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structure. In particular, 2D molybdenum disulfide (MoS,), as an emerging class of stable inorganic gra-
phene analogs with intrinsic finite bandgap, would possibly complement or even surpass graphene in
electronics and optoelectronics fields. In this review, we first discuss the historical development of ul-
trathin 2D nanomaterials. Then, we are concerned with 2D MoS, including its structure-property re-
Keywords: lationships, synthesis methods, characterization for the layer thickness, and biosensor applications over
Two-dimensional nanomaterials the past five years. Thereinto, we are highlighting recent advances in 2D MoS,-based biosensors, espe-

gg:nsors cially emphasize the preparation of sensing elements, roles of 2D MoS,, and assay strategies. Finally, on
the basis of the current achievements on 2D MoS, and other ultrathin layered nanomaterials, perspec-
tives on the challenges and opportunities for the exploration of 2D MoS,-based biosensors are put for-

ward.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction layers materials with one dimension restricted to a single-atom
layer, while in literatures they include monolayer and few-layer
Two dimensional (2D) layered nanomaterials are an emerging nanomaterials (Gupta et al., 2015; Naguib and Gogotsi, 2015; Tan

but important class of materials. Strictly speaking, they refer to the and Zhang, 2015; Tang and Zhou, 2013; Zhang, 2015). According to
the morphology and thickness, they could be divided into nanor-
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Fig. 1. Current 2D library. Monolayers proved to be stable under ambient conditions (room temperature in air) are shaded blue; those probably stable in air are shaded
green; and those unstable in air but that may be stable in inert atmosphere are shaded pink. Gray shading indicates 3D compounds that have been successfully exfoliated
down to monolayers, as is clear from atomic force microscopy, for example, but for which there is little further information. Reproduced from (Geim and Grigorieva, 2013)
with permission from Nature Publishing Group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

several orders of magnitude larger than the thickness. They are
usually but not necessarily prepared by exfoliating their bulk
counterparts that have weak interaction between the neighboring
layers (Pan et al., 2014).

In addition to the composition and atomic arrangement, di-
mensionality plays a critical role in determining the fundamental
properties of 2D nanomaterials (Chhowalla et al., 2013). Due to the
quantum effects, 2D nanomaterials exhibit unique physical and
chemical properties that differ from their bulk counterparts. So far,
the potential applications in electronics, optoelectronics, sensors,
catalysis, gas separation, energy storage and conversion, water
remediation, and biomedicine, have demonstrated the versatility
of 2D nanomaterials (Kannan et al., 2015; Sun et al., 2015; Zhang,
2015). The known 2D nanomaterials mainly include graphene,
graphitic carbon nitride (g-C3N4), hexagonal boron nitride (hBN),
transition metal dichalcogenides (TMDCs), metal oxides and hy-
droxides (including clays), black phosphorene, group IV elements
(ie., silicene, germanene, and stanene, etc.), metalorganic frame-
works (MOFs), covalent-organic frameworks (COFs), polymers, and
metals (Colson et al., 2011; Houssa et al., 2015; Huang et al., 2011,
2013c; Jiang et al., 2015; Kaul, 2014; Kory et al., 2014; Kou et al.,
2015; Peng et al., 2014; Zhuang et al., 2015).

Even though the initial studies about layered materials can date
back to molybdenum disulfide (MoS,) in the 1970s (Pisoni et al.,
2015), the burgeoning research on 2D nanomaterials really began
after graphene was discovered in 2004 (Novoselov et al., 2004).
The impressive advancements of graphene in a wide range of
fields have triggered the strong research interest in the broader
family “beyond graphene” that would offer greater choices to be
explored and tailored for various applications (Kuc and Heine,
2015). In particular, 2D layered TMDCs exhibit a wealthy of fasci-
nating properties that depend on their composition and layer
thickness ranging from semiconductors and semimetals to true
metals and superconductors (Ganatra and Zhang, 2014; Heine,
2015; Wang et al., 2012). The process or conversion could be
realized by modifying the electron filling by doping, quantum size
effect, field effect, or intercalation of molecules, atoms, and ions
into van der Waals layers (Cha et al., 2013). Most hopefully, 2D
MoS,, as one of stable layered TMDCs (Fig. 1), demonstrates unique
electronic, optical, mechanical, and chemical characteristics (Ataca
et al,, 2012; Geim and Grigorieva, 2013; Huang et al., 2014f). It will
complement or even surpass graphene (zero band gap) in elec-
tronics and optoelectronics fields, such as field effect transistors
(FETs), phototransistors, logic circuits, due to its intrinsic finite
bandgap, high on/off ratio, and abundance of bulk material (Butler

et al., 2013; Lee et al., 2010; Li and Zhu, 2015; Radisavljevic et al.,
2011; Su et al.,, 2015). Most importantly, its ultrathin plane struc-
ture where the electrons/holes are confined to a plane of atomic
thickness makes 2D MoS, sensitive to the surrounding environ-
ment (Chen et al., 2009); therefore, to large extent, 2D MoS, would
be a promising building block for biosensors (Kalantar-zadeh and
Ou, 2016; Zhang et al., 2015c).

Herein, we give a brief overview of progress on 2D MoS,; rather
than offering a comprehensive review. In the following sections,
we first discuss the relationship between structure and property/
function, mainly about the changes of its bandgap structure with
the thickness that is responsible for the electronics and optoelec-
tronics properties. Later on, we summarize the typical synthetic
methods, including the pros and cons for specific biosensors.
Further, we discuss several simple but effective analytical methods
including Raman spectroscopy, optical extinction spectroscopy,
photoluminescence spectroscopy for characterizing its layer
thickness. In addition, we highlight its biosensing applications
including electrochemical biosensors, fluorescent biosensors, col-
orimetric biosensors, electrochemiluminescence biosensors, and
field effect transistor biosensors for the last few years, as shown in
Fig. 2. Finally, we provide some personal opinions on the devel-
opment direction and challenge of 2D MoS,-based biosensors. Due
to the explosion of publications in this active field and limited by
our knowledge, we do not claim that this review includes all of the
published works in the past.

2. Structure-property relationships of 2D MoS,

In general, material properties are associated with their elec-
tronic structures, especially the position of Fermi level and the size
and shape of Fermi surfaces (Zhao et al.,, 2015). In detail, for 2D
MoS,, the structure and layer number as well as layer-substrate
interaction could greatly affect its physical and chemical proper-
ties (Robinson et al., 2015). In essence, they all belong to band
engineering for tailoring the properties of 2D MoS, (Guo et al.,
2015; Zeng et al., 2015b). In the following section, the structure-
property relationship of MoS, would be discussed mainly ac-
cording to its electron energy band structure.

