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ARTICLE INFO ABSTRACT

Layered transition metal dichalcogenides (TMDs) are important members in the family of two-dimensional (2D)
materials. The large surface-to-volume ratio, combined with the fascinating tunable electronic and optical
properties, low toxicity, unique van der Waals layered structure, and engineerable surface structure, renders 2D
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Graphene hod TMDs highly valuable for next-generation biosensing applications. Herein, the recent progress in the develop-
g:f:;:;;ﬂ methods ment of 2D TMDs-based biosensors is comprehensively reviewed, with special focus on the implementation of

the structural, electronic and optical properties of 2D TMDs in the realization of high-performance biosensors
with different configurations for a wide spectrum of bioanalytes and bio-species. In addition, the comparison on
biosensing performances with graphene as the currently most studied 2D candidate is critically discussed.
Finally, future perspectives are provided along the development progress of 2D TMDs-based biosensors which
are currently undergoing an intense study. This work will lead researchers to explore more novel sensing can-
didates within the category of TMDs with exotic chemical composition, structure, morphologies, dimensional-

ities, and properties.

1. Introduction

As one of the most popular graphene analogs, layered transition
metal dichalcogenides (TMDs, list of abbreviations is presented in the
Supplemental Information (SI)) have gained substantial interest over
the last decades owing to their chemical versatility and exceptional
physicochemical properties, including excellent mechanical properties,
large specific surface areas, remarkable electronic performances, good
chemical stabilities, high catalytic activities and facile synthesis pro-
cesses, which all potentially benefit the development of high-perfor-
mance biosensing applications (Kalantar-zadeh and Ou, 2015; Kenry
and Lim, 2017; Thanh et al., 2018). The structure, composition, di-
mensionality and basic properties of layered TMDs are presented in Fig.
S1 in the SI. Compared to graphene as the most studied two-dimen-
sional (2D) candidate for biosensing, the tunable energy band gap (over
the range of 0.2-2.1eV) in TMDs in conjunction with their excellent
optoelectronic properties make them suitable for the fabrication of ul-
trasensitive biosensors (Sarkar et al. 2014, 2015). This inspiring
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property of 2D TMDs will largely compensate for the weakness of
gapless graphene, making them preferable candidates for the next-
generation optoelectronic applications, especially biological sensing
(Wang et al., 2017). More importantly, the cytotoxicity and genotoxi-
city of 2D TMDs are considered relatively low to most of the bio-spe-
cies, which is the prerequisites for the application in biosensing (Chng
and Pumera, 2015; Chng et al., 2014; Kaur et al., 2018). A comparison
of the merits and disadvantage of 2D TMDs with those of graphene is
presented in Table S1 in the SI. Nevertheless, the exploration of 2D
TMDs for biosensing is still in its infant stage (Nirala et al., 2018). In
this review article, the focus will be on the start-of-the-art contributions
to the investigation of the 2D TMDs-based active materials as the key
building units/components of various biosensors. The content mainly
includes the synthesis of single- and few-layer TMDs, the manipulation
of 2D TMDs, the fabrication of biosensors, and their detection perfor-
mances towards a wide spectrum of bioanalytes and bio-species (e.g.,
DNA, proteins, and small biomolecules). Finally, our future perspectives
will be presented for this subject that is undergoing an intense study.
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2. Cytotoxicity and genotoxicity of 2D TMDs

The cytotoxicity of 2D TMDs has early been explored; for example,
the cytotoxicity of three common exfoliated TMDs, including MoS,,
WS,, and WSe,, was probed by cell viability assessments, along with a
comparison with those of graphene oxide (GO) and halogenated gra-
phene (HG). MoS, and WS, nanosheets (NSs) induced considerably low
cytotoxicity to A549 cells and were much less hazardous in comparison
with GO and HG. By contrast, WSe, showed higher cytotoxicity, similar
to GO and HG, which might be correlated with the identity of the
chalcogen (Teo et al., 2014). Additionally, the toxicity of exfoliated
MoS, was found to rely on the exfoliation degree that could be tuned
through interactions with different intercalation agents (Chng et al.,
2014); stronger cytotoxicity was observed for the MoS, with the higher
degree of exfoliation, likely originating from the increased surface area
and active edge sites. In a review article on the toxicity of 2D TMDs and
graphene-related materials, the toxicity of 2D TMDs was also found to
depend on the fabrication methods and was shown to be lower than
that of GO (Chng and Pumera, 2015). To further promote their bio-
compatibility for in vivo biomedical applications, graphene materials
(Sun et al., 2008) and exfoliated TMDs (Hao et al., 2017a) were usually
pre-functionalized by polyethylene glycol (PEG). It was demonstrated
that three kinds of PEG-functionalized TMDs (including MoS,, WS, and
TiS,) showed no significant in vitro cytotoxicity, while PEG-MoS, ex-
hibited much smaller in vivo cytotoxicity in comparison with PEG-WS,
and PEG-TiS, because PEG-MoS, could be biodegraded and quickly
excreted almost completely from the organs (Hao et al., 2017a). In
addition to cytotoxicity tests, genotoxicity examination was also con-
ducted on 2D MS, (M = Mo, W), and low cytotoxicity and genotoxicity
were demonstrated in both mechanically exfoliated MS, and CVD-
grown MS, (Appel et al., 2016). More information regarding the bio-
compatibility and nanotoxicity of 2D layered materials can be referred
to a recent review article (Kenry and Lim, 2017).

