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Recent research has revealed a gamut of interesting properties present in layered two-dimensional (2D) transi-
tion metal dichalcogenides (TMDCs) such as photoluminescence, comparatively high electron mobility, flexibil-
ity,mechanical strength and relatively low toxicity. The large surface to area ratio inherent in thesematerials also
allows easy functionalization andmaximal interactionwith the external environment. Due to its unique physical
and chemical properties, much work has been done in tailoring TMDCs through chemical functionalization for
use in a diverse range of biomedical applications as biosensors, drug delivery carriers or even as therapeutic
agents. In this review, current progress on the different types of TMDC functionalization for various biological
applications will be presented and its future outlook will be discussed.
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1. Introduction

Two-dimensional (2D) materials have received much attention
since the seminal paper on graphene in 2004 [1]. Intensive efforts
from both academia and industry have been placed in the research of
thesematerials [2–6] due to their potential applications in various fields
such as nano-electronics [7,8], energy storage, optoelectronics [7,8] and
in biological systems [9–12]. In particular, due to their compatibility
with existing biomedical materials and low cytotoxicity, together with
superior physical and electronic properties, one class of 2D materials,
TMDCs are seen as potential candidates for applications in biotechnolo-
gy. In this review, we will focus on TMDCs, a layered material made up
of stacked planar crystalswith the chemical composition,MX2,whereM
and X represent the central transition metal atom and the surrounding
chalcogen atoms (Mo, S, Se) respectively, as shown in Fig. 1 [13,14].
Atoms of the same layer are covalently bonded in a hexagonal lattice
while adjacent layers are held by weak van der Waals forces, allowing
thinning of the stack to easily take place. Typical examples of some
TMDCs being actively researched on include MoS2, WS2, WSe2 and
MoSe2 etc. Depending on the elements involved aswell as the structural
arrangement between different physical phases, their electronic
properties will vary, allowing flexibility in their potential applications
[14]. Recently, TMDCs have seen an increased uptake in a variety of bio-
medical applications, such as drug delivery agents [15–19], therapeutics
).
[15–21], bio-imaging [15–18,20–23] elements as well as biosensors
[24–53] and therefore will be the materials of choice for this review.

Due to their large surface-to-volume ratio, TMDCs provide an easy to
access platform for chemical functionalization to tailor its characteris-
tics, for different requirements. Thus, it is essential to understand the
various functionalization strategies or approaches which enable
TMDCs to fulfill different purposes. Herein, we will present the recent
developments in the functionalization of TMDCs for biomedical uses.
The structural and electronic properties of TMDCs which make them
compelling candidates for bio-related systems will be discussed and
the various synthesis methods of the material will be touched on.
Following which, an in-depth look on the different functionalization
strategies or approaches of TMDCs and their associated applications
will be presented.We aim to provide the readers an overview of the lat-
est advances in functionalization of TMDCs for biomedical purposes as
well as an outlook for future research.

2. Basic properties of TMDCs

Due to its layered structure (Fig. 1) and having only weak inter-
planar Van der Waals forces holding these layers together, TMDCs can
be easily thinned down to a single molecular plane made up of 3
atoms in the vertical dimension (≈0.7 nm height), exhibiting a truly
two-dimensional nature [13,14]. Due to its planar characteristic,
TMDCs exhibit a very large surface-to-volume ratio which accommo-
dates straightforward access for large area functionalization. The rela-
tively large surface area also allows maximal interaction with the
target biomaterial for increased efficiency as well as sensitivity in the
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Fig. 1. Structure ofmonolayered TMDs. a) About 40different layered TMDcompounds exist. The transitionmetals and the three chalcogen elements that predominantly crystallize in those
layered structure are highlighted in the periodic table. Partial highlights for Co, Rh, Ir andNi indicate that only some of the dichalcogenides form layered structures. c-Axis and section view
of single-layer TMD with trigonal prismatic (b) and octahedral (c) coordinations. Atom color code: purple, metal; yellow, chalcogen. The labels AbA and AbC represent the stacking
sequence where the upper- and lower-case letters represent chalcogen and metal elements, respectively. d) Three-dimensional representation of the structure of MoS2 with single
layers being 6.5 Å thick. Panels a), b) and c) are reproduced with permission from Ref. [14]. Copyright 2013, Macmillan Publishers Limited. Panel d) is reproduced with permission
from Ref. [13]. Copyright 2011, Macmillan Publishers Limited.
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case of sensing and imaging. Furthermore, there are no dangling bonds
present on its intrinsic basal surface, allowing high stability in both air
and liquids as it does not readily react with ambient chemicals [14].
This stability is retained evenwhen their lateral dimensions are reduced
to the order of tens of nanometers [54]. Such stability allows these ma-
terials to be easily introduced into biological systems for biomedical
purposes or exposed to their associated environments for external
diagnostics.

TMDCs are semiconducting and possess an electronic band gap
which increases with decreasing thicknesses [8]. Coupled with consid-
erable charge carrier mobilities, it enables TMDCs to be used in field-
effect transistors as biosensors where changes in conductance when
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exposed to the target analytes allowmonitoring of their concentrations.
Compared to graphene which has no electronic band gap, higher sensi-
tivities can be reached due to a larger current on-off ratio which
enhances the signal-to-noise ratio (SNR). In addition, as the layered
crystal is thinned down to a singlemonolayer, it experiences a transition
from an indirect electronic band gap to a direct electronic band gap [8].
This results in a significant increase in photoluminescence (PL) yield of
monolayer TMDC as compared to its thicker counterparts. As 2D TMDCs
are atomically thick, they are highly sensitive to external elements and
the variation in PL strength in the presence of specific environments
can be exploited for these materials to act as biosensors [9–12,22,36,
55]. Electrochemical responses of thesematerials are also very sensitive
to external perturbations and therefore can also function as a parameter
for bio-sensing [24,29,31,37,38,41].