2D MoS, or MoS; has three polytypic structures including 2H
(trigonal prismatic coordination), 1T (octahedral crystal symmetry
configuration), and 1T’ (distorted 1T), as shown in Fig. 3A. There-
into, 2H-and 1T-MoS, phases are most extensively studied in both
theory calculations and experiments in recent years (Gao et al.,
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Fig. 2. Intrinsic properties of 2D MoS, and most representative properties applied in a specific biosensor. Here, the distribution proportion in pie chart was obtained after the

statistical analysis of references in the review.

2015). In 2H-MoS, coordination, the d orbitals split into three
bands, namely, dade2 2., and d,, ,,, separated by an energy gap.
The orbitals are located within the bonding (¢) and antibonding
(¢) states. In 1T coordination, the d orbitals split into d,, ,,, and
dzz,xz-yz' The partially filled d,, , ,, orbital in the 1T phase leads to

metallic in electronic character, while in the 2H phase the two d
electrons of d, orbital, makes it a semiconductor. 1T-MoS; phase is
unstable under ambient condition, and readily transforms back to
the thermodynamically stable 2H phase or 1T’ phase. Under cer-
tain conditions, the phase conversion could occur between pro-
totypes of MoS,, such as 2H-MoS, — 1T-MoS, and 2H-MoS; - 1T'-
MOSz.

Even though MoS, was the first investigated in 2D nanoma-
terials (Del Corro et al., 2014), it is paid with extensive attention
after the advent of isolated 2D MoS,. In particular monolayer MoS,
exhibits many unique properties due to a quantum size effect
connected with its ultra-thin structure (Jia et al., 2015; Zeng et al.,
2011). Monolayer MoS,, 6.5A thick, is centrosymmetric and

composed of three atom layers, namely, a Mo layer sandwiched
between two S layers. It could be particularly stable even in liquid
and oxygen containing gaseous media due to no dangling bonds at
the end of basal surfaces (Kalantar-Zadeh and Ou, 2016). As for
few-layer MoS,, its special bond structure, strong molecular in-
tralayer bonds (coordination bonds) but weak interlayer bonds,
leads to the highly anisotropic properties that mechanical, ther-
mal, and electrical properties in plane are significantly different
with those out of plane (Chia et al., 2015).

In addition, the lack of inversion symmetry, confinement of
electron motion in plane, and high mass of the elements cause a
very strong spin-orbit splitting for applications in spin-based or
valley-based electronics (Vogel and Robinson, 2015). From bulk to
monolayer MoS,, its band gap could change from 1.2 to 1.9 eV.
Moreover, its bandgap exhibits an indirect-to-direct transition
(Fig. 3B) which leads to the strong photoluminescence emission
(Kuc et al., 2011). In terms of the direct bandgap, the valence band
maximum and the conduction band minimum are both located at
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Fig. 3. (A) Top view and side view of 2H, 1T, and 1T" 4 x 4 x 1 MoS, and their band structures. Cyan, Mo; yellow, S. Reproduced from Gao et al. (2015) with permission from
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the K point (Gotasa et al., 2014). Its layer-dependent band struc-
ture is ascribed to quantum confinement and the resulting chan-
ges in hybridization between p, orbitals on S atoms and d orbitals
on Mo atoms (Mak et al.,, 2010).

At room temperature, compared with bulk MoS,, the charge

carrier mobility of monolayer MoS; is sharply decreased due to the
phonon-scattering, in the range 0.1-10cm?V~'s~! (Radisavljevic
and Kis, 2013). On the other hand, charge traps at the interface be-
tween the substrate and 2D MoS, is the dominant cause for such low
room-temperature mobility of MoS, devices (Ghatak et al., 2011).
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Interestingly, the “sandwich” structure synthesized by the deposition
of a high-K dielectric material on the surface of 2D MoS, could sig-
nificantly improve the mobility via suppression of Coulomb scatter-
ing (Yoon et al,, 2011). By dielectric screening, at room-temperature
the charge carrier mobility of single-layer MoS, could at least reach
200 cm? V~1s~1, which is extensively used to improve the perfor-
mances of 2D MoS,-based field-effect transistors (FETs) biosensors
(Radisavljevic and Kis, 2013; Radisavljevic et al., 2011).

3. Synthesis methods of 2D MoS,

Different synthesis methods will dramatically affect the proper-
ties of as-obtained 2D MoS, and thus its biosensing applications
(Fig. 4). Therefore, it is necessary to discuss the synthesis methods.
Thanks to the advancements in graphene research, various synthesis
methods have been established which enabled the field of 2D ma-
terials beyond graphene to mature very quickly. In general, the
synthesis methodologies for 2D MoS, could be divided into two ca-
tegories: top-down and bottom-up methods (Najmaei et al., 2015).

Thereinto, bottom-up methods include chemical vapor de-
position (CVD) and solvothermal or hydrothermal methods (Per-
umal Veeramalai et al., 2015). The CVD technique is advantageous
for preparing high-quality 2D MoS, with a scalable size, con-
trollable thickness, and excellent electronic properties (Shi et al.,
2015c¢). A typical procedure is that different solid precursors, such
as sulfur powder and MoOsz powder, are vaporized in reduction
(e.g., Hy) or inert (e.g., Ar) atmosphere by the heart resources, such
as the electron, laser, and plasma beams (Castellanos-Gomez et al.,
2012; Choudhary et al., 2014; Liu et al., 2013; Mahjouri-Samani
et al., 2015), and then co-deposited onto a nearby substrate (SiO,
(Zhang et al., 2014a), mica (Ji et al.,, 2013), SrTiO3 (Zhang et al.,
2014b), Au foil (Shi et al., 2015b), and graphene (McCreary et al.,
2014; Shi et al., 2012)). A challenge of the method is how to
achieve the simple, highly efficient, and control growth of ultra-
thin 2D MoS, nanomaterials on arbitrary substrates at low tem-
perature, meanwhile to avoid the complicated transfer process.
Because of its large size on the order of tens of millimeters (Lv
et al., 2015), and high crystal quality, 2D MoS, prepared by CVD is
usually used in constructing FET biosensors.

Solvothermal or hydrothermal methods are simple, scalable,
and readily controlled (Prabhakar Vattikuti et al., 2015); however,
they usually consume more energy and require high temperature
and pressure, and special organic reagents for solubilizing pre-
cursors, which can be aggressive to the equipment and sensitive to
the environmental conditions (Wang et al., 2013c). In generally,
the parameters for control synthesis include precursors, pH value,
pressure, time, and temperature (Wang et al., 2015b). Thereinto,
low pH value and pressure are beneficial for obtaining 2D MoS,
with a higher specific surface area. Nevertheless, the morphology
tends to be a hierarchical structure such as 3D flower-like (Veer-
amalai et al., 2015). Compared with CVD, an obvious advantage of
this technique is easily to obtain much smaller crystallites with
highly catalytic activity which have a great potential in con-
structing electrochemical, fluorescent, electrochemiluminescence
biosensors. The most significant challenges of such technique lie in
the availability and selection of appropriate metal and chalcogen
reagents, control over metal oxidation states, achieving high purity
and yield, and understanding how to truncate vertical growth
while permitting lateral growth (Jeong et al., 2012).