Zhao et al.
Huang et al.
(2016b)

Ref.
(2015)
Nasi
(2017)

effect of fenitrothion on

ii)dual signal amplification in the WS,/graphene/
acetylcholinesterase

Au NPs composites-modified GCE with good

charge transport and large surface area

the CRET process between the chemiluminescent
iJultrathin 2D planar structures, high surface

areas, good electrical conductivity and superior
electrochemical performance of MoS,-graphene

composites
i)metal-like nature of 1T-phase TMDs in enhancing

sensitivity for analytical detection
ii)high specificity of acetylcholinesterase

iii)Exo Ill-aided signal amplification

ii)high specificity of aptasensor

donor (luminol) and chemiluminescent acceptor (WS,
iii)inhibition

Comments
NSs)

Linear range
0.5-10nM
0.0001-1 nM
1-1000 nM

3. Fabrication of single- and few-layer TMDs for biological sensing
applications

LOD
~180 pM
20 fM
2.86 1M

A large number of methods have been used to prepare single- or
few-layer TMD NSs, which have their own advantages and dis-
advantages, as summarized in Table S2 in the SI. The synthetic methods
should be oriented to the specific application of 2D TMDs. In the SI,
solid-, liquid-, and vapor-phase synthetic approaches are discussed in
detail by category (Figs. S2 and S3). From Table 1, it can also be noted
that gas-phase approaches (especially CVD) are suitable to fabricate
FETs-based biosensors relative to most of solid- and liquid-phase
methods since single-layer (1L) TMDs can be directly grown on a sub-
strate, as the active channel material of FETs-based biosensing devices.
Some solid-phase methods such as mechanical exfoliation have also
been adopted for the fabrication of FETs-based biosensing devices be-
cause the mechanically exfoliated TMD NSs can be easily transferred to
a substrate (e.g., Si/SiO,) to work as the channel material of the device.
Due to their cost-effective, facile and up-scalable characteristics, liquid-
phase methods are the most intensively investigated ones for various
optical and electrical biosensing applications, as evidenced by the
summary in Table 1, e.g., the liquid-phase exfoliation methods are
frequently employed to fabricate 2D TMDs for the modification of
glassy carbon electrode (GCE) for electrochemical biosensing applica-
tions.

microRNAs

PDGF-BB

Analyte
fenitrothion

exfoliation of t-BuLi-intercalated

Preparation method
commercial product
compounds

hydrothermal

4. Biosensing applications

The wide use of 2D TMDs in the biological sensing field is due to
their many advantages which render them highly promising for the
construction of various sensing platforms to achieve extremely sensitive
detection. For example, 2D TMDs possess larger accessible surface area
as compared to those with other types of structures such as

MoS,, MoSe,, WS,, WSe, (1T-phase)

TMDs-based sensing platform
MoSe,/graphene

WS,

Note: PSensitivity (defined as the ratio of the difference in the current before and after biomolecule binding to the lower of the two currents) as high as 196 was achieved in the subthreshold region for a 100 fM

streptavidin solution.
NA: not available from the corresponding literature.

Table 1 (continued)
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nanoparticles (NPs), nanotubes, nanocubes, and nanorods. The 2D
configuration can also impart the largest interfacial contact area be-
tween 2D TMDs and electrodes, facilitating the strongest interfacial
interactions and hence rapid interfacial charge transfer and robust
biosensing performance. In addition, the larger specific surface area of
2D TMDs allows for immobilizing more signal or receptor molecules
onto the modified electrode surface and for enhanced mass transport.
Some of 2D TMDs (such as metallic 1T-WS,) also possess good elec-
tronic conductivity which facilitates the charge transfer to the elec-
trodes. The unique catalytic properties of 2D TMDs contribute to signal
amplification and stimulate the translation of biorecognition events to a
fast optical, colorimetric, or electrochemical response (Liu et al., 2016).
TMD NSs can be easily modified by foreign species to impart enhanced
functions for versatile sensing applications. Particularly, unique
bonding between metal and sulfur atoms can readily form when me-
tallic species are considered as the modifier for MS, (M = Mo, W Ti, Zr,
Hf, V, Nb, Ta, Tc, Re) (Huang et al., 2016a; Wang et al., 2015), a
characteristic that is lacking in many other kinds of nanomaterials such
as graphene, carbon nanotubes (CNTs) and transition metal oxides. The
modification/functionalization can effectively convert the semi-
conducting TMD NSs to conducting TMDs-based nanocomposites, and
synergies normally exist in the multiple compositions.

Table 1 summarizes of the state-of-the-art contributions made in
this current and broad topic area of using 2D TMDs to construct various
sensing systems for the detection of various bioanalytes, such as pro-
teins, DNA, and small biomolecules.

