noise ratio of 3). A
similar study by the same group replaced the second layer with the composite composed
of gold@palladium nanoparticles loaded by MoS, functionalized multiwalled carbon
nanotubes (Au@Pd /MoS,@MWCNTs) for further improving the platform sensitivity by
providing more catalytically active sites in the dendrite Au@Pd [91]. The LOD of this
immunosensor for hepatitis B e antigen detection was improved to 26 fg mL~!. These
platforms demonstrated a novel electrochemical approach to probe viral antigens.

ZnO is also one of the biocompatible and biodegradable n-type semiconductor materi-
als with a wide direct bandgap (3.37eV) and large exciton binding energy (60 meV) at room
temperature [130,131]. ZnO has been a critical component of gas sensors and photodetec-
tors due to its good ability to respond to different gases [132,133]. MoS, nanosheets are
p-type semiconductors and have a relatively narrow bandgap. A hybrid system consisting
of MoS; and ZnO can form p-n heterojunction that permits current flow. During the
COVID-19 in 2021, Shariati et al. reported a FET biosensor based on MoS; nanowires
(NWs) mineralized with ZnO through the vapor-liquid-solid (VLS) technique to enhance
the sensitivity for the detection of HBV DNA (Figure 11) [115]. The sensing principle was
based on immobilized ssDNA for probing HBV DNA sequence, thereby causing the change
of forwarding and backward gate-source voltage in successive sweeps. Such nanocompos-
ite showed excellent electronic transfer characteristics with good repeatability and stability.
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More importantly, the dynamic response time of the FET biosensor was 25s with LOD at
1 fM. These findings illustrated the importance of combining metal oxide nanomaterials
with TMD-constructed biosensors for better FET biosensor performance.
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Figure 11. The morphological and crystal structure characterization of the fabricated ZnO NPs doped
MoS; nanowires (NWs)-based FET biosensor for HBV DNA detection. The doped MoS; NWs device
showed differential transfer characteristics for bare FET and after the immobilization of various
targeting DNA sequence concentrations. The drain-source current changes showed a linear range
against concentrations from 1 pM to 10 uM. The figure is adopted and reprinted with permission
from Ref. [115]. Copyright Elsevier Ltd. (2021).

2.1.6. Summary

Taking advantages of the unique physical and chemical properties, 2D TMD-based
nanocomposites offer a great variety of applications for sensing protein and nucleic acids
through the basis of electrochemical, FET, SPR, and photoluminescence approach. Con-
sidering the current pandemic situation, the detection of SARS-CoV-2 through nucleic
acids or protein entities has been growing demand for infection screening. We review
recent advances of 2D TMD-based proteins/nucleic acids biosensors, emphasizing the
working media and sensing mechanism. Hybrid /nanocomposites of TMDs materials with
metal oxides or conductive polymers can optimize the sensitivity and device stability for
detecting biomarkers.

3. Conclusions and Perspective

In the current outbreak of COVID-19, it is highly desirable to develop an efficient
point-of-care residence community-level testing of SARS-CoV-2 as an initial screening of
positive cases apart from conventional methods. 2D TMDs are emerging 2D nanomaterials
with a wide variety of individuals offering attractive properties, including high carrier
mobility, direct and tunable bandgap, and high transistor switching characteristics that are
necessary as cost-effective and sensitive biosensors for probing SARS-CoV-2. The elements,
polymorphs, morphologies of TMDs with the composites of other nanomaterials are taken
into consideration for designing the performance of detecting various targets.

In particular, those flexible FET biosensors are highly potential as on-site biomarker
detectors that are small scale, mobile, fast-response, and capable of generating readable
signals (digital display) for the layman. To develop a high-performance biosensor for virus
detection, integrated logic circuits can be considered for constructing a multiplexed detec-
tion of target molecules simultaneously in FET sensors [134]. Indeed, 2D TMD-based smart
sensors for virus detection have been limited. The application of machine learning for 2D
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TMD-based biosensors is extremely attractive to improve detection performance. Zhu and
colleagues reported a platform that combined machine learning (ML) and MoS, /MWCNTs
porous nanohybrid network with oxidase-like characteristics as electrochemical nanozymes
sensor to analyze carbendazim (CBZ) residues in tea and rice samples [135]. The authors
utilized an artificial neural network (ANN) to learn the relationship between the processing
parameters (e.g., electrochemical signals and the CBZ concentrations) to build an accurate
and predictive regression model for the platform. Therefore, the readout of the platform
can be more reliable using intelligent analysis. Apart from software improvement, top-gate
type FET can be chosen for providing a relatively strong gate coupling and field penetration
to achieve a high on/off current ratio up to 10° [136]. For instance, Huang et al. showed
that a top-gated FET glucose detector consisted of SnS,, black phosphorus, and multilay-
ered (45 nm) MoS; channel to withstand rapid bias changes while SiO, bottom-gated of
the counterpart could not turn off the current of the thick MoS, channel effectively even
with a large voltage [137]. In short, these approaches can be potentially used to develop
high-performance biosensors for the virus.

Yet, most of the TMD biosensor studies remain at the laboratory stage despite their
superiorities in detecting nucleic acids and proteins. High cost, poor uniformity, and diffi-
culties of mass-production can be the main hurdles for commercializing TMD devices [58].
Overall, 2D TMD-based biosensors are a promising platform in clinical point-of-care analy-
sis and are alternative options apart from graphene. We believe that more research will be
done on this field for low-cost and large-scale fabrication and miniaturizing the microdevice
to develop next-generation viral biosensors.
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