Due to their electronic band structure, TMDCs also exhibit strong
optical absorption in the near-infrared (NIR) region (≈800 nm), higher
than that of graphene oxide and its extinction coefficient is also better
than that of gold nanorods [56]. These properties allow TMDCs to be
efficient photothermal agents for use in drug delivery or therapeutic
purposes as NIR lasers can efficiently penetrate through tissues with
depth of several centimeters while having low tissue absorption. Pres-
ence of such photothermal agents enhances the selectivity of the excita-
tion laser, allowing generation of heat in targeted areas (e.g. at tumor
tissue) for therapeutic or drug release purposes while lowering the
power density of laser required [11]. Suspensions of TMDCs such as
MoS2 with low concentrations of 100 s of ppm can reach temperatures
N80 °C when exposed for several minutes to NIR radiation (≈800 nm,
0.8 W cm−2) [11].

3. Synthesis of 2D TMDCs

2D TMDCs can be produced through both top-down and bottom-up
means. In top-down processes, they can be fabricated by thinning down
bulk TMDCs crystals to its constituent layers. The most commonly used
method ismechanical exfoliationwhere an adhesive tape is used to peel
off thin layers of TMDCs and deposit them on the desired surface [13].
Crystal quality of the material produced as such is the highest but is
greatly limited by the randomness in thicknesses of the flakes that can
be obtained as well as its low yield which prevents potential scaling
up. However, 2D TMDCs obtained in this manner are well-suited as on
chip sensors due to their enhanced sensitivity to environmental pertur-
bations by virtue of their good electronic and physical quality [25–27].
An alternative liquid/chemical based exfoliationmethod has been dem-
onstrated to achieve much larger quantities from bulk TMDCs crystals
or powders, albeit with much smaller physical dimensions (b10 μm)
and lower crystal quality [57]. In this process, the bulk materials are
mixed with specific chemicals in solution and undergo external pertur-
bation such as ultra-sonication to expand the interlayer spacing,
resulting in eventual exfoliation of the material into its constituent
layers. An advantage of this process would be the ability to introduce
additional dispersants or intercalants into the system, allowing
functionalization of the TMDC nanomaterial obtained during the exfoli-
ation process. Furthermore, depending on the type of functionalization,
the resulting nanomaterial can be made water soluble, allowing direct
introduction of these materials into biological systems.

Bottom-up techniques for growth of 2D TMDCs include chemical
vapor deposition (CVD) in which solid powders containing the ele-
ments present in the TMDC are thermally evaporated and undergoes
chemical reaction on a solid surface to form the desired TMDC layer in
a furnace at high temperatures [58–60]. As an example, for MoS2
growth, MoO3 and S powders are placed in a tube furnace in the
presence of substrates such as SiO2 or sapphire and are heated to tem-
peratures of about 800 °C. The vapors formed from the evaporated pow-
ders then react to produce layered MoS2 on the SiO2 surface, with
thicknesses dependent on the growth parameters such as carrier gas
flow, reactant quantities, etc. Other bottom up techniques include
introduction of chalcogen vapor to react with pre-deposited metallic
films. The specifics of these techniques will not be covered here and
the reader is encouraged to look up review articles [58–60] on fabrica-
tion methods for a more comprehensive overview. The resultant prod-
uct of such bottom-up methods generally covers a much larger area
than top-down exfoliation methods as they do not depend on thinning
of bulk crystals and also allows controlled thicknesses to be grown, ad-
vantageous for large scale device fabrication.

2D TMDCs produced from bottom-up or mechanical approaches are
normally used in external diagnostic applications rather than in vivo
ones as the produced layers are much larger in size and are formed on
solid substrates, unlike liquid exfoliation where the formed products
are in solution. All of the above mentioned fabrication methods have
their individual drawbacks and advantages. The choice of method
depends on the particular system in which the 2D TMDC is applied.
Factors of consideration include costs, required quantity/area, desired
level of crystal quality, biocompatibility, specific modifications of the
nanomaterial required aswell as the eventual environment that thema-
terial would be placed in. As we delve into the various types of
functionalization and their associated applications in the following
sections, the choice of fabrication would be made clear.

4. Functionalization of TMDCs for biomedical applications

As introduced in the previous sections, atomically thin TMDCs
possess a wide array of useful properties such as high photothermal re-
sponse, fluorescence and moderate conductivity that can be exploited
for a range of biomedical applications. However, these materials are
not intrinsically biocompatible and require additional functionalization
if they are to be incorporated into biological systems. In addition, further
functionalizationmay be required in order to enhance its sensitivity as a
diagnostic tool or imbue the TMDCs with additional capabilities such as
drug delivery, DNA sensing or contrast imaging. Due to their large
surface to volume ratio, functionalization of TMDCs is relatively
straightforward and can be either non-covalent or covalent.

Non-covalent functionalization is often carried out in TMDCs when
keeping the intrinsic properties of the 2D TMDC is essential or removal
of the functional groups off the TMDC is part of the diagnostic/delivery
mechanism. Such functionalization generally involves physisorption of
the desired probe or drug carriers onto the relatively large basal surface
of the TMDC, allowing maximal loading as well as interaction with the
surrounding environment. Covalent modification involves formation
of chemical bonds of the chemical group to be functionalized on the
TMDC surface. This can take place through specific reaction processes
such as thiol chemistry for the case of sulfur based TMDCs [61,62].
Such covalent bonding is generally required to firmly anchor the func-
tional groups on the TMDC surface as well as to alter the physical/elec-
tronic properties of the TMDCs. These modifications depend on the
functional material that is introduced onto the TMDC. Polymers
[15–18,41,42] or smaller organic molecules [23,25–27,29,30] can be
covalently or non-covalently bonded to TMDCs for biosensing and ther-
apeutic purposes. Probes functionalized onto TMDCs include single
stranded fluorescent-labeled DNA whom luminescence is affected by
its adsorption to the TMDC layer and subsequent hybridization with
another DNA single strand [46,48–53].