4.1. Optical platform

4.1.1. Fluorescence and chemiluminescence (CL)-based

4.1.1.1. Fluorophore-labeled, TMDs-based biosensing platform. Based on
the intrinsic fluorescence quenching properties of 2D TMDs through
possible fluorescence resonance energy (or electron) transfer (FRET),
many sensing platforms have been fabricated on the basis of various
FRET pairs (e.g., a fluorophore-2D MoS, pair), especially for dye-
labeled DNA as the probe. Considering that the rigid double-stranded
DNA (dsDNA) has much weaker adsorption interactions with 2D TMDs
as compared to the single-stranded DNA (ssDNA), the controllable
switching of ssDNA to dsDNA makes the fluorescence “turn on”, and
vice versa. The strong adsorption interaction between ssDNA and TMD
NSs is achieved by the van der Waals force between nucleobases and
the basal plane of TMD NSs (Ge et al., 2014a; Zhu et al., 2013), while
after the hybridization of ssDNA with the target and hence the
formation of dsDNA, the nucleobases become buried between the
negatively charged helical phosphate backbones in a high density,
largely weakening the interactions between the formed dsDNA and
TMD NSs. Zhang group presented the first demonstration that 1L MS,
(M = Mo, Ti, Ta) possessed high fluorescence quenching efficiency and
different affinities toward ssDNA and dsDNA (Zhang et al., 2015; Zhu
et al., 2013), and realized the sensitive and selective detection of DNA
and adenosine with a fluorescent dye-labeled aptamer as the probe and
1L MoS, as the substrate (Fig. 1a). Thereafter, Yu group reported
different DNA-TMDs NSs sensing platforms for the detection of proteins
using MoS, NSs as the substrate and a fluorescent dye-labeled DNA
aptamer as the probe (Ge et al. 2014a, 2014b; Liu et al., 2014). The
fluorescence of the dye-labeled DNA aptamer was initially quenched by
MoS; NSs, and hybridization with the complementary target molecules
could release the aptamer-probe away from MoS,, resulting in
fluorescence retention (Fig. 1b) (Ge et al., 2014a). Later, Yu group
investigated a 2D WS, sensing platform for the analysis of T4
polynucleotide kinase (T4 PNK) and T4 PNK phosphatase (T4 PNKP),
as shown in Fig. 1c and d, respectively (Ge et al., 2014b; Liu et al.,
2014). Two kinds of probes were designed based on DNA
phosphorylation (Ge et al., 2014b) and dephosphorylation of the 3’
termini of nucleic acids (Liu et al., 2014). In the presence of T4 PNK, a
fluorescent dye-labeled dsDNA could be phosphorylated and then

Biosensors and Bioelectronics 142 (2019) 111573

specifically degraded by A-exonuclease, yielding ssDNA that had
strong interactions with 2D WS, and hence quenching the
fluorescence (Fig. 1c). By contrast, without T4 PNK-catalyzed
phosphorylation, the A-exonuclease-induced degradation of dsDNA
was prohibited. For the T4 PNKP detection, it could hydrolyze the
phosphorylated ssDNA probe into the ssDNA with a 3’-hydroxyl end,
which was immediately elongated to form dsDNA by Klenow fragment
polymerase (Fig. 1d). More recently, Huang group designed a MoS,-
based sensing platform for the streptavidin detection through a
combined process of terminal protection of small-molecule-linked
DNA (TPSMLD) and exonuclease III (Exo IIlI)-aided DNA recycling
amplification (Xiang et al., 2015). In the TPSMLD process (Fig. le),
streptavidin could specifically bind with biotin being linked to probe 1,
avoiding the enzymolysis of probe 1 by exonuclease I (Exo I). The
survived probe 1 could subsequently hybridize with probe 2 to release
probe 2 from the MoS, surface, thus partially recovering the
fluorescence. Nevertheless, the single TPSMLD process was still
unsatisfactory to achieve the sensitive streptavidin detection. To
address this, Exo Ill-aided DNA recycling amplification was further
introduced into the TPSMLD process (Fig. 1f). In the presence of
streptavidin that could specifically bind biotin, probe 1 was protected
from the Exo I-catalyzed digestion. Upon incubation with Exo III and
the probe 2-MoS, complex, the probes 1 and 2 were hybridized,
accompanied by the gradual degradation of probe 2 from 3’-to-5-end
by Exo III. As a result, the remaining probe 1 could be repeatedly
involved in new cycles of hybridization with probe 2, releasing more
fluorescent dye-labeled probe 2 from the MoS, surface and hence
yielding stronger fluorescence. The sensing performances of MS, NSs
(M = Mo, W) toward DNA were also compared with that of their analog
(i.e., GO). It was consistently demonstrated that DNA was adsorbed
onto MS, NSs (M = Mo,W) mainly via van der Waals force as compared
to GO via m-rt stacking and hydrogen bonding, and a less fluctuated
background signal was observed for these 2D TMDs-based biosensor (Lu
et al., 2017).

When TMD NSs are manufactured into TMD quantum dots (QDs),
exotic PL properties would be generated due to the quantum confine-
ment effect. Additionally, through intentionally creating nano-scale
point defects in the hexagonal lattice of pristine 1L MS, (M = W, Mo),
the PL properties were significantly affected (Chow et al., 2015). The
optical properties of TMDs NSs can thus be tailored by size manipula-
tion and defect creation for optoelectronic applications. Taking
10-20 nm-sized MoS, QDs as an example, they exhibited an inherent
blue PL at 415 nm under 300 nm UV illumination (Feng et al., 2014). A
FRET pair was subsequently constructed by attaching the Alexa 430-
labeled dsDNA with poly G tails onto the MoS, QDs, and systematic
FRET studies on the Alexa 430-dsDNA-MoS, conjugates were conducted
for the investigation of the acceptor and donor capability of the MoS,
QDs (Feng et al., 2014). While ssDNA was attached to the MoS, surface
via van der Waals force (Vovusha and Sanyal, 2015), the hybridization
of ssDNA would lead to the formation and separation of the dsDNA
from the MoS, basal plane. Therefore, the dual roles of blue-lumines-
cent MoS, QDs in the FRET phenomenon were demonstrated.