Top-down methods mainly include mechanical exfoliation,
chemical or electrochemical exfoliation methods, and liquid-phase
exfoliation. The mechanical exfoliation is derived from “scotch
tape” method for graphene (Novoselov et al., 2005; Ramakrishna
Matte et al., 2010). In the process, a small high-quality bulk MoS,
crystal is adhered to a stretch of adhesive tape, repeatedly

exfoliated followed by being adhered on a substrate. This causes
ultrathin material layers to be left on the substrate. The method
can produce single-crystal flakes of high purity, big size, and
cleanliness that are most suitable for understanding the physical
and chemical properties of 2D MoS; and building 2D MoS,-based
field-effect transistor-based biosensors. However, it is hard to
realized scalable production and systematic control of flake
thickness, shape, and size.

Chemical methods, generally based on ion intercalation (e.g.,
S042~ and Li™) (Liu et al 2014b; Niu and Li, 2015), are relatively
time-consuming but high yielding in monolayer MoS,. For in-
stance, the Li*-intercalation and exfoliation method involves
harsh chemical treatments that must be carried out in an inert
atmosphere. In addition, it readily results in defects and structural
deformations that would considerably alter electronic properties
of 2D MoS, (Sandoval et al.,, 1991). Therefore, this method is not
proper for investigating the physical or chemical properties of 2D
MoS,. However, it is advantageous for high efficiency of producing
single-layer MoS, for constructing fluorescent biosensors.

Recently, liquid phase exfoliation (LPE), also called sonication-
assisted exfoliation in solvents or aqueous surfactant solutions
(Radisavljevic et al., 2011), is the most suitable route for large scale
production of 2D MoS; (Nicolosi et al., 2013; Yu et al., 2015), due to
simplicity and lack of a third-phase dispersant (e.g., a surfactant
solution) (Cunningham et al., 2012). The technique is frequently
used in electrochemical biosensors due to its high electrochemical
catalytic activity and electron transfer capacity (Wang et al.,
2015d). Furthermore, 2D MoS,; obtained by this method allows the
formation of films and the production of hybrids and composites
for additional applications (Coleman et al., 2011; Smith et al,,
2011). If a proper solution could be chosen, this method would be
applicable to any layered materials held together by the relatively
weak van der Waals bonds. Moreover, it could result in high
quality, relatively high throughput, and stabilized preservation of
2D MoS, (Backes et al., 2014). In general, the proper solvent must
fulfill the following two criteria: firstly it must be able to vigor-
ously exfoliate bulk MoS, at the highest concentration as much as
possible; secondly, it could make the obtained 2D MoS, stable for
the longest duration. In detail, the solvent has a feature not only in
a surface energy (or surface tension), equal or close, as much as
possible, with that of bulk counterparts, but also in the ratio of
polar (o) and dispersive (¢4) contributions of interfacial surface
tension (Shen et al., 2015). Therefore, N, N-dimethylformamide
(DMF) is, in theoretical, the best solvent for preparing 2D MoS,.

4. Characteristic methods for 2D MoS, thickness

Because the physical and chemical properties of 2D MoS, are
strongly dependent on the layer thickness (Lu et al., 2012), how to
locate and identify the mono- and multi-layer 2D MoS, in a rapid
and accurate way is the first step prior to the fundamental re-
search and practical applications. Here our emphasis would focus
on some straightforward but effective characteristic methods for
probing the layer thickness, which include Raman spectroscopy,
optical extinction spectroscopy (absorption spectroscopy), and
photoluminescence spectroscopy.

4.1. Raman spectroscopy

Raman spectroscopy is an excellent tool to unambiguously
pinpoint the number of sheets of the layered TDM materials due to
its simplicity and ability to provide nondestructive structural in-
formation about nanomaterials (Chakraborty et al., 2013; Chen
et al, 2015a; Pimenta et al., 2015; Tonndorf et al., 2013). Until now,
most research work focused on the intra-layer vibrations with
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relatively large frequencies >100cm~!, even though Raman

spectral frequencies below ~50 cm~! also contains a wealth of
information. Especially, some low-frequency (LF) modes, such as
shear and breathing modes (Fig. 5B), could provide the most
sensitive measurements of the van der Waals interactions and
coupling between layers in stacked 2D crystals with different
numbers of layers and phases (Zeng et al., 2012). Therefore, they
can be used to deterministically identify the layer number of 2D
MOSz.

Because the 1T phase of MoS, is metastable, we would focus
the discussion only on the Raman spectrum of 2H-MoS,. Gen-
erally, it has four Raman-active modes of Ajg, Eig Epg', and Epg?
(Fig. 5A) with wavenumbers approximately at 408 cm™!,
286 cm~!, 383 cm~ !, and 32 cm ™, respectively (Li et al., 2012b).
The four Raman-active modes are assigned accordingly to the re-
presentations of the Dgy group (Chakraborty et al., 2013). There-
into, the E;; mode is hardly observed due to the forbidden selec-
tion rule in the backscattering geometry. It involves in-plane (S-
Mo-S) atomic vibrations, the opposite vibration of two S atoms
with respect to the Mo atom between them. The Az mode is at-
tributed to the out-of-plane vibration of only S atoms in opposite
directions. With increasing number of layers, theoretically both
Az mode and Eg' mode would exhibit a blue-shift because the