Another form ofmodification involves decorationwithmetallic nano-
particles [15,31,39–43] that enhance the electrocatalytic ability of TMDCs
or serve as contrast agents for imaging. Other non-covalent
functionalization involves stacking of additional 2D materials [37,38,42,
44,45] to increase its detection sensitivity. Pores can also be intentionally
created in TMDCs for DNA sequencing purposes [32–34]. Depending on
themodifications present on the TMDC and the interactionwith external
chemical elements, the response of the TMDC to changes in the environ-
ment varies and thus sets the basis for biomedical applications. A sche-
matic [11] showing one such procedure and application is described in
Fig. 2. In the following sections, different types of functionalization will



Fig. 2. a) Typical synthetic procedure for surface-modified 2D layered nanosheets by the typical top-down exfoliation approach. b) Schematic illustration of biomedical applications of 2D-
graphene analogues against cancers, including drug delivery, photo/photodynamic therapy, diagnostic imaging and other specific applications such as biosensing. Reproduced from Ref.
[11] with permission from The Royal Society of Chemistry. Copyright 2015, Royal Society of Chemistry.
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be discussed according to the material types that are to be added to the
TMDC and their respective applications will be discussed.

4.1. Polymers

Most 2D TMDCs donot formwell-defined stable suspension inmany
common polar solvents such aswater, thusmaking it difficult for in vivo
applications [10]. To improve the stability of TMDCs in solution, espe-
cially for use in biological systems, additional functionalization is
required. One form of functionalization involves the non-covalent addi-
tion of biocompatible polymers to these TMDC materials to form poly-
mer/TMDC composites. These polymers are generally introduced into
the system as a reagent during the intercalation process of bulk
TMDCs for production of 2D nanosheets. The thus synthesized TMDC
nanoflakes would therefore be well-functionalized with these poly-
mers. In addition, these polymers can also serve as loading centers to
further accommodate drug molecules. Drug loading to weight ratio
(ratio between the weights of loaded drugs and TMDC) is reported, for
the case of doxorubicin (DOX) which is a chemotherapy drug, in
MoS2, to be as high as 240% [19], larger than that of graphene oxide
(140%) [63]. As mentioned previously, the relatively high NIR absor-
bance of these TMDCs such as MoS2 allows them to be appropriate for
photothermal based ablation of harmful cells. Furthermore, such a prop-
erty can function as a trigger for release of chemotherapeutic agents
from loaded drug carriers, allowing TMDCs to act as smart platforms
for controlled therapeutic/drug release.

Demonstration of these capabilities has been performed by Liu et al.
where 2DMoS2 nanosheets are functionalized with polyethylene glycol
(PEG) [19]. The polymer served dual functions, one to enhance nano-
sheet stability and biocompatibility while at the same time attaching
folic acid for targeted entry into cancer cells. Using the synergy between
the NIR photoablation provided by the nanosheets as well as DOX re-
lease from the functionalized nanosheets, successful suppression of
tumor growth was achieved. Using chitosan coated MoS2 nanosheets,
Yin et al. also demonstrated NIR-triggered localized drug delivery of
DOXandhyperthermia treatment of pancreatic cancer in vivo [18]. Like-
wise, other TMDCs likeWS2 [20] and TiS2 [21]were also utilized similar-
ly and they displayed comparable levels of efficiency and
biocompatibility.

Shown in Fig. 3 is a recent example by Wang et al., in which
poly(lactic-co-glycolic acid) (PLGA) is homogenized with MoS2 and
DOX in N-methylpyrrolidone (NMP) to form a multifunctional oleosol
[17]. As PLGA is a hydrophobic polymer which undergoes a liquid-
solid phase transformation in contact with water, it serves to encapsu-
late the MoS2/DOX composite, allowing localized therapeutic implant.
Compared to usual forms of functionalized TMDCnanosheets in suspen-
sion, this method allows in vivo tumor photothermal and chemothera-
py to occur with low concentrations of photothermal agent (30 μg of
MoS2) and drug dosage (75 μg of DOX). In addition, the MoS2 nano-
sheets and DOX are well-shielded, minimizing leakage into the blood-
stream. In vivo efficiency of the composite implant for cancer therapy
mouse mold is described in Fig. 3 (d1–d4). The generated photothermal
response on NIR exposure results in both tumor coagulation necrosis as
well as triggering of the encapsulated DOXmolecules for increased che-
motherapeutic efficiency. High NIR laser absorbance of the MoS2 nano-
sheets also provides high performance contrast for imaging purposes
[15,17,18].

Other cases of TMDC nanosheets acting as carriers also include pho-
tosensitizers for use in photodynamic treatment of diseases. Instead of
using thermal energy as a source of carrier release stimuli or therapy,



Fig. 3. In vivo therapeutic efficiency of PLGA/MoS2/DOX oleosol (PMD) implant for cancer therapy. (a) In vivo thermal images of PMD-implanted mouse under continuous irradiation of
808 nm laser (0.6 W cm−2) for varied durations. b) Tumor volume-changing profile of 4 T1 tumors after several treatments as described. c) The long-term survival rate of mice after
different treatments. Panels (d1–d4) show the digital photos of PMD-implanted tumor-bearing nude mice after single laser irradiation for extended days. Reproduced with permission
from Ref. [17]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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light energy is utilized for creating singlet oxygen species for destruc-
tion of cells. TMDCs like WS2 have been used in a combination of both
photothermal and photodynamic treatment after functionalization
with methylene blue, a photosensitive agent [20]. Thus, through use of
suitable polymers to enhance compatibility and stability of TMDCs in bi-
ological systems as well as loading of drug carriers, one can exploit the
unique properties of TMDCs such as high NIR absorbance for carrier re-
lease stimulation or as a direct source of therapy for a synergistic ap-
proach in physiological therapy. Furthermore, TMDCs can also act as
contrast agent in X-ray computed tomographic imaging due to the
strong X-ray attenuation ability caused by the presence of transition
metals for simultaneous imaging diagnosis and therapy for biomedical
applications [16,18,20].