4.1.1.2. Label-free, TMDs-based biosensing platform. Considering that
fluorophore labeling is complex, high-cost, and time-consuming,
label-free strategies on the basis of various sensing platforms are
more desirable for practical applications (Hu et al., 2014; Lee et al.,
2015; Li et al., 2015; Sarkar et al., 2014; Wang et al., 2014a; Yadav
et al., 2019). The label-free fluorescence-based detection of S1 nuclease
was achieved on 2D WS, using a fluorescent conjugated polymer as the
signal reporter (Li et al., 2016). This polymer firstly formed a complex
with ssDNA. Its fluorescence could be quenched by the 2D WS, after the
hydrolysis of ssDNA in the complex into fragments by S1 nuclease and
the subsequent adsorption of the polymer onto the 2D WS,. The
CLresonance energy transfer (CRET) between the donor and acceptor
(2D TMDs) was also explored for the label-free detection of
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Fig. 1. a) Scheme of a fluorimetric DNA assay using
2D MoS, as the sensing platform. Reproduced with
permission from (Zhu et al., 2013). Copyright 2013,
American Chemical Society. b) Scheme of a 2D
MoS,-based effective sensing system. Reproduced
with permission from (Ge et al., 2014a). Copyright
2014, Royal Society of Chemistry. c¢) Scheme of the
WS, NS-based sensing platform for the detection of
the T4 PNK activity and for the inhibition analysis.
Reproduced with permission from (Ge et al.,
2014b). Copyright 2014, Royal Society of Chem-
istry. d) Scheme of a 2D WSy-based platform for
sensing the T4 PNKP activity and for analyzing the
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inhibition. Reproduced with permission from (Liu
et al.,, 2014). Copyright 2014, Royal Society of
Chemistry. e,f) Illustration of the mechanism of a 2D
MoS,-based biosensor for the detection of strepta-
vidin via a combined process of the TPSLMD (e) and
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biomolecules, such as microRNA (Zhao et al., 2015). Besides the above
fluorescence and CL as generated from the other species than 2D TMDs,
the exploitation of the autofluorescence of TMD QDs is also considered
as an effective way for the label-free detection of bioanalytes by both
“turn on” and “turn off” the fluorescence in a qualitative manner (Du
et al., 2018; Fahimi-Kashani et al., 2017). Most recently, water-soluble
VS, QDs were synthesized as an autofluorescent platform, and the
fluorescence could be heavily quenched by MnO, NSs. The addition of
glutathione turned on the quenched fluorescence of the VS, QDs/MnO,
NSs assembly by reducing MnO, NSs into Mn?*, realizing the label-free
detection of glutathione, as shown in Fig. 1g (Du et al., 2018). This
study also investigated the optical fluorescence biosensor under NIR
excitation which notably reduced the background signals and also
avoided damage to biological tissues as normally caused by UV
irradiation.

4.1.2. Absorption-based

Compared to graphene with zero bandgap energy, layered TMDs,
with semiconductive properties, exhibit characteristic visible absorp-
tion, which can thus be exploited for the absorption-based biosensing

/\/\/\/‘

X

glutathlone .xﬁ *.
Recovery jﬁ * :“'

“&_ UV or NIR excitation

Exo Ill-aided DNA recycling amplification (f). Re-
produced with permission from (Xiang et al., 2015).
Copyright 2015, Elsevier. g) Scheme of VS, QDs/
MnO, NSs sensing platform for monitoring glu-
tathione. Adapted with permission from (Du et al.,
2018). Copyright 2018, Elsevier.

..
QR /®

® 5 Ha
\ Emission

through inducing a regular change of their visible absorption. This
optical biosensing is low-cost, simple, and highly sensitive. For ex-
ample, a water dispersion of MoS, NSs exhibited a rapid aggregation
response to salts due to a salt-induced effect (Li et al., 2015), and, re-
versely, a homogeneous dispersion was exhibited even in the presence
of high-concentration salts when the 2D MoS, surface was protected by
a ssDNA layer. The replacement of ssDNA with dsDNA made a loss of
the protective effect, and severe aggregation started. The label-free
detection was thus achieved by virtue of this discrimination capability
to ssDNA and dsDNA, as well as the size-dependent optical absorption
of MoS, NSs (Fig. 2a). Apart from the ssDNA hybridization strategy in
the optical biosensor based on the salt-induced aggregation of TMD
NSs, a hybridization chain reaction (HCR) was introduced to further
enhance the DNA detection sensitivity, and the LOD was lowered from
1.54 nM by ssDNA hybridization to 0.23 nM by HCR (Lan et al., 2019).

4.1.3. Colorimetric

Due to no requirement on any sophisticated instrumentation, col-
orimetric methods show great potential for portable and scalable ap-
plications. The enzyme-mimetic inorganic nanomaterials have featured
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Fig. 2. a) Scheme of a label-free DNA biosensor
constructed based on the ssDNA-induced dis-
persion of layered MoS, in an aqueous salt so-
lution (A), and the absorption spectra of layered
MosS; in the presence of different amounts of the
complementary target ssDNA, T2 (from O to
7.5nM) with the fixed concentration of the
probe ssDNA, T1 (7.5nM) (B). Reproduced with
permission from (Li et al., 2015). Copyright
2015, Wiley-VCH Verlag GmbH & Co. b) Scheme
of the procedures for the development of an SPR
immunosensor with MoS; NSs as the interfacing
layer for effective biofunctionalization (A),
transmission spectra of the Ab/MoS,/Au/optical
fiber immunosensor, depicting resonance wave-
lengths corresponding to the different con-
centration of E. coli (B), and dependence of the

v,
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B resonance wavelength on the E. coli concentra-
3 tion for the prepared immunosensor (C). Re-
produced with permission from (Kaushik et al.,
8 2018). Copyright 2018, Elsevier.
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as an emerging class of ideal tools for colorimetric detection due to
their controllable structure and composition, high stability, easy pre-
paration, and tunable catalytic activity (Lin et al., 2014a). Enzyme
mimetics possess many advantages over natural enzymes, such as lower
cost, and greater stability against denaturing or protease digestion. For
example, pristine MoS, NSs were evidenced with enzyme mimetic
catalytic activity for the oxidation of 3,3’,5,5-tetramethylbenzidine
(TMB) in the presence of H,O,, which was exploited to detect choline
based on the reaction of choline and choline oxidase to produce H,0,.
Dip test strips were also fabricated using filter paper as a flexible and
visual platform that was pretreated with a mixture of TMB and MoS,