interlayer van der Waals force could suppress atom vibration and
result in higher force constants; however, a redshift occurs for the
E;! mode while a blueshift is for the A;; mode (Fig. 5C) (Zeng
et al., 2012). This phenomenon is ascribed to an enhancement of
the dielectric screening of the long-range Coulomb interaction
between the effective charges with a growing number of layers
(Molina-Sanchez and Wirtz, 2011). Taken together, this implies
that the increased interlayer van der Waals force plays a minor
role, while stacking-induced structure changes or long-range
Coulombic interlayer interactions in multilayer MoS, may dom-
inate the changes of atomic vibration (Lee et al., 2010). In general,
the frequency or frequency-shift difference between A;¢ and E,g!
modes can be used to determine the layer number of few-layer
MoS, nanosheets or flakes, excepting 2D MoS, synthesized by LPE
(Guan et al., 2015) or chemical methods (e.g., Li-intercalated and
exfoliation) (Yang et al., 1991). The possible reason is that the A;g
mode is less affected by interlayer interactions, but very sensitive
to electron doping and adsorbates on the surface of MoS, (Chak-
raborty et al, 2012; Perkins et al, 2013). Because of stronger
electron-phonon coupling, the A;; mode undergoes a redshift and
an increase in the peak width with increasing doping level. In
addition, surface reconstruction could to some extent result in the
shift of Ex,' and A;; modes.
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Low-frequency interlayer breathing (Bg®) and shear (Epg?)
modes (see Fig. 5B, D and E) are associated with in-plane and out-
of-plane interlayer vibrations, respectively. With increasing num-
ber of layers, the Ezgz mode shows a blueshift, while the opposite
is observed for the B,,> mode. Both modes vanish for single-layer
MoS,, being consistent with the understanding that these two
modes are a result of interlayer interaction. In addition, the dis-
tance between the in-plane Ezg1 mode and out-of-plane A;g mode
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could also be used to qualitatively determine monolayer MoS, or
not (Liu et al., 2014a).

4.2. Optical extinction spectroscopy

As mentioned above, Raman spectrum could not provide the
accurate information about its thickness of 2D MoS; prepared by LPE
or chemical method. Recent research has demonstrated that optical
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Fig. 7. Photoluminescence spectrum of the monolayer/few-layer/bulk MoS,. Monolayer/few-layer MoS, by mechanical exfoliation (A) and chemical method (B). Panel A
reproduced from Velicky et al. (2016) with permission from American Chemical Society. Panel B reproduced from Eda et al. (2011) with permission from American Chemical

Society.
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extinction spectroscopy could not only characterize the dispersed
nanosheet concentration, but also obtain the detailed information of
both the mean nanosheet length and thickness (Varrla et al.,, 2015).
As shown in Fig. 6B, two peaks at ~605 (B-exciton) and ~666 nm
(A-exciton) in the optical extinction spectroscopy of single-layer
MoS; are attributed to the direct excitonic transitions at the K point
of Brillouin zone. The varying in length (size) and thickness of 2D
MoS; (Fig. 6A) would result in the ratio change of Extg/Exts4s and the
shift of A4 (Fig. 6C and D), respectively.

According to the empirical equation (Backes et al., 2014), the 2D
MoS, thickness could be easily obtained as follows:

Npos, = 2.3 x 103605488844

where 5, the position of the A-exciton; Ny,, the layer number of
MoS, nanosheets. A5 as the second derivative of the extinction
spectra shows the red-shifting of the peak for thicker nanosheets.
The method extremely avoids tedious measurements of nanosheet
size and time-consuming statistical microscopic analysis.

4.3. Photoluminescence spectrum

Photoluminescence (PL) spectrum is another effective way to
qualitatively characterizing the layer number of 2D MoS, because
its PL effect is strongly related to electronic band structure. For
example, the photoluminescence of 2D MoS, synthesized by me-
chanically exfoliation arises from the intrinsic electronic proper-
ties, rather than structural defects or chemical impurities (Eda
et al, 2011).

In general, as the increase of layer number, even from mono-
layer to bilayer shown in Fig. 7A, the PL quantum yield (QY) will
dramatically decrease (Wang et al., 2013b). However, the change
would be relatively mild for 2D MoS, synthesized by chemical
method (Fig. 7B). Compared with the bulk crystal, the PL QY for
the monolayer is increased by more than a factor of 10* (Bertolazzi
et al,, 2011). Therefore, in essence, the strong photoluminescence
effect should be attributed to the direct-to-indirect transition in
bandgap due to confinement effects (Scheuschner et al., 2014). In
addition to the layer thickness, the lateral dimensions of 2D MoS,
could also affect its PL effect. Because its layer number is not lin-
early related with the intensity of PL (inset in Fig. 7B), the tech-
nique is very useful only for distinguishing the monolayer MoS, or
not (Backes et al., 2014).

5. 2D MoS, used in biosensor fields

The presence of the surface effects and unsaturated d-orbitals
contributed by Mo endow 2D MoS, with a multitude of interesting
properties (Wang et al.,, 2015a; Zeng et al., 2015a). Until now, its
applications, including but not limited to, sensors, transistors, in-
tegrated circuits, nanometer thick photovoltaics, supercapacitors,
and hydrogen evolution catalysis, have demonstrated its unusual
versatility (Li et al., 2015, 2014a). In particular, in electronics and
optoelectronics fields, such as field effect transistors (FETs), pho-
totransistors, and logic circuits, single layered MoS, shows a great
deal of advantages beyond graphene (zero band gap). Therefore, to
some extent, it would be a material complementary to graphene
for low-power electronic switching at room temperature. Over the
last few years, the burgeoning development in 2D MoS,-based
biosensors results from the inherent advantages of 2D MoS,, such
as excellent mechanical performance (30 times as strong as steel)
(Bertolazzi et al., 2011), exceptional biocompatibility (Xu et al.,
2015b), good electrochemical catalyst activity (Wang et al., 2015d),

easy modification (Huang et al., 2013a, 2014a; Sun et al., 2014a),
high specific surface area and large junction area of the electrode/
electrolyte (Zhou et al, 2013), highly efficient fluorescence
quenching ability (Xiang et al., 2015; Zhu et al., 2013), high on/off
ratios (Radisavljevic et al., 2011), ultrafast saturable absorption
(Wang et al., 2013a), and sensitive surface states (high surface-to-
volume ratio), as shown in Fig. 2. In particular, high surface-to-
volume ratio makes 2D MoS, particularly sensitive to the changes
from its surroundings. On exposure to target analytes, there can be
the signal changes in its optical, electronical, and magnetic prop-
erties that result from physical and chemical interaction such as
absorption, charge transfer and doping, intercalation, and shifts in
permittivity and lattice vibrations. Therefore, 2D MoS, holds great
promise for constructing sensors with ultrahigh sensitivity and
selectivity. In the following sections, our focus is only put on
biosensing applications, in spite of its extensive usefulness in other
fields, such as bio-imaging, drug delivery, tissue engineering, and
cancer therapy (Chen et al.,, 2015b; Kalantar-Zadeh et al., 2015;
Yang et al.,, 2015a).