4.2. Small organic molecules

An alternate functionalization choice would be smaller organic
molecules such as acids [23,29], dyes [30] as well as bioreceptors
[25–27]. Similar to polymers, they also allow aqueous solutions of
TMDCs if these molecules possess hydrophilic groups such as hydroxyl
or carboxyl species. An advantage over polymer-based functionalization
would be their smaller physical dimensions, allowing cellular uptake for
purposes such as cell labeling and drug delivery directly into cells. Fig. 4
describes such a schematic for the uptake of decorated TMDCnanosheet
drug carriers and subsequent expulsion from biological cells [10]. Other
usage includes enhancement of the electrocatalytic efficiency of the
host TMDC platform through its electrostatic interaction with the at-
tached molecules. Biosensors can also be fashioned from TMDCs based
on the quenching/recovering of fluorescence from functional molecules
due to environmental perturbations. Such molecules can be grafted
onto TMDCs through simple physisorption/chemisorption or in certain
cases, thiol chemistry [61,62] between the sulfur atoms present on the
molecules and intrinsic sulfur vacancies in metal sulfides.

Recent report by Yang et al. demonstrates the use of MoS2 as a non-
toxic nanoprobe for detection of silver ions in aqueous solutions and
living bacteria cells after the TMDC has beenmodified by fluorescent rho-
damine B isothiocyanate (RhoBS) molecules [30]. After initial adsorption
of RhoBS molecules on the MoS2 nanosheets, their fluorescence is
quenched due to Förster resonance energy transfer. In contact with Ag+

ions, reduction of Ag+ ions to nanoparticles occurs as well as detachment
of thefluorescent RhoBS. This process leads to the recovery of the fluores-
cence intensity which is further surface enhanced by the presence of Ag
nanoparticles thus allowing detection of Ag+ ions with a high sensitivity
of 10 nM. MoS2 sheets functionalized at their edges with thionin has also
been shown to have stable electrochemical response to the presence of
DNA with a linear decrease in electrochemical change occurring with in-
creasing DNA concentration from 0.09 ng mL−1 to 1.9 ng mL−1 even in
the presence of a relatively high concentration of protein [24]. Negatively
charged polyxanthurenic acid functionalized MoS2 sheets has also been
shown by Yang et al. to experience a stronger adsorption of positively
charged guanine and adenine, resulting in a highly electroactive platform
for detection of guanine and adenine [29].



Fig. 4. Schematic illustration of drug delivery concept, where layered 2D TMDCs are loadedwith drugs and conjugated with a ligand allowing cellular uptake. The ligand on the 2D TMDC
anchors to the receptor-clathrin pair facilitating clathrin mediated endocytosis. The loaded 2D TMDC enters the cell within a vesicle. In the later stages of transport the drug is released
either from the surface or from within the layers. In the final step, ideally the emptied 2D TMDCs are externalised via extocytosis (under environmental changes such as pH lowering).
Reproduced with permission from Ref. [10]. Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 5. A) A dose-response curve for glucose detection using WS2 nanosheets as peroxidase mimics and B) the linear calibration plot for glucose. The error bars represent the standard
deviation of three measurements. Inset of A) is a corresponding photo of the colored products without (top) and with (down) the addition of 50 mL 20% (V/V) sulfuric acid for
different concentrations of glucose (μM) (from left to right: 0, 10, 20, 40, 60, 80, 100, 120, 140, 160, 200, 300). C) Procedure for the detection of glucose in serum samples. (I) Opening
the snap cap of test kit (pale yellow color in the hydrogel), (II) adding diluted serum sample solution to the test kit, (III) closing the snap cap and turning upside down the test kit
before incubation at 40 °C for 60 min, (IV) turning upside down the test kit again and opening the snap cap (blue color in the hydrogel). D) (top) Standard colorimetric cards for
serum glucose (mM) (from left to right: 0, 4, 6, 8, 10, 12) and (bottom) photos of the hydrogel with different concentrations of serum glucose when opening the snap cap of the test
kit (middle) and closing the snap cap of the test kit. The concentration of glucose (mM) in serum samples: (a) blank, (b) 5.31, (c) 6.98, (d) 8.49, (e) 11.88. Reproduced with
permission from Ref. [28]. Copyright 2014, Elsevier V.B.

1100 Z. Li, S.L. Wong / Materials Science and Engineering C 70 (2017) 1095–1106



1101Z. Li, S.L. Wong / Materials Science and Engineering C 70 (2017) 1095–1106
Lin et al. demonstrates in Fig. 5 that organic molecules such as
3,3′,5,5′-tetramethylbenzidine (TMB) can be used as visualizing re-
agents in conjunction with WS2 nanosheets to allow visual detection
of blood glucose [28]. This occurs due to the catalytic oxidation of TMB
in the presence of H2O2 that results in a color reaction. Thus, in using a
mixture of TMB, WS2 nanosheets and glucose oxidase which produces
H2O2 on reaction with glucose, a concentration dependent visual detec-
tion of blood glucose is made possible. A gradual change in color is ob-
served as the glucose concentration is increased. Biomarkers based on
the intrinsic photoluminescence of TMDCs can also be used for cell
labeling. However, this is only possible after functionalization of
molecules to imbue the TMDCs nanosheets with functional groups
that allow dissolution in water and subsequent cellular uptake. Such
modification was carried out by Anbazhagan et al., where thioglycolic
acid was used as a stabilizer for MoS2 nanosheets in water and the
photoluminescence of the MoS2 sheets were used to optically label
human HeLa cancer cells without causing any cell necrosis [23].