NSs. The pretreated dip test strips were then used for the choline de-
tection in real samples including milk and serum which were pre-mixed
with choline oxidase to yield H,O, (Nirala et al., 2018). In addition, a
Fe304/MoS, 0D/2D nanocomposite was demonstrated with a perox-
idase-like activity for the non-enzymatic detection of glucose
(Nandwana et al., 2018). The Fes04 NPs (anchored on the MoS, NSs)
contributed to the formation of a stable aqueous dispersion of the
Fe30,4/MoS, nanocomposite, facilitating its sensing applications with
easy operation. Noninvasive point-of-care glucose diagnostics were also
achieved in this study by means of the inkjet printing of Fe;04/MoS,
nanocomposites together with other active sensing elements onto
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paper, producing test strips for the qualitative and quantitative colori-
metric detection of glucose at a concentration down to 2.4uM
(Nandwana et al., 2018). However, the colorimetric strategies were
demonstrated with a smaller sensitivity compared to other detection
methods such as fluorescence, and the former resulted in a much higher
LOD value (0.72 uM) for the glucose detection than the latter (21 nM)
(Khataee et al., 2018).

4.1.4. Plasmonic-based and surface-enhanced Raman spectroscopy (SERS)-
based

When TMD layers are deposited on metallic thin films or functio-
nalized with metallic NPs (e.g., Au or Ag), the strong coupling can be
induced at the metal/TMD interface due to the effective charge transfer,
and a large electric field enhancement at the interface can be generated.
As an evanescent wave, the electric field excited on the metallic surface
is sensitive toward the refractive-index change of its surrounding
media. This phenomenon is generally referred to as surface plasmon
resonance (SPR). SPR-based optical biosensors are commonly used for
the real-time monitoring of various biomolecular interactions such as
DNA hybridization and protein binding. By virtue of their high optical
absorption efficiency and unique electronic structure, 2D TMDs have
been widely used for constructing SPR biosensing platforms. For ex-
ample, a configuration of an SPR biosensor was theoretically proposed
using a MoS,-graphene hybrid, which exhibited a more than 500-fold
larger phase-sensitivity enhancement factor when compared to the SPR
sensing scheme without the hybrid coating or with only graphene
coating (Zeng et al., 2015). While graphene acted as a bio-recognition
component for capturing the target biomolecules through m-stacking
force, MoS, layers were used to improve light absorption so as to pro-
vide enough excitation energy for efficient charge transfer. The theo-
retical analysis showed that electron transfer as generated by the work
functions difference among graphene, MoS, and Au would result in a
large electric field enhancement at the sensing interface and conse-
quently a high sensitivity. In addition to improving light absorption,
MoS, was also reported as a bio-recognition layer in a metal/graphene/
MoS, configuration of an SPR-based fiber optic biosensor (Mishra et al.,
2016). To increase the quality factor and detection accuracy, a silicon
layer was also included between metal and MoS; layers in a graphene/
MoS, hybrid-based SPR biosensor (Maurya et al., 2015). Furthermore,
silicon NSs were employed to combine with 2D TMDs (including MoS,,
MoSe,, WS,, and WSe,) for enhancing the sensitivity of an SPR bio-
sensor (Ouyang et al., 2016). Most recently, MoS, NSs-functionalized
fiber optic SPR biosensors were also investigated to detect E. coli
(Kaushik et al., 2018), as shown in Fig. 2b, and bovine serum albumin
(BSA) (Kaushik et al., 2019).

4.2. Electrical platform

4.2.1. Electrochemical-based

The electrochemical detection involves redox reactions of bioana-
lytes at the electrode-electrolyte interface, generating the bioanalyte
concentration-dependent redox current (Selvarani et al., 2018; Shuai
et al., 2016). Electrochemical techniques possess many advantages for
biosensing, including high sensitivity, facile operation, low cost, reu-
sability, prompt response, trace sampling, and fast analysis (Lin et al.,
2016; Liu et al., 2016; Mani et al., 2017; Wang et al. 2014b, 2018). A
portable and universal biosensing platform can also be fabricated via
electrochemistry. As a result, electrochemical biosensors have gained
particular interest over these years (Shuai et al., 2016).

Electrochemical test strongly relies on electrodes, and bare elec-
trodes (e.g., GCE) suffer from high over-potential and low sensing signal
(Wang et al., 2018). To promote the detection signal, the GCE surface
modification is necessary. In this respect, rationally designed 2D TMDs
and their nanocomposites have been widely applied as the modifier for
electrochemical sensing in both the enzymatic and non-enzymatic
manner. Because most of TMDs are semiconductors and lack direct path
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for electrons (Bollella et al., 2017), relatively little attention has been
paid to using neat TMD NSs as the modifier to construct electrochemical
sensing platforms. Nevertheless, modulation of their internal structure
might be effective for the production of neat 2D TMDs with high
electrocatalytic activity. Recently, Pumera group systematically ex-
foliated the tert-butyllithium (t-BuLi)-intercalated TMDs including
MoS,, MoSe,, WS,, and WSe, as the biosensing platform for the feni-
trothion detection (Nasir et al., 2017). The prepared samples existed
predominantly in the metallic 1T-polymorph (with metal-like prop-
erty), a structure favorable for enhancing the sensitivity. The sensing
mechanism was mainly based on the inhibition of fenitrothion to en-
zyme activity and hence the significant weakening of the electro-
chemical signal of the redox reaction catalyzed by the 1T-phase TMDs.
It was also demonstrated that 1T-phase WS, outperformed all the other
2D TMDs. The illustration of the construction of the biosensor using 1T-
phase TMD NSs as the platform is shown in Fig. 3a.