5.1. 2D MoS,-based electrochemical biosensors

Benefiting from the rapid developments in nanofabrication and
characterization, electrochemical sensors, especially nano-elec-
trochemical sensors, exhibit the greatest potential impact in the
areas of healthcare, environmental monitoring (e.g., electronic
noses), food packaging (Wei et al., 2009). Such nanoelectrodes can
measure ultrafast electron-transfer kinetics that is often too fast to
investigate with conventional electrodes (Oja et al., 2013). So far,
various nanoscale materials, mainly including noble or transition
metals, metal oxides, polymers, organic dyes, biomolecules, ionic
liquids, and boronic acid derivatives (Asefa et al., 2009; Gan and
Zhao, 2015), have been used to construct nano-electrochemical
biosensors. Among them, 2D ultra-thin nanomaterials, even some
wide band-gap 2D nanomaterials (Xu et al., 2015a), have attracted
a great deal of attention due to their unparalleled advantages in
constructing electrochemical biosensors.

It is well-known that the band gap of 2D MoS, is larger than that
of bulk MoS, and exhibits poor electrical conductivity. Therefore,
compared with excellent conductors such as metal and graphene,
there seemed to be no advantages for 2D MoS, in electrochemical
biosensors. However, MoS, nanosheets synthesized by sonication-
assisted exfoliation in some solvents (e.g., N, N-dimethylformamide)
showed an obviously improved electrocatalytic activity (Wang et al.,
2015d). The possible reasons include three aspects. Firstly, the de-
creasing size and layer number of 2D MoS, leads to the increasing
number of exposed active sites on the edges (out of plane) which
possess a much larger heterogeneous electron transfer rate than the
basal planes (Chia et al,, 2015; Sun et al., 2015, 2014b; Tan et al.,
2015). Secondly, 2D MoS, synthesized by LPE might tend to transfer
into a hybrid superlattice of alternating MoS, monolayers and or-
ganic molecules, which would significantly enhance its electrical
conductivity due to exotic electrons injections into the inorganic
lattice frameworks (Li et al., 2014b; Lin et al., 2013; Wan et al., 2015).
In addition, the presence of new surface function groups is also one
of important aspects (Wu et al., 2012), because the electrochemical
reaction strongly depends on the nature of electrode surfaces (Zhou
et al., 2011). However, understanding the mechanism for the im-
proved electro-catalytic activity of 2D MoS, remains an important
and open question.

Up to date, the applications of 2D MoS, for electrochemical
biosensors are in its infancy, which could be mainly divided into
two types. The first type is direct electrochemical redox (Wu et al.,
2012), that is, 2D MoS, acts not only as a probe for specifically
interacting with the target, but also as an electron transfer med-
iator or electrochemical catalyst for signal amplification. For
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Table 1
2D MoS,-based electrochemical biosensors.

Electrode Target Analytical LOD Linear wide Ref.
technique
GCE-APTES-CS-rMoS,-GOD Glucose cv _ 0-20 mM (Wu et al., 2012)
GCE-APTES-CS-rMoS; DA 1-50 p M
AuNPs@MoS,/GCE AA,DAUA DPV 50 uM, 50 nM, 50 uM-100 mM, 0.05-30 pM, 50 pM— (Sun et al,, 2014a)
50 pM 40 mM
AuNPs@MoS,/GCE DA DPV 80 nM 0.1-200 mM (Su et al., 2013)
AuNPs/MoS,-PANI/GCE DA DPV 0.1pM 1-500 uM (Huang et al., 2014b)
ssDNA/AuNP/GOD/AuNP/MoS,/MWCNT/GCE DNA v 0.79 fM 10 fM-10 nM (Huang et al., 2014d)
PDNA/MoS,/CPE DNA DPV 0.019 fM 0.1 fM-0.1 nM (Wang et al., 2015d)
MoS,-Gr/GCE AC DPV 20 nM 0.1-100 pM (Huang et al., 2013b)
Ag-MoS,/CS/GCE Tryptophan DPV 0.05 yM 0.5-120 mM (Xia et al., 2014)
Nafion /Ni-MoS,/GCE Glucose AM 0.31 pM 0-4 mM (Huang et al., 2014a)
Nafion/Cu-MoS,/GCE Glucose AM _ 0-4 mM (Huang et al., 2013a)
AuNPs/CS-MoS,/GCE Bisphenol-A CV 5nM 0.05-100 pM (Huang et al., 2014c)
Laccase/MoS,-GQDs/CSPE Caffeic acid CA 0.32 yM 0.38-100 uM (Vasilescu et al.,
2016)
Nafion-GOD-AuNPs@MoS,/GCE Glucose cv 2.8 uM 10-200 pM (Su et al., 2014)
MoS,-thionin/GCE ds DNA cv 0.09-1.9 ng mL™" (Wang et al., 2014b)

GCE: glassy carbon electrode; CS: chitosan; APTES: 3-aminopropyltriethoxysilane; rMoS,: reduced MoS,; AA: ascorbic acid; DA: dopamine; UA: uric acid; NPs: nanoparticles;
MW(CNT: multi-walled carbon nanotube; GOD: glucose oxidase; PANI: polyaniline; ssDNA: single strand DNA; GQDs: graphene quantum dots; CSPE: carbon based screen-
printed electrode; CPE: carbon paste electrode; ds DNA: double-stranded DNA; AC: acetaminophen; AM: amperometric measurement; CV: cyclic voltammetry; DPV: dif-

ferential pulse voltammetry. CA: chronoamperometry.

example, Wang et al. (2015d) synthesized MoS, nanosheets with
high electrochemical activity by ultrasound exfoliation method
(Fig. 8B). Taking advantage of its different affinity towards ssDNA
versus double-stranded DNA (dsDNA), a label-free ultrasensitive
electrochemical DNA sensor was developed (Fig. 8A) and displayed
a detection limit as low as 0.019 fM and a linear range of from
0.1 nM-0.1 fM for DNA detection (Fig. 8C). Wu et al. (2012) in-
vestigated the electrocatalytic activity of single-layer MoS, after
electrochemical reduction in NaCl aqueous solution by cyclic vol-
tammetry (CV). It was found that the electrochemically reduced
MoS, (rMoS;) exhibited good conductivity and fast electron
transfer rate in the [Fe(CN)g]>~/*~ and [Ru(NH;3)g]**/** redox
systems. Further, 3-aminopropyltriethoxysilane (APTES), chitosan

(CS), and rMoS, were used to modify glassy carbon electrode (GCE)
for obtaining GCE-APTES-CS-rMoS, to detect dopamine (DA) in the
presence of ascorbic acid (AA) and uric acid (UA). The biosensor
showed good selectivity with a linear range from 1 to 50 pM.