Label free biosensors can be fashioned from functionalized TMDCs
when used as field effect transistors. Detection of biological species
occurs when they are bonded with the gate dielectric or conducting
channel, the TMDCs, and a resultant modulation in conductance of the
transistors is experienced [25–27]. To this end, Sarkar et al. has demon-
strated indirect functionalization of MoS2 through the attachment of
biotin, a receptor molecule, onto the HfO2 dielectric which is located
above the MoS2 layer [25]. Depending on whether the pH is greater or
smaller than the isoelectric value at which the target molecule,
streptavidin, is neutral, the current flowing through the MoS2 at the
same gate voltage applied decreases or increases accordingly. This oc-
curs due to the additional gating effect exerted by the electrostatic inter-
actions taking place when the biotin and streptavidin binds together.
The biosensor ismolecule specific aswell because of the use of receptors
which respond only to specific target molecules. Similar concept has
also been reported by Lee et al. but with the receptor-target pair being
anti-prostate specific antigen antibody and prostate specific antigen re-
spectively with the MoS2 layer being functionalized instead, allowing a
detectable concentration of 1 pg/mL that is lower than the clinical cut off
level of 4 ng mL−1 [26].

4.3. DNA-based functionalization

DNA is ubiquitous in almost every living organism and its detection
and study is important in the biomedical field. Hence, it is desirable to
develop cost-effective, selective and sensitive platforms for detection
of DNA sequences with direct quantitative diagnostics. TMDC, being a
relatively large surface area planar platform onto which ssDNA can be
easily self-assembled on, has been recently applied in numerous DNA
based probes. The large surface allows accommodation of a high density
of sensing molecules to enable short assay duration as well as increase
sensitivity. Self-assembly and interaction between the TMDC and
the DNA biomolecules occurs through van der Waals forces between
the nucleobases of the DNA and the basal surface of TMDCs [11,55].
The basic principle is the reduced interaction between ssDNA and the
TMDC onto which it is assembled on after hybridization with a separate
target complementary DNA strand [51–53]. Such a lifting of interaction
can also occur for protein-based probes when protein/peptide
complexes are formed [46,47]. The variation in interaction strengths
between the ssDNA, target biochemical and the TMDC provides the
mechanism around which the functionalization architecture for DNA
based probe is designed.

A particular property of TMDC is its strong fluorescent (FL)
quenching effect due to photo-induced electron transfer from the
excited fluorescent agent to the TMDC before re-radiation can
occur. This characteristic has been exploited recently by Zhu et al.
(Fig. 6) through the fabrication of a homogenous assay format for
DNA based on monolayer MoS2 functionalized with dye-labeled
DNA for the detection of a segment of Homo sapiens tumor
suppressor gene p53 [53]. In their work, fluorescent dye-labeled
(fluorescein) ssDNA (P1) of the exon segments for p53 is adsorbed
onto the surface of MoS2 nanosheets produced by liquid exfoliation.
Due to the interaction between the ssDNA and MoS2, fluorescence
from the dye is quenched. When the complementary target DNA
(T1) of the adsorbed ssDNA on MoS2 is present, hybridization occurs
between two of them, forming double stranded DNA and quenching
of the fluorescence is reduced. Such a reduction is manifested in the
increase in FL intensity after introduction of the target complemen-
tary DNA and this intensity forms the basis of a quantitative measure
for the target DNA. This phenomenon occurs due to the decrease in
interaction between the newly formed double-stranded DNA and
the MoS2 after hybridization has taken place. During hybridization,
the nucleobases which were initially in contact with the MoS2 sur-
face is now nested between the densely negatively charged helical
phosphate back bones, resulting in the lifting of the dye-labeled
probe away from the MoS2 surface and hence recovering its fluores-
cence. The detection limit of such a sensor is up to 500 pMwith a de-
tection timeframe of a few minutes, showing promise as a 2D-
material based diagnostic tool.

Based on similar principles, a microfluidic system based approach is
also demonstrated [52], having a smaller size and volume requirement,
thus enhancing its efficiency. In this system, probe ssDNA, target DNA
and MoS2 nanosheets are made to flow through a zigzag micro channel
and akin to previous reports, the extent of fluorescence retained pro-
vides quantitative analysis of the target DNA concentration. In this
work, through application of microfluidic channels, attomolar levels of
sensitivity are attained. Other fluorescence quenching based 2D
TMDCs DNA sensors such as WS2 [46,47,49], TiS2 [51] and TaS2 [51]
nanosheets have also been developed.

The mechanism behind the quantitative sensing of a single se-
quence of DNA can also be extended to multiplex detection plat-
forms by having different ssDNA probes present on the same TMDC
surface. This has been shown by Zhang et al. where a single TMDC
layer is functionalized with two separate fluorescent-labeled
ssDNA probes that hybridize specifically to their respective target
DNA sequences, namely the H1N1 subtype gene and H5N1 gene
[51]. Due to the fluorescent labels having emissions of different
wavelengths and the probes only hybridizingwith their complemen-
tary target, selective detection of the target DNA is made possible,
exhibiting the ability for multiplex DNA detection.