Due to the limited space for enhancing the sensitivity of the neat
TMDs, researchers are motivated to incorporate various electrically
conducting components onto TMDs for producing the TMDs-based na-
nocomposites, such as graphene, CNTs, conducting polymers, and noble
metal NPs (Huang et al. 2014b, 2014d; Yang et al., 2015a). For ex-
ample, a promoted electrical transport pathway and enhanced stability
were achieved through anchoring MoS, NSs to a support with a robust
conductivity (Wang et al., 2018).

4.2.1.1. Metal NPs as the modifier. Usually, the incorporation of noble
metal NPs helps to realize a direct electron transfer between the
electrode and the enzyme (e.g., horseradish peroxidase (HRP) being
specific to H,0,) in a TMD NSs-based biosensor (Bollella et al., 2017).
By contrast, there would be a large distance between the active site of
HPR and the electrode in the absence of the metal NPs since the active
center of the HPR is deeply embedded in the protein shell, and such a
distance is too large to realize an efficient electron transfer (Bollella
et al.,, 2017). The incorporation of noble metal NPs enables a large
decrease in the distance between the active site and the microelectrodes
and can also lower the overpotential of H,0,, thereby avoiding the
fouling of the electrode as caused by the co-deposition of HRP-metal
NPs (Bollella et al., 2017).

Au NPs are most frequently employed to modify semiconducting
TMDs NSs (Huang et al. 2014c, 2014d; Su et al. 2013, 2014; Wang
et al., 2015). As shown in Fig. 3b, a homogeneous dispersion of MoS,
NSs and Au NPs, together with glucose oxidase (GOx), were cast onto
GCE, yielding a modified electrode for the electrochemical detection of
glucose based on Equation (1) (Su et al., 2014). The incorporation of Au
NPs onto the MoS, NSs promoted the electron transfer between the GOx
and electrode and hence enhanced the sensitivity, as evidenced by a
cyclic voltammetry (CV) study.

GOx

Glucose + O, =" Gluconolactone + H,0, (€8]

To amply the detection signal for an electrochemical biosensor, an
additional Ag nanospheres-GOx probe was further introduced into the
MoS,@Au NPs sensing system for the detection of carcinoembryonic
antigen (CEA) based on Equations (2)-(5) (Wang et al., 2015), as
schematically presented in Fig. 3c. Due to specific antigen-antibody
complexing, a larger CEA concentration would lead to a higher amount
of Ag nanospheres-GOx. In the presence of glucose, the more GOx that
was accessible for catalyzing the glucose oxidation under aerobic con-
ditions could produce more H,0,. The further catalytic reduction of
plenty of H,O, over Au NPs@MoS, strongly reduced the current ex-
hibited by the differential pulse voltammetry (DPV) curves.

Glucose + O, G—O>X Gluconicacid + H,0, 2)
H202 + MOSZ — HO + MOSon (3)
1,0, + HO - HOO + H,0 4
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Fig. 3. a) Illustration of the construc-
tion of the pesticide biosensor using
1T-phase TMD NSs (including MoS,,
MoSe,, WS,, and WSe,) as the plat-
form. Adapted with permission from
(Nasir et al., 2017). Copyright 2017,
American Chemical Society. b) Pre-
sentation of using a MoS,-Au NPs
composite as an electrochemical sensor
for the enzymatic detection of glucose
with the assistance of GOx in buffer
and human serum. Reproduced with
permission from (Su et al., 2014).
Copyright 2014, Springer. c) Fabrica-
tion of an electrochemical im-
munosensor based on MoS,-Au NPs
composite and Ag nanospheres. Re-
produced with permission from (Wang
et al., 2015). Copyright 2015, Elsevier.
d) Scheme of the MoSe,/graphene
composite-based biosensor for the
growth factor detection by Exo Ill-as-
sisted signal amplification. Adapted
with permission from (Huang et al.,
2016b). Copyright 2016, Elsevier.
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MoS,0H + HOO — H; O+ O, + MoS, 5)

In situ electrochemical monitoring of H,0, secreted by live cancer
cells was also performed using a trimetallic nanoflower nanostructures-
modified MoS, NSs (Dou et al., 2018), and the combination of different
metallic elements endowed the composite sensor with enhanced cata-
lytic performance as compared to the single-phase counterparts. A
highly branched or dispersed nanostructure such as nanoflower (Dou
et al., 2018) and dendrite (Naveen et al., 2016) of bimetallic and tri-
metallic NPs was useful for obtaining a high catalytic activity, con-
tributing to an impressive sensitivity of the trimetallic nanoflower-
modified MoS, (linear range: 1-100nM; LOD: 0.3nM) (Dou et al.,
2018).

4.2.1.2. Carbon nanomaterials as the modifier. Carbon nanomaterials are
also popular choices for the modification of TMDs NSs due to their
superior electronic conductivities, excellent mechanical strength, and
high chemical stability. The synergies between TMD NSs and carbon
nanomaterials are highly expected to dramatically enhance the
electrocatalytic activity and stability. For instance, a MoS,/graphene
hybrid was reported to modify GCE for the enzymatic detection of HyO,
using HRP as the enzyme (Song et al., 2014). A MoSe,/graphene
composite was also investigated as the sensing platform of an
electrochemical aptasensor for the enzymatic detection of platelet-
derived growth factor BB (PDGF-BB), as shown in Fig. 3d. While the
sensing platform provided with large surface area, good electrical
conductivity and superior electrochemical performance, the high
specificity and stability of the aptasensor combined with Exo III-
assisted signal amplification contributed to the high performance in
the PDGF-BB detection with the LOD value down to 20 fM (Huang et al.,
2016b).