In general, it is rarely reported that pristine 2D MoS, was di-
rectly applied to construct electrochemical biosensors due to its
inherent disadvantages, such as easy aggregation or restacking.
Therefore, combining 2D MoS, with other nanomaterials, in par-
ticular nanoscale conductors (Table 1), such as noble metals (e.g.,
Au (Su et al, 2013; Sun et al.,, 2014a) and Ag (Xia et al., 2014)
nanoparticles), transition metals (e.g., Ni (Huang et al., 2014a) and
Cu (Huang et al., 2013a) nanoparticles), carbon materials (e.g.,
graphene (Huang et al., 2013b), carbon nanotubes (Huang et al.,
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2014d), and graphene quantum dots (Vasilescu et al., 2016)), and
conductive polymers (e.g., polyaniline (Huang et al., 2014b)), could
realize synergetically signal amplification, meanwhile prevent it
from aggregation to some extent. These strategies are based on the
fact that the combination of two or more different materials to
prepare composites could minimize the drawbacks and maximize
the advantages of the individual components; more importantly,
in addition to the desired performances that could be obtained
after the formation of composites, some novel functions might also
be generated (Huang et al., 2014e; Zeng et al., 2014). For instance,
the specific surface area of 2D MoS, used as an electrode material
will be significantly decreased; however, the synthesis or assembly
of 2D MoS; on, in or with other nanostructures can effectively
retain its large specific surface area (Tan and Zhang, 2015). Sun
et al. (2014a) synthesized the Au nanoparticles (AuNPs)-decorated
MoS, nanosheets (AuNPs@MoS,) by electrodeposition, which
possessed better properties than pure Au NPs or MoS, nanosheets.
The as-formed AuNPs@MoS, film modified electrode showed ex-
cellent electrocatalytic activity towards the oxidation of AA, DA
and UA. By chemical reduction, Huang et al. (2013a) first synthe-
sized Cu nanoparticles-decorated MoS, nanosheets that exhibited
synergistic electrocatalytic activity on the oxidation of glucose
with a high sensitivity of 1055 pA mM~' cm~2 and a linear range
up to 4 mM. In the electrochemical biosensors, 2D MoS, was
served not only as a flexible substrate due to its excellent me-
chanical performance, but also as a good catalyst because of high
surface-to-volume ratio.

As for the second type of electrochemical biosensors, 2D MoS,
only plays the role for signal amplification, while the high selectivity
or affinity towards the target analytes is obtained with the help of
some specific reactions, such as enzyme-substrate interactions, an-
tibody-antigen complexing, and DNA hybridation. For example, Wu
et al. (2012) used CV to electrochemically reduce MoS, nanosheets
obtained by Li-intercalated and exfoliation method. The reduced
MoS, (rMoS;) nanosheets showed the improved conductivity and
fast electron transfer rate compared with the pristine MoS, na-
nosheets. Taking advantage of the specific interaction between glu-
cose oxidase (GOD) and glucose, an electrochemical sensor based on
GCE-APTES-CS-rMoS,-GOD for glucose detection was successfully
constructed. The biosensor showed a wide linear range from 0 to
20 mM due to the good conductivity and biocompatibility of rMoS,
nanosheets. Wang et al. (2014b) synthesized a layered MoS,-thionin
composite by sonicating their mixture in an ionic liquid of 1-butyl-3-
methylimidazolium hexafluorophosphate and gradient centrifuga-
tion. Based on the intercalation and electrostatic interaction of
thionin with DNA, a double-stranded DNA (dsDNA) electrochemical
biosensor was developed. The biosensor could be used to detect
circulating DNA from healthy human serum even in the presence of
relatively high concentration of protein, which exhibited a linear

Table 2
2D MoS,-based fluorescent biosensors.

range of from 009 to 19ngmL™' and a
019 pAmLng =",

More frequently, 2D MoS,-based electrochemical biosensors
were constructed using the two mechanisms at the same
time. Huang et al. (2014d) developed an electrochemical DNA
sensor by assembling a thiol-tagged DNA probe on a MoS,/multi-
walled carbon nanotube (MWCNT) and AuNP-modified GCE that
has already been coupled with GOD. Before and after DNA hy-
bridization, the direct electron transfer rate would be accordingly
changed due to the spatial blocking, based on which an electro-
chemical DNA sensor was constructed. Integrating MoS,/MWCNT
composites and AuNPs for multiple signal amplification, the bio-
sensor showed a low detection limit of 0.79 fM with a linear range
from 10 to 107 fM. Vasilescu et al. (2016) first synthesized a na-
nocomposite of MoS, nanoflakes and graphene quantum dots
(GQDs) as the compatible matrix for laccase immobilization. The
as-formed laccase/MoS,-GQDs modified carbon based screen-
printed electrodes showed high selectivity and sensitivity toward
caffeic acid due to the high catalytic performance and good bio-
compatibility of the MoS,-GQDs nanocomposite. The biosensor
exhibited a linear range of 0.38-100 pM, a detection limit of
0.32 UM and a sensitivity of 17.92 nAmM ™,

sensitivity of

5.2. 2D MoS,-based fluorescent biosensors

In theory, 2D MoS,-based fluorescent biosensors should be
divided into two types. The first type is using 2D MoS; as efficient
quenchers by fluorescence resonance energy transfer (FRET) (Ping
et al., 2015). The second type is based on the intrinsic fluorescence
emission of 2D MoS, itself, rather than the labeled fluorophores.
Take the latter as an example, the photoluminescent emission
strongly depends on its layer number, lateral dimension or size,
and the surface nature (Kalantar-Zadeh et al., 2015; Li et al., 2015;
Zhang et al., 2013). Therefore, the high fluorescent emission is
usually obtained by taking advantage of decreasing dimension or
size, or doping to tune the electron band structure (Liu et al.,
2015a; Splendiani et al., 2010). As the recognition events occur
between 2D MoS; or 2D MoS,-based composites and target ana-
lytes, the fluorescent of nanomaterials might decrease or dis-
appear, based on which fluorescent biosensors are constructed.

Up to now, most of 2D MoS,-based fluorescent biosensors be-
long to the former. Therefore, the following discussion would only
focus on the fluorescent biosensors using 2D MoS, as excellent
nanoquenchers by forming a Forster (or fluorescence) resonance
energy transfer pair (Zhang et al., 2015d), in which the distance-
dependent fluorescence quenching is closely coupled with the
recognition events. In this process, the photoexcitation energy is
transferred from a donor fluorophore to an acceptor molecule
based on the spectral overlap between the emission of donor and