Other than complementary DNA, ssDNA functionalization can also
be used to detect microRNAs. Recent studies by Xi et al. have shown
that fluorescence from the dye labeled ssDNA probes functionalized
onWS2 nanosheets can be recovered in the presence of the correspond-
ingmiRNA of the DNA probe and the sensitivity can be enhanced in the
presence of a DNA/RNA heteroduplex specific nuclease (DSN) [49]. The
DSN serves to cleave the duplex, releasing the target miRNA for further
hybridization with other ssDNA probes which results in repeated chain
cycles of cleavage, release and hybridization, amplifying the fluores-
cence signal. This occurs as the shorter oligonucleotide fragments
which were cleaved from the dye-labeled ssDNA probes have reduced
affinity to WS2 and therefore reduced quenching of their fluorescent
signal. Due to the presence of DSN which is highly specific to the RNA/
DNA heteroduplex, miRNA/ssDNA probe duplexes with single base
pair mismatch will not be cleaved and thus the presence of a single
base pair mismatch can be detected through the continued quenching
of the fluorescent signal. Non-fluorescence based detection of DNA hy-
bridization through electrochemical activity of ssDNA functionalized
MoS2 was demonstrated by Loo et al. in which the electrochemical be-
havior of MoS2 nanoflakes varies in depending on the presence of
ssDNA, hybridized double-strandedDNAormismatchedDNApairs [35].

Other than biomolecules, using similar fluorescence quenching
mechanisms, DNA functionalized TMDCs can also be employed to detect
inorganic substances. Silver ions which are toxic to the human body in
large quantities can also be detected through such platforms as they



Fig. 6. a) Schematic illustration of the fluorimetric DNA sensing assay. b) Fluorescence spectra of P1 (15 nM) in the presence of different concentrations of T1 (0, 0.5, 1, 2, 5, 10, 15, 20, and
50 nM). (c) Calibration curve for DNA detection. Inset: amplification of the low concentration range of the calibration curve. Excitation and emission wavelengths are 494 and 520 nm,
respectively. Reproduced with permission from Ref. [53]. Copyright 2013, American Chemical Society.
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cause a self-folding of the fluorophore labeled ssDNA sequences that
were adsorbed onto MoS2, thereby weakening its affinity to the MoS2
layer [30]. Likewise, a reverse approach for detection of toxic uranyl
ions is also possible based on similar principles. Zhang et al. reports on
fluorophore-labeled DNA enzymes which are weakly interacting with
MoS2 nanosheets being cleaved in the presence of uranyl ions, resulting
in the release of the fluorophore fragments and subsequent fluores-
cence quenching [48]. Thus, through functionalization of TMDCs using
biomolecules such as DNA and exploiting their variation in interaction,
one is able to use these TMDC-based nanomaterials as a highly sensitive
and rapid response diagnostic platform. Depending on the target to be
detected, one can choose an appropriate probe to quantitatively detect
both organic and inorganic chemicals.

4.4. 2D heterostructures

Asmentioned in the previous section,MoS2 decoratedwith DNA sin-
gle strands which are labeled with fluorescent probes can be used in
DNA diagnostics. Recent developments have allowed use of PL in
TMDCs as the detection basis instead of depending on external fluores-
cent tagging of the probe. Such a device would entail the usage of 2D
heterostructures formed by stacking individual 2D materials together.
This is required to overcome the ultra-sensitivity of TMDCs to variations
in the external environment such as extrinsic charge doping from
chemical elements as it would make it difficult to determine small
changes in an aqueous environment where varying amounts of oxygen
and moisture is present. Such aqueous environment is commonly en-
countered as majority of the targets in biological systems require
these media to survive. Therefore, through stacking of another inert
2D material such as graphene, high sensitivity of the TMDC to changes
in target concentration can bemaintainedwhile ensuring that the integ-
rity of the TMDC is intact over repeated usage.

Such a device is demonstrated recently by Loan et al. where a DNA
hybridization based detector was constructed from a stacked MoS2
graphene heterostructure (Fig. 7) [44]. In their work, graphene was
stacked onto MoS2 which was grown via CVD on sapphire. The
graphene layer serves two functions, one being a protective layer to
ensure that damage and the other for keeping perturbation to the
MoS2 from the external chemical environment limited while at the
same time serving as a platform onto which the DNA probe can be
immobilized and hosted. Due to partial electron charge transfer from
the NH2 group of the DNA bases to graphene, the probe DNAs are se-
cured and even remained so after hybridization with their target com-
plimentary DNA. Violent rinsing of the heterostructure based detector
only removes the mismatched-DNAs while keeping the hybridized
complimentary DNA pairs intact on the surface.

PL response intensity from the MoS2 monolayer is then used as the
basis for detection of target DNA and the results are shown in Fig. 7.
An initial decoration of single stranded probeDNAdoes not cause signif-
icant change in the PL intensity. As the target DNA is hybridizedwith the
probe strands, PL intensity increases with the target DNA concentration
(Fig. 7a and c). Note that the sensitivity is able to reach attomolar levels
of target DNA concentration. Furthermore, mismatched DNA pairs do
not affect the PL intensity, as seen in Fig. 7b and 7d. The changes in PL
are attributed to the increase in hole charge carrier doping in MoS2
with an increased presence of negatively charged phosphate groups
present in the target DNAs that still reside on the graphene surface
after the mismatched pairs or strands are washed off.