In addition, non-enzymatic sensing was also explored using com-
posites consisting of carbon nanomaterials and TMD NSs. For instance,
Huang group investigated a composite composed of layered MoS, and
graphene as a sensing platform for the electrochemical detection of
acetaminophen (AC) (Huang et al., 2013b). The electrochemical signal
stemed from the AC-involved redox reaction (Equation (6)).

(6)

Acetaminophen < N-acetyl-p-quinoneimine + 2H" + 2e~

The MoS,/graphene composite-modified GCE exhibited more fa-
vorable electron transfer kinetics in comparison with neat GCE and
graphene-modified GCE due to the robust composite structure and the
synergies between MoS, and graphene.

4.2.1.3. Polymer as the modifier. Conducting polymers are also regarded
as an alternative to providing a direct path for electrons in the TMD
NSs-based electrochemical biosensors. For example, self-doped
polyaniline (PANI) has been investigated to modify MoS, NSs,
yielding a MoS,/PANI nanocomposite which was used as a sensing
platform for the chloramphenicol (CAP) detection. The negatively
charged PANI with abundant benzene rings could strongly interact
with conjugate-structured CAP, contributing to the excellent
electrocatalytic activity for the CAP detection, with a linear range of
0.1-1000 pM and the LOD value of 6.5 X 10~ %M (Yang et al., 2015a).

4.2.1.4. Modification by multicomponent reactions. To exploit the
inherent advantages of different kinds of functional components in a
TMDs-based biosensor, TMDs-based ternary composites have also been
investigated. For example, Huang group employed both CNTs and Au
NPs to hybridize with MoS, NSs for the enzymatic detection of DNA
using GOx as the enzyme (Huang et al., 2014b). The multicomponent
synergies and multiple signal amplification contributed to an
ultrasensitive electrochemical detection of DNA with the LOD value
down to 0.79 fM and a wide linear range from 10 to 107 fM. Later, they
fabricated a MoS,/PANI/Au NPs ternary composite for the non-
enzymatic detection of dopamine (DA) (Huang et al., 2014d). The
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MoS,/PANI composite film served as an accelerator for electron
transfer from DA to the electrode, and the redox-active PANI
possessed highly electrolytic accessible surface area after coating on
the surface of the MoS, NSs. The subsequent deposition of Au NPs onto
the surface of the MoS,/PANI composite further promoted the electron
transfer for this redox system (as evidenced by CV, DPV, and ESI),
greatly improving the sensing performance. Furthermore, a dual signal
amplification was also evidenced in WS,/graphene/Au NPs ternary
composites which were demonstrated with high sensitivity to DNA
(down to femtomolar level) and good selectivity to differentiate single-
base mismatched and three-base mismatched sequences of DNA (Huang
et al., 2014a).

4.2.1.5. Applications in the dual-target detection. Single target (e.g., a
protein or a small biomolecule) was frequently investigated for the
examination of the established electrochemical sensing system in the
mode of “signal-on” or “signal-off”. Such a single target detection relies
on only one signal variation, which might cause misreading in a
multiplex detection system due to the false negative or positive
results. In this regard, Su et al. reported a MoS,/Au NPs composite-
based electrochemical sensor capable of individually and
simultaneously detecting thrombin and adenosine triphosphate (ATP)
as representatives of a small biomolecule and a protein, respectively
(Fig. 4a) (Su et al., 2016). Briefly, two different aptamer probes with
the hairpin and double-strand structures were labeled with methylene
blue (MB) and Ferrocene (Fc), respectively. Both of the probes could be
simultaneously immobilized on the MoS,/Au NPs composite via Au-S
bonding. Incubation with thrombin and ATP induced MB and Fc to be
far away from (“signal-on”) and close to (“signal-off”) the electrode
surface respectively. This aptasensor possessed both of the features of
“signal-off” and “signal-on” sensing mechanisms, resulting in high
sensitivity, with few misreadings (see Table 1 for more details).

4.2.2. Photoelectrochemical (PEC)-based

The semiconducting TMD NSs have also been employed as a pho-
tocatalyst for PEC-based sensing applications under visible light
(Fig. 4b). Compared to the electrochemical biosensing, the sensitivity of
the PEC biosensing can be further improved, along with a low back-
ground signal, due to the total separation of the excitation source (i.e.,
visible or solar light) and the detection signal (i.e., photocurrent) and to
the different energy forms of the excitation source and the detection
signal. For example, MoS, NSs, with a direct bandgap of ~1.85eV,
were used for the PEC detection of glucose under visible light through
injection of the glucose solutions with various concentrations into the
electrolyte, achieving excellent PEC sensing performance (linear range:
8 nM-5 uM; LOD: ~ 0.6 nM) (Wu et al., 2017).