Materials Target Signal amplification mechanism (The main role of 2D LOD Linear wide Ref.
MoS;)
ssDNA- MoS, ssDNA Fluorescence quenching ability 500 pM 0-15nM (Zhu et al., 2013)
Adenosine 5uM -
FITC-ssDNA-MoS, Ag* Fluorescence quenching ability 1nM 1-100 nM (Mao et al., 2015)
DNAzyme-MoS; U0+ Fluorescence quenching ability 2.14nM 0-100 nM (Zhang et al,,
2015a)
Exo III-TPSMLD-MoS, Streptavidin Fluorescence quenching ability 0.67ngml~' 0-600ngmL~! (Xiangetal., 2015)
TA-MoS,/rGO Glutathione Photocatalysis performance 25.0 M 60-700 mM (Zhang et al.,
2015b)
MoS,-RhoBS Ag™ in aqueous solution and E. coli Fluorescence quenching ability and catalytic reduc- 10 nM 10-500 nM (Yang et al.,
bacteria tion performance 2015b)

ssDNA: single strand DNA; FITC: fluorescein isothiocyanate; Exo III: exonuclease III; TPSMLD: terminal protection of small-molecule-linked DNA; TA: terephthalic acid; rGO:
graphene oxide. RhoBS: rhodamine B isothiocyanate. Of note, the detection environment of target usually refers to aqueous solution without specific notation.
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the absorbance of acceptor. In general, fluorescence quenching
between donor (e.g., dye molecules) and acceptor (e.g., 2D MoS;)
involves two major mechanisms including energy transfer through
dipole-dipole interactions and electron/charge transfer. Thereinto,
the dipole-dipole interaction is achieved through space by the
overlap of dipolar electric fields between donor and acceptor.
Regarding the latter, the interaction is made through the overlap of
the orbitals of donor and acceptor (Tan et al., 2013).

Considering good biocompatibility, large surface areas, highly
efficient fluorescence quenching ability of 2D MoS, for signal
amplification, many 2D MoS,-based fluorescent biosensors have
been developed. A typical example is that Zhang group (Zhang
et al, 2015d; Zhu et al., 2013) first used MoS, nanosheets by
electrochemical lithium-intercalation method to construct
fluorogenic nanoprobes for detecting DNA and small molecules.
Initially, no fluorescence signal could be observed due to the
highly efficient fluorescence quenching ability of MoS, nanosheets
towards dye-labeled single-stranded DNA (ssDNA) probe im-
mobilized via the van der Waals force. After the ssDNA probe was
hybridized with its complementary target DNA, the fluorescence

signal could be recovery because the interaction between the
formed double-stranded DNA (dsDNA) and MoS, nanosheets be-
came weak. The strong but different fluorescence quenching
abilities towards dye-labeled ssDNA versus dsDNA endows the
DNA biosensor with high selectivity and sensitivity. Its detection
limit and linear range are 500 pM (3¢) and from 0 to 15 nM, re-
spectively. In addition, another biosensor has been developed by
anti-adenosine aptamer probe modified MoS, nanosheets. The
biosensor showed a detection limit of 5 pM (3¢) for adenosine
detection.

Based on the pioneering work, various MoS, nanosheet-based
fluorescent biosensors have been constructed, as shown in Table 2.
Mao et al. (2015) took advantage of high fluorescence quenching
efficiency of MoS, nanosheets for signal amplification. In this
process, two oligonucleotides (one labeled with FITC) with C-C
mismatches to form stable C-Ag™-C base pairs for high selectivity
to Ag*. The biosensor showed a linear range from 1 to 100 nM,
and the detection limit of 1 nM (3¢). Xiang et al. (2015) reported a
new MoS, nanosheet-based fluorescent biosensor for protein de-
tection by terminal protection of small-molecule-linked DNA
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(TPSMLD) and exonuclease Ill-aided DNA recycling amplification.
Taking SA-biotin system as a model, the strong and specific
binding of SA to the small molecule biotin of probe DNA (probe 1)
avoided the degradation by Exo I. As a result, the fluorescence
signal could be recovered by the hybridization between the probe
1 and probe 2 (AFM-ssDNA, the complementary sequence of probe
1) (Fig. 9A). Accordingly, the presence of protein SA was related to
the concentration of residual probe 1. Exonuclease Ill-aided DNA
recycling amplification significantly improved the sensitivity of
the biosensor which exhibited a detection limit of 0.67 ng mL™!
SA (Fig. 9B).

5.3. 2D MoS,-based electrochemiluminescence (ECL) biosensors

Electrochemiluminescence (ECL) is a combination of electro-
chemical and chemiluminescent methods. It involves a light
emission process in a redox reaction of electrogenerated reactants
at electrode surfaces (He et al., 2015; Liu et al., 2015b; Richter,
2004). In 2D MoS,-based ECL biosensors, 2D MoS, itself could not
produce electrochemiluminescence, but plays other roles, such as
acting as a robust substrate or for signal amplification. In contrast,
ECL signal is generated through other nanomaterials such as
quantum dots or quantum dots coated with polymers. For ex-
ample, He et al. (2015) used the excellent electrochemical prop-
erties and the large surface of MoS, nanosheets to improve the
electron transfer rate and enhance the cell capture efficiency on
the electrode interface. Meanwhile, concanavalin A (Con A) con-
jugated gold nanoparticle-modified graphite-C3N4 (Con A@Au-g—
C3Ny4) as a negative ECL nanoprobe was applied for the cell surface
N-glycan evaluation due to the excellent ECL properties of g-C3Ny4
at negative potential. The ECL signal intensity at positive potential
were associated with the numbers of the cells that competitively
adsorbed on the electrode (Fig. 10). On the other hand, the changes
at negative potential were related to both the numbers of the cells
and their surface glycans. Therefore, the ratio of the ECL signal
intensity of negative potential versus that of positive potential
(AECLyeg/ AECLpos) could be a parameter for accurately and di-
rectly exhibiting N-glycan expression. The as-formed ECL cyto-
sensor displayed excellent performances for the analysis of the

MCF-7 cancer cell and its surface N-glycan evaluation in human
serum samples. Similarly, other ECL sensors have been constructed
by combing 2D MoS, with one type (e.g. Au, (Liu et al., 2014c;
Wang et al., 2015c¢) CdS (Shi et al,, 2015a) ) or a few types (e.g.,
CdSe—chitosan (Ke et al., 2015), graphene-Au (Liu et al., 2014d)) of
nanomaterials for signal amplification by synergistic effects.