Efforts have also been applied in functionalizing electrocatalytic
TMDCs with other highly conductive 2D materials such as



Fig. 7. PL peak areamappings of the graphene/MoS2 heterostructure hybridizedwith a) the complementary target DNA and b) themismatchedDNA. The PL spectra and integrated PL peak
area in the presence of c) target DNA (1, 10, 100, and 1000 aM) and d)mismatched DNA (1, 10, 100, and 1000 aM). e) Schematic of the DNA detection device. Reproducedwith permission
from Ref. [44]. Copyright 2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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graphene in order to enhance their effectiveness [37,38,42,45].
Heterostructure based nanocomposites such as MoS2-graphene
together with horseradish peroxidase can be used for
electrochemical-based quantitative detection of hydrogen peroxide
[45]. Other applications involve graphene-tungsten disulfide for
detection of catechol, resorcinol and hydroquinone [37] as well
as graphene-MoS2 composites for acetaminophen sensing [38].
Such 2D material based heterostructures, though widely studied
in the physical sciences, has also now been recently applied in bio-
medical applications. With proper selection from a diverse library
of these 2D materials [64], such heterostructures could be extend-
ed into other areas that require highly sensitive detection such as
proteins, metal-ion contamination in water or even monitoring of
intra/extra-cellular activities. Furthermore, their planar nature en-
sures maximal interaction between dissimilar layers of 2D mate-
rials and allows for easy formation of heterostructures.
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4.5. Metallic nanoparticles

Due to the presence of a large number of exposed catalytic edges in
TMDC nanosheets which serve as catalytic sites for chemical reactions,
they are commonly applied as electrochemical based biosensors [65].
One aspect of their attractiveness in using TMDCs is the distinctive cyclic
voltammetric peaks that are observed during electrochemical reactions.
To increase their sensitivity and efficacy in these electrochemical reac-
tions, metallic nanoparticles are often added to serve as additional cata-
lytic sites or create defects in the TMDC layer to increase the number of
electroactive sites on the TMDC surface. In addition, they can serve as
anchors on the TMDC surface to incorporate other functional materials.
TMDC nanosheets can also formwell-stabilized hierarchical composites
easily with metal nanoparticles [36,66,67]. These metallic nanoparticles
are generally introduced through an initial mixture of the respective
chemical compounds such as HAuCl4 [43] or copper chloride [40] with
the TMDC in solution followed by chemical reduction of these com-
pounds to form metallic nanoparticle-TMDC composites.

Recently, hemoglobin was immobilized on a gold-nanoparticle deco-
rated MoS2 nanosheet to serve as a hydrogen peroxide and nitric oxide
sensor through the electrocatalytic reduction of the target chemicals
(Fig. 8) [43]. The Au nanoparticles provide sites for immobilization of he-
moglobinwhile simultaneously aiding electron transfer between the elec-
trode and the electroactive center of the hemoglobin. During reduction of
the target chemicals (H2O2 or NO), distinct redox peaks are characteristic
to either chemicals are observed (Fig. 8), indicating that the hemoglobin
retains its bioactivity even after immobilization on the Au\\MoS2 com-
posite platform. Detection limits of 4 μM and 5 μM for H2O2 and NO are
obtained respectivelywith linear increase (decrease) in reduction (oxida-
tion) peaks with increasing amounts of these chemicals.

Au nanoparticle functionalized polymer/graphene-MoS2 composite
has also been reported for detection of eugenol, a compound used as
flavoring agents or in fragrances but has adverse health effects beyond
a 2.5mg/kg intake [42]. Dopamine analysis was also carried out by a dif-
ferent group using Au nanoparticle decorated polyaniline-MoS2 com-
posites [41]. Other metallic elements include Cu nanoparticles
functionalized MoS2 nanosheets used for glucose detection [40] in
which the presence of these nanoparticles generates an observable cur-
rent response due to the oxidation of glucose as well as selectivity over
other chemicals such as ascorbic acid, uric acid and dopamine. Similarly,
Ni nanoparticles [31] can also form hybrids with MoS2 for glucose
Fig. 8. Schematic diagram of Hb–Au nanoparticles on MoS2/Glassy Carbon Electrode (GCE) f
nanocomposite film modified electrode. (Step 2) and (Step 3) Hb–Au nanoparticles on Mo
permission from Ref. [43]. Copyright 2015, IOP Publishing Ltd.
detection with an even higher sensitivity of 1824 μA mM−1 compared
to Cu (1055 μA mM−1). Likewise, electrocatalytic oxidation of trypto-
phan was demonstrated using silver nanoparticle functionalized
chitosan-MoS2 composite [39]. TMDCs can also be functionalized with
metallic nanoparticles which serve as anchors for addition of other ma-
terials for non-electrochemical purposes. This was demonstrated by Liu
et al. where meso-2,3-dimercaptosuccinic acid (DMSA)-modified iron
oxide nanoparticles are first self-assembled on MoS2 nanosheets
through bond formation of the sulfur present on the acid at the sulfur-
vacancy defect sites present on the MoS2 surface [15]. Subsequently,
these nanoparticles were further functionalized by amino terminated
PEG while the MoS2 surface is modified by lipoic acid terminated PEG,
ensuring high stability in the presence of glutathione, a thiol-
containing molecule commonly found in physiological environments.
The resultant nanocomposites were further labeled with 64Cu isotopes,
allowing multi-modal imaging capabilities in a single system through
strong paramagnetism of iron oxide nanoparticles for magnetic reso-
nance imaging, strong NIR absorbance of MoS2 for photoacoustic to-
mography and 64Cu based positron emission tomography.
Furthermore, the strong NIR absorbance of MoS2 enables photothermal
therapy on the targeted tissue. Thus through appropriate
functionalization of particular metallic nanoparticles, one can enhance
catalytic behavior of TMDC nanosheets to allow better monitoring of
electrochemical reactions for biosensing or serve as anchors for further
accommodation of materials to allow multi-functional capabilities.