4.2.3. FETs-based

FETs-based biosensing has also captivated much attention, in that
inexpensive, rapid, portable, and label-free detection can be achieved.
The on-chip integration of both sensor and measurement systems can be
easily realized as well. Using 2D TMDs as an active channel material in
the FET-based electronic biosensors has attracted substantial interest
(Lee et al., 2013; Yadav et al., 2019). To construct a FET-based bio-
sensor, the physical gate in a logic transistor is removed, and the di-
electric layer is modified with specific receptors for capturing the de-
sired target biomolecules in a highly selective manner (Fig. 5a). Once
the charged biomolecules are captured, a gating (electrostatic) effect
will be produced, which is further transduced into a readable signal in
the form of variation in the FET electrical characteristics such as
channel conductance or drain-to-source current. MoS, NSs were de-
monstrated to be an excellent channel material for the fabrication of
high-performance FET biosensors, due to their semiconducting and
atomically thin 2D nature (Sarkar et al., 2014). A superior electrostatic
gating effect endowed a MoS,-included FET device with a high protein
sensitivity of 196 even at the 100 fM concentration (left part of Fig. 5a).
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Fig. 4. a) Scheme of an aptasensor for the simulta-
neous determination of dual targets (ATP and
thrombin). Reproduced with permission from (Su
et al., 2016). Copyright 2016, American Chemical
Society. b) Presentation of the PEC reaction process
of the MoS,-GOx-modified ITO electrode for the
detection of glucose. Reproduced with permission
from (Wu et al., 2017). Copyright 2017, Elsevier.
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Thereafter, high-quality MoS, NSs (highly stable in electrolytes and
inert to pH changes) were also used as the channel material for the FET-
based label-free detection of DNA (Lee et al., 2015). The hybridization
of the probe ssDNA with the target ssDNA resulted in the detachment of
the probe ssDNA from the MoS, surface, accompanied by the genera-
tion of an electrostatic gating effect, enabling a negative shift in the
threshold voltage and an enhancement in the drain current. Fig. 5b
presents a schematic illustration of the MoS,-based FET configuration,
along with the plot of the threshold voltage shifts (A V) vs. the con-
centrations of complementary, non-complementary and single-base
mismatched DNA. An excellent sensing performance was achieved
(LOD: 10 fM; sensitivity: 17 mV/dec; dynamic range: 10°). To avoid the
sensitivity lowered by the membrane that is inevitably involved in
traditional semiconductor-based FETs, a membraneless FET was in-
vestigated with WSe,, as the channel material for the glucose detection.
Defect-free WSe, surface without dangling bonds was an essential
condition for the effective fabrication of such a membraneless FET with
high sensitivity since there would be nonspecific bindings as caused by
the surface detects (Lee et al., 2018). Nonetheless, the low-power O,
plasma treatment of the defect-free WSe, surface was also necessary to
create some binding sites for the bioreceptors and thus to obtain high
reusability and stability of the FET-based biosensor, as shown in Fig. 5c.

5. Conclusion and future perspectives

This work has comprehensively investigated the state-of-the-art
contributions to the fabrication, manipulation, and biosensing appli-
cations of 2D TMDs-based systems for the detection of various bioa-
nalytes. Overwhelmingly more attention has been paid to 2D MoS, as
compared to the other 2D TMDs, likely due to its relatively better
studied optical and electronic properties. It is therefore highly desirable
to put more focus on the other 2D TMDs to develop novel biosensors for
addressing the current bottleneck encountered by 2D MoS,. In addition,
using TMDs-based nanocomposites to construct biosensors has been
widely investigated to address the drawback existing in pristine TMDs,
such as the poor electronic conductivity, but the components are
usually limited to conducting polymers, carbon nanomaterials, and
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noble metal NPs (Table 1). It should have great potentials to capitalize
other kinds of functional components such as non-precious metals,
semiconductors (e.g., TiO,, ZnO,, CdS, etc), perovskite and MOF, for
the fabrication of diverse novel high-performance biosensors.

Although big progress has been made in the preparation of various
TMDs-based biosensors for a wide range of bioanalytes including pro-
teins, DNA, small biomolecules, there still exists a big room for the
further improvement of the sensitivity of the biosensors. On the other
hand, the widespread applications of 2D TMDs-based fluorimetric bio-
sensors were limited by the fact that the fluorophore-labeled method
causes the sensing assays to be complex, high-cost, and time-con-
suming. Therefore, label-free approaches based on 2D TMDs are en-
couraged with more attention. Other than sensitivity and concentration
range parameters, there are currently limited reports on the investiga-
tion of the selectivity and stability of 2D TMDs-based biosensors. It
merits to pay special attention on these parameters in 2D TMDs-based
biosensors given that they have been widely investigated for non-2D
materials.

Scalable methods for the fabrication of 2D TMDs and their nano-
composites remain lacking from the practical application viewpoint, as
most of the reported 2D TMDs-based biosensors are fabricated under
laboratory conditions. Therefore, effective and efficient techniques still
remain to be explored for the rapid production of biosensors based on
TMD NSs and their nanocomposites in large quantities and with high-
quality specifications, while maintaining a relatively low cost. This is a
prerequisite for the commercialization of TMDs-based biosensors. More
efforts should also be devoted to bringing TMD-based biosensing sys-
tems to the real-world applications since the biosensor showing good
performance under the optimized laboratory conditions is most likely to
perform unsatisfactorily for the practical applications involving many
interfering species such as mixed ions, particles, and macromolecules
that would produce many interfering signals during the detection.
Considering the explosively growing experimental findings and the
rapid development of the supporting technologies, we believe that the
2D TMDs-based biosensors will eventually become eye-catching pro-
ducts for overcoming various challenges in the modern biosensing
world.
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Fig. 5. a) Scheme of a MoS,-based FET biosensor. The dielectric layer covering the MoS, channel is modified with receptors for specifically binding with the target
biomolecules. The uptake of the charged biomolecules induces a gating effect, enabling the modulation of the device current. An electrolyte gate in the form of an Ag/
AgCl reference electrode is employed for applying a bias to the electrolyte. The FET biosensor exhibited double performances for sensing both protein (i.e.,
streptavidin) and pH. Reproduced with permission from (Sarkar et al., 2014). Copyright 2014, American Chemical Society. b) Schematic illustration of the MoS, FET
configuration (left panel), and plots of the dependency of AVy, on the concentration of complementary, non-complementary and single-base mismatched DNA
molecules (right panel). Reproduced with permission from (Lee et al., 2015). Copyright 2015, Springer. c) Illustration of constructing a WSe,-based membraneless
bio-FET for the enzymatic detection of glucose (the left and right parts show the composition of the bio-FET and the reusability of the bio-FET for glucose detection,
respectively). Reproduced with permission from (Lee et al., 2018). Copyright 2018, American Chemical Society.
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