5.4. 2D MoS,-based colorimetric biosensor

So far, a few 2D MoS,-based colorimetric biosensors have been
reported, which are mainly based on the intrinsic peroxidase-like
activity of 2D MoS; (Lin et al., 2014; Nirala et al., 2015). Lin et al.
(2014) first reported its intrinsic peroxidase-like activity can cat-
alytically oxidize 3, 3’, 5, 5’-tetramethylbenzidine (TMB) by H,0,
to produce a color reaction (a typical deep-blue color) (Fig. 11A). In
this process, MoS, nanosheets could facilitate the electron transfer
between TMB and H,0,, and catalyze the decomposition of H,0,
in acidic media into -OH. Based on this phenomenon, a highly
sensitive and selective colorimetric method for H,O, and glucose
detection was developed by using the MoS, nanosheets-TMB-H,0,
system. The biosensors exhibited a linear range from 5 to
100 mmol L~! with a detection limit of 1.5 mmol L~! for H,0,
detection (Fig. 11B and C), a linear range from 5 to 150 mmol L~!
with a limit of detection of 1.2 mmol L~! for glucose detection in
serum samples (Fig. 11D and E), respectively. In addition, Nirala
et al. (2015) took advantage of the peroxidase like activity of both
MoS, nanoribbons and Au nanoparticles for synergistically en-
hanced colorimetric detection of cholesterol. The proposed MoS,
NRs-Au NPs system could realize quick and reliable detection of
free cholesterol using unaided eye with a linear range from 0.04 to
1 mM and a detection limit of 0.015 mM.

5.5. 2D MoS,-based field-effect transistor (FET) biosensors

Feld-effect transistor (FET) electronic biosensors offer a simple,
real-time, efficient, and low-cost sensing platform for a variety of
target analytes, because of rapid electrical detection without la-
beling the biomolecules, low power consumption, portability, in-
expensive mass production, and the possibility of on-chip
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integration of both sensor and measurement systems (Kalantar-
Zadeh et al., 2015; Late et al., 2013; Nam et al., 2015; Sarkar et al.,
2014; Wang et al., 2014a; Yoon et al., 2011). Various device geo-
metries have been reported, including 1D nanomaterials, and 2D
layered nanomaterials (e.g., graphene (Mohanty and Berry, 2008)
and MoS, (Lee et al., 2014)). Compared with FET biosensors based
on 2D nanomaterials, it is rather difficult for 1D nanostructures to
construct low-cost, scalable, and reliable FET biosensors due to the
constraints of nanofabrication (Lee et al., 2009). As such, FET
biosensors based on 2D nanomaterials have been extensively
studied for detecting various of targets such as protein (Lee et al.,
2014) and DNA (Lee et al., 2015) because 2D nanomaterials could
offer a large sensing area for high responsivity (Cheng et al., 2013),
ease of fabrication (Kim et al., 2013), low noise level in solution
(Cheng et al., 2010), and high sensitivity to biomolecules (Dong
et al,, 2010; Ohno et al., 2009).

In contrast to graphene with zero band gap, 2D MoS,, in particular,

a single-layer (SL) MoS, nanosheet, is a semiconductor with a direct
band gap which could significantly lower the leakage current and al-
low remarkable on/off ratios ( > 10%) with acceptable carrier mobility,
low subthreshold swing (SS,~70 mV per decade), and ultralow
standby power dissipation (Radisavljevic et al., 2011). Moreover, 2D
MoS, shows ultrafast saturable absorption (Wang et al., 2013a) and
tends to interact strongly with donor-like targets, which have unique
potential for the gas detection such as triethylamine, ammonia, and
NO (Friedman et al.,, 2014; Perkins et al., 2013). Generally, 2D MoS,-
based FET biosensors show the n-type behavior; the existence of a
band gap would significantly improve its sensitivity (Lee et al.,, 2015).
The detection mechanism of FET electronic biosensors, as shown in
Fig. 12A, is based on a conductivity change in response to variations in
the electric field or potential at the surface, because the carrier density
is sensitive to the change of the electric field in a direction perpen-
dicular to the gate surface (Matsumoto and Miyahara, 2013).

Sarkar et al. (2014) reported a MoS,-based FET biosensor using
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biotin modified 2D MoS, as gate material for streptavidin detection.
Its sensitivity as high as 196 could be obtained in the subthreshold
region for a streptavidin solution of 100 fM even with a very thick
dielectric layer such as 2D MoS, with four atomic layers. Monolayer
MoS,-based FET biosensor showed a higher sensitivity and lower
detection of limit due to relatively large surface-to-volume ratio, but
it would also result in unstable response (Li et al., 2012a). Given this
situation, Wang et al. (2014a) first reported label-free and real-time
detection of prostate-specific antigens (PSA) based on multi-layer
MoS, nanosheet-based field-effect device (Fig. 12B). The as-formed
biosensor showed high sensitivity as low as sub-picomolar ranges
and excellent selectivity due to the specific binding of PSA and an-
tibody. The introduction of dielectric environment for multi-layer
MoS, could improve the sensitivity (Iiim et al., 2012). In addition,
some alternative strategies such as synthesizing MoS;-based hybrid
materials (He et al., 2012), surface functionalization (Kim et al., 2014),
and using monolayer MoS, prepared by CVD (Perkins et al., 2013),
were extensively applied to improve the performances of 2D MoS,-
based FET biosensors.

6. Conclusions and future perspectives

In this review, we mainly discussed the synthesis and char-
acteristic methods of 2D MoS,, the relationships between struc-
ture and property, recent advances of 2D MoS,-based biosensors.
In general MoS,-based biosensors are in their infancy, even though
the rapid development occurred in 2D MoS,-based electro-
chemical, fluorescent, and FET biosensors in the past few years. A

grand challenge for 2D MoS,-based biosensors is to develop cost-
effective, sensitive, and selective methods for detecting target
analytes. Essentially, it could be ascribed to the control, high-
quality, and large scale synthesis of atomically thin and uniform
2D MoS,, either in solution or on substrates, for further con-
structing desirable material architectures, and deeply under-
standing about surface or interface process of the recognition
events.

From a long-term view, various van der Waals heterostructures
(stacking the 2D materials on top of each other), offers an array of
possibilities to broaden the applicability of 2D materials, because
van der Waals could act as a versatile ‘glue’ to engineer the
structure and properties. Especially, 2D TMD monolayers can have
an optical bandgap in the near-infrared to visible spectral range
and exhibit extremely strong light-matter interactions due to
quantum-well transitions, which could expand the 2D material
family in novel optoelectronic devices (Azizi et al., 2015; Caldwell
and Novoselov, 2015; Cho et al., 2015; He et al., 2014; Hong et al.,
2014; Wang and Xia, 2015). Some van der Waals heterostructures
could realize ultrafast charge transfer and high efficient photo-
current (Hong et al., 2014). Furthermore, the bottom-up synthesis
of the heterostructures do not require the stringent lattice-
matching requirements (Jena and Konar, 2007). Therefore, MoS,-
based photoelectrochemical biosensors using van der Waals het-
erostructures as the building blocks would be a promising but new
field. In general, one point for sure is that 2D MoS, and other
graphene analogs of layered materials will still play important
roles in biosensor fields. To functionalize or tailor 2D MoS, would
offer more flexible design room for constructing the probes and
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improving the sensing performances.
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