4.6. Nanopores

In the past, single nucleotide identification [68,69] and DNA se-
quencing [70] have been carried out using biological based nanopores
such as proteins or lipidmembranes. In these systems, nucleotide detec-
tion and sequencing is done by monitoring the ionic current variation
through the nanopore as an electric field drives DNA translocation
through it. A drawback of using such biological pores is their structural
fragility as well as additional biochemical that are required to modify
them. Furthermore, the thicknesses of these nanopores are generally
in the order of 10–20 nm, limiting the spatial resolution to 30–60 nucle-
otide units at a time [71]. Thus, through use of 2D-TMDCs which can be
as thin as 0.7 nm, one could potentially reduce the SNR of the ionic cur-
rent. An additional advantage in using TMDC based nanopore is the ad-
ditional channel of detection through the monitoring of electronic
abrication process. (Step 1) Direct electrochemistry of Hb at Au nanoparticles on MoS2
S2/GCE electrocatalytic reduction toward H2O2 and NO, respectively. Reproduced with
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current passing along the TMDC layer itself during DNA translocation. In
light of this, MoS2 monolayer has been decorated with nanopores for
nucleotide detection and their viability have been theoretically and ex-
perimentally proven recently [32–34].

Recently, Feng et al. has demonstrated single-nucleotide identification
using nanopores created inMoS2monolayer through the use of a viscosity
gradient in the ionic liquid which allows regulation of the translocation
speed [32]. A SNR of up to 16 was also achieved in such nanostructures
with pores as small as 2 nm. The nanoporeswere fabricated by irradiation
of the target location using transmission electron microscope and these
pores require no additional functionalization for detection ofDNA translo-
cation. Unlike nanopores in other 2D materials such as graphene where
clogging can occur on pristine graphene surfaces [72], the interaction
and sticking of the DNA to the pores is reduced by the presence of the
Mo-rich region around the drilled pore.

The device schematic and TEMof the nanopore used are shown in Fig.
9a and b [32]. As solid state nanopores instead of biological ones are used,
the size of the nanopore can be easily adjusted as it is created using an ex-
ternal irradiation. Fig. 9c and d describes the variation in ionic current
through the nanopore for different homopolymers made up of a chain
of identical nucleotides aswell as single nucleotides respectively. The cur-
rent drop that occurs as each chain passes through the pore is unique to
Fig. 9. a) The cis chamber contains RTILs (BmimPF6) and the trans chamber contains 2 M aqueo
nanopore. The schematic also shows the dynamics of DNA translocation through a nanopore. A
once within the area of the capture radius Rc, DNA will be accelerated toward the pore by a
conformational change and one end will dive into the pore. The non-translocated part of the D
dragging force from the ionic liquids. Consequently, DNA translocation through the pore can b
5 nm solid-state pore fabricated in a monolayer MoS2 membrane suspended over a 200 × 2
thickness of 20 nm. c) Normalized histogram of current drops for each DNA homopolymer
0.06 nA; poly G30, 0.36 ± 0.03 nA. d) Normalized histogram of current drops for dAMP, d
Macmillan Publishers Ltd.
the particular constituent nucleotide (Fig. 9c), indicating specificity in nu-
cleotide detectionwhile to a certain extent (Fig. 9d), single nucleotide de-
tection is exhibited. Hence, in contrast to the previous sections where
different functional materials are added to TMDCS, one can also destruc-
tively functionalize TMDC by creating nanopores in them and exploit
the unique 2D nature of TMDCs for highly sensitive DNA sequencing.

5. Conclusion and outlook

In our discussion, we have shown that through appropriate
functionalization, TMDCs can be tailored to serve awide range of biomed-
ical applications. The different chemical species that are compatible with
TMDCs vary from large molecules such as polymers to smaller organic
molecules and even to biomolecules like DNA or metallic nanoparticles.
Due to their unique physicochemical properties, functionalized TMDCs
have demonstrated to be effective drug delivery carriers, therapeutic
agents, diagnostic platforms as well as biosensing. However, certain key
obstacles are still present in the proliferation of their application in biolog-
ical systems. Firstly, consistency in the synthesis of thesematerials has not
been completely achieved yet. There is currently no standard synthesis
technique that can produce functionalized TMDCs with well controlled
dispersity, material thickness and dimensions as well as uniformity in
us KCl solution. The two chambers are separated by a monolayer MoS2 membrane with a
way from the pore, DNA motion is purely diffusive due to the negligible electric field, but
force due to electrophoretic and electroosmotic effects. Part of the DNA will undergo
NA polymer–monomers will keep the coil conformation and experience a strong Stokes
e significantly slowed. b) Bright-field transmission electron microscope (TEM) image of a
00 nm2 etched area formed in the center of a 20 μm low-stress SiNx membrane with a
. Mean values: poly A30, 1.25 ± 0.12 nA; poly C30, 0.64 ± 0.07 nA; poly T30, 0.71 ±
TMP, dCMP and dGMP. Reproduced with permission from Ref. [32]. Copyright 2015,
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functionalization across the material surface. Current methods for large
scale synthesis of TMDC nanosheets involve exfoliation from their bulk
crystals, resulting in a wide distribution in size and thicknesses while
bottom-up synthesis which can produce well controlled thicknesses of
TMDC face difficulty in converting to well-functionalized nanosheets.

Furthermore, though cytotoxicity of TMDCs in biological systems is
shown to be relatively low, the mechanisms taking place before and
after its cellular uptake or use as therapeutic agent have not been
completely understood yet, especially its bio-distribution, degradation
in the body and its subsequent excretion. Toxicity to non-targeted areas
of the biological system has also not been rigorously studied yet and
will be essential before any clinical trials can take place. 2D materials
other than TMDCs such as BN and graphene can also be functionalized
for use in biological systems andmayprove usefulwhenemployed in tan-
dem with TMDCs. Currently functionalization of TMDCs for biomedical
applications is still in its nascent stages but has shown much potential
as a new nanomaterial for synergistic therapy, multi-modal imaging,
highly sensitive biosensing and externally controlled in vivo drug release
agent which is difficult to be replicated by current biodegradable mate-
rials like liposomes, nanocrystals, micelles and hydrogels [73–82].
Hence, there exists both great promise as well as additional work to be
carried out on the functionalization of TMDCs to make it a truly viable
nanomaterial for biomedical applications